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ABSTRACT

Using HST ACS, we have obtained deep optical images reaching stars well below the oldest main-sequence turnoff
in the spheroid, tidal stream, and outer disk of Andromeda. We have reconstructed the star formation history in these
fields by comparing their color-magnitude diagrams to a grid of isochrones calibrated to Galactic globular clusters
observed in the same bands. Each field exhibits an extended star formation history, with many stars younger than 10 Gyr
but few younger than 4 Gyr. Considered together, the star counts, kinematics, and population characteristics of the
spheroid argue against some explanations for its intermediate-age, metal-rich population, such as a significant con-
tribution from stars residing in the disk or a chance intersection with the stream’s orbit. Instead, it is likely that this
population is intrinsic to the inner spheroid, whose highly disturbed structure is clearly distinct from the pressure-
supported metal-poor halo that dominates farther from the galaxy’s center. The stream and spheroid populations are
similar, but not identical, with the stream’s mean age being ~1 Gyr younger; this similarity suggests that the inner
spheroid is largely polluted by material stripped from either the stream’s progenitor or similar objects. The disk
population is considerably younger and more metal-rich than the stream and spheroid populations, but not as young
as the thin-disk population of the solar neighborhood; instead, the outer disk of Andromeda is dominated by stars of
age 4—8 Gyr, resembling the Milky Way’s thick disk. The disk data are inconsistent with a population dominated by

ages older than 10 Gyr and in fact do not require any stars older than 10 Gyr.

Subject headings: galaxies: evolution — galaxies: halos — galaxies: individual (M31) — galaxies: spiral —

galaxies: stellar content

1. INTRODUCTION

One of the primary quests of observational astronomy is mea-
suring the formation history of structures ranging in scale from
individual galaxies to superclusters of galaxies. However, a se-
rious impediment to this research is the fact that we live in a cos-
mological backwater. The Local Group hosts only two giant
spiral galaxies, the Milky Way and Andromeda (M31, NGC 224),
and no giant elliptical galaxies. The nearest galaxy groups to
our own lie beyond 3 Mpc, with the closest (the Maffei Group)
being heavily reddened (Karachentsev 2005).

Given our rural setting, it is not surprising that our own Gal-
axy drives the textbook picture of a giant spiral galaxy, with an
ancient, metal-poor halo (e.g., Ryan & Norris 1991; VandenBerg
2000), an ancient, metal-rich bulge (e.g., Zoccali et al. 2003;
McWilliam & Rich 1994), and a disk hosting a wide range of
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ages and metallicities (e.g., Fontaine et al. 2001; Ibukiyama &
Arimoto 2002). However, stellar population work in the Milky
Way is often limited by uncertainties in distance and reddening,
and it is not even clear that the Milky Way is representative of
giant spiral galaxies in general. Debate continues about the struc-
ture of the Milky Way system, how it formed, and how its vari-
ous substructures (halo, bulge, disk, globular clusters, satellites,
and tidal debris streams) formed with respect to one another. Phys-
ical processes possibly at work in forming the Milky Way include
rapid dissipative collapse in the early universe (Eggen et al. 1962)
and slower accretion of separate subclumps (Larson 1969; Searle
& Zinn 1978). More recent hierarchical models suggest that spher-
oids form in a repetitive process during the mergers of galaxies and
protogalaxies, while disks form by slow accretion of gas between
merging events (e.g., White & Frenk 1991).

Although hierarchical models based on cold dark matter (CDM)
show great success in reproducing the observable universe on
scales larger than 1 Mpc, these models predict many more dwarf
galaxies than are actually seen around the Milky Way (Moore
etal. 1999). This discrepancy implies the existence of other mech-
anisms at work on small scales. For example, Bullock et al. (2000)
suggested that after the epoch of reionization, photoionization
would suppress gas accretion in small subhalos, keeping most of
them dark matter dominated, and that a large fraction of those
subhalos that did become dwarf galaxies would be tidally dis-
rupted into the halos of their parent galaxies. However, Grebel &
Gallagher (2004) argue that the presence of ancient stars in all
dwarf galaxies, along with their wide variety of star formation
histories, is evidence against a dominant evolutionary effect from
reionization. Furthermore, Shetrone et al. (2003) demonstrated
that chemical differences between nearby dSphs and the Galactic
halo imply that the halo is not comprised of populations like those
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of present-day dSphs. Whether or not accretion of dwarf galaxies
is the dominant source of stars in the halo, it is likely that such gal-
axies do contribute, and at large galactocentric distances their stars
can remain in coherent orbital streams for 1 Gyr or more. The dis-
covery of the Sgr dwarf (Ibata et al. 1994) rekindled interest in
halo formation through accretion of dwarf galaxies, leading to am-
bitious programs to map the spatial distribution, kinematics, and
chemical abundance in the halos of the Milky Way (e.g., Morrison
etal. 2000; Majewski et al. 2000) and Andromeda (e.g., Ferguson
etal. 2002; Guhathakurta et al. 2005). A spectacular example of
this process has been found in Andromeda (Ibata et al. 2001),
which hosts a giant tidal stream extending several degrees on
the sky (McConnachie et al. 2003). Indeed, the star count map
of Ferguson et al. (2002) shows complex substructure through-
out Andromeda, while also showing evidence for an underlying
smooth spheroid extending to large radii.

Besides the overabundant satellite problem, another issue with
hierarchical CDM models is their prediction that gas loses much
of'its angular momentum during disk formation, resulting in theo-
retical disks that are much smaller than those observed (Navarro
& Benz 1991). Some have turned to warm dark matter (WDM)
cosmologies to alleviate this problem (e.g., Sommer-Larsen &
Dolgov 2001), but there is an indication that angular momentum
remains a problem in these models (see Bullock et al. 2002).
Alternatively, the solution might lie in the inclusion of supernova
feedback from the earliest generation of stars; recent models that
show promise in this area predict that the bulk of the disk popu-
lation was formed relatively late, at z < 1 (Thacker & Couchman
2001; Weil et al. 1998), a prediction supported by panchromatic
surveys of large numbers of galaxies (Hammer et al. 2005).

As the nearest giant spiral galaxy to our own, Andromeda of-
fers an essential laboratory for studying the evolution of spiral
galaxies. Given our vantage point, one might even argue that it
is a better laboratory than our own Galaxy. At 770 kpc (Freedman
& Madore 1990), the stars in Andromeda all appear to be at ap-
proximately the same distance, and at an inclination of 12° (de
Vaucouleurs 1958), its various structures can be studied some-
what independently. We can resolve Andromeda’s old main-
sequence stars with the Hubble Space Telescope (HST ), while
the horizontal branch (HB) and upper red giant branch (RGB) are
accessible to observatories on the ground. Recent years have seen
an enormous increase in observing time directed at Andromeda,
with deep pencil-beam surveys providing its star formation his-
tory (e.g., Brown et al. 2003, 2006; Stephens et al. 2003; Olsen
et al. 2006) and shallow wide-field surveys providing maps of its
morphology, metallicity, and kinematics (e.g., Ibata et al. 2001,
2004, 2005; McConnachie et al. 2003; Ferguson et al. 2002, 2005;
Kalirai et al. 2006a; Guhathakurta et al. 2005).

At first glance, Andromeda and the Milky Way appear to be
very similar; both are of similar Hubble type, luminosity, mass,
and size (van den Bergh 1992, 2000; Klypin et al. 2002). How-
ever, we have long known that the Andromeda spheroid is very
different from that of the Milky Way. The first evidence came
from Mould & Kristian (1986), who found that the mean metal-
licity in the M31 halo, at 7 kpc on the minor axis, was surprisingly
high ([m/H] ~ —0.6). Pritchet & van den Bergh (1994) subse-
quently found that the halo surface brightness profile, out to a
distance of 20 kpc on the minor axis, follows a de Vaucouleurs
exp [—7.67(r/r.)"*] profile instead of the »~2 power law expected
for a canonical halo. These results were extended by Reitzel &
Guhathakurta (2002), Durrell et al. (2001, 2004), and Bellazzini
et al. (2003), who found that the high metallicity and de Vaucouleurs
profile continued out to distances of 20—30 kpc on the minor axis.
Recent surveys began probing M31 over much wider areas and
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much more deeply. Ferguson et al. (2002) mapped the density of
bright RGB stars over 25 deg? of the galaxy, finding significant
substructure in the halo and outer disk. With photometry extend-
ing down to the oldest main sequence, Brown et al. (2003) re-
constructed the star formation history in the halo at 11 kpc on the
minor axis and found a wide age distribution, with ~30% of
the stars at ages of 6—8 Gyr. All of these studies suggested that
the M31 halo is dramatically different than the Milky Way halo,
begging the question, “which is representative of large spiral
galaxies?” One possible answer comes from Mouhcine et al.
(2005), who found that the metallicities of spiral halos correlate
well with their parent galaxy luminosities; the Milky Way halo
falls well off this metallicity-luminosity relation (being unusually
metal-poor for the parent galaxy mass), while the M31 halo ap-
pears representative for large spiral galaxies. It is unclear if this
trend is due to a general tendency for more massive galaxies to
host a more dominant bulge, ingest more satellites, and/or ingest
larger satellites.

Recently, two independent groups (Guhathakurta et al. 2005;
Irwin et al. 2005) studying the outskirts of M3 1 found an extended
stellar halo that more closely resembles the halo of our own Milky
Way. This extended halo begins to dominate beyond 30 kpc,
where the minor-axis surface brightness profile transitions from
a de Vaucouleurs law to an =23 law. From the colors in their
photometric sample, Irwin et al. (2005) concluded that the met-
allicity in the extended halo was as high as it is in the region
interior to 30 kpc, but Guhathakurta et al. (2005), using a spec-
troscopically confirmed sample extending 3 times farther out on
the minor axis, found that this extended halo is metal-poor. How-
ever, the existence of a metallicity gradient was later confirmed
by Kalirai et al. (2006a). These discoveries can lead to a confu-
sion of terminology. It seems straightforward to refer to the inner
few kiloparsecs as the bulge, and to the stars beyond 30 kpc as
the halo, but what about the stars at 5-30 kpc on the minor axis?
Before the discovery of the extended metal-poor halo, this pop-
ulation of metal-rich stars was generally referred to as the halo,
but it is quite possible that this stellar population is more closely
related to the bulge. Furthermore, there has been considerable
debate about the contribution of disk stars at these radii. Kine-
matic studies indeed show that M31 has an extended thick disk
(Ibata et al. 2005). The minor-axis population at 11 kpc from the
center has kinematics that is inconsistent with a rotationally
supported disk (Kalirai et al. 2006a; R. M. Rich et al. 2006, in
preparation), but the velocity dispersion is smaller than might be
expected for a purely pressure-supported stellar system. Because
the term ““spheroid” normally refers to a structure that includes
the bulge and halo, we use the term here when referring to the
extraplanar stars at 5-30 kpc, merely to distinguish from those
regions that can be clearly labeled bulge (within ~5 kpc of the
nucleus), disk (within ~30 kpc on the major axis), and halo (be-
yond ~30 kpc on the minor axis). However, our use of this term
is not intended to imply a smooth, relaxed, pressure-supported
structure.

To further understand the formation of Andromeda, we need
to know the star formation histories of its various structures. To
that end, we have now obtained deep HST images in three fields,
located in the inner spheroid, outer disk, and the giant tidal stream.
All of these images reach well below the oldest main-sequence
turnoff (MSTO) in the galaxy, allowing a reconstruction of the
entire star formation history in each field. Keck spectroscopy in
each of these fields provides additional kinematic information
(Kalirai et al. 2006a; D. B. Reitzel et al. 2006, in preparation;
R. M. Rich etal. 2006, in preparation). In previous papers (Brown
et al. 2003, 2006) we presented the preliminary analysis of the
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Fic. 1.—Map of stellar density in the Andromeda vicinity, from counts of
RGB stars (Ferguson et al. 2002). Appropriately scaled and rotated boxes de-
note our three fields (labeled). An ellipse marks the area within 30 kpc of the
galactic center in the inclined disk plane (labeled).

spheroid and stream fields. In this paper we present the detailed
star formation histories in the spheroid, stream, and outer disk of
Andromeda. In § 2 we describe our observing strategy and the
data. We describe the data reduction in § 3, followed by the pro-
duction of the photometric catalogs in § 4. In § 5 we describe our
analysis, which ranges from qualitative inspection of the color-
magnitude diagrams (CMDs) to quantitative fitting of the star
formation histories, including a full exploration of the possible
systematic effects of our assumptions. In § 6 we discuss the impli-
cations of our analysis. The results of our study are summarized
in§7.

2. OBSERVATIONS

Using the Advanced Camera for Surveys (ACS; Ford et al.
1998) on HST, we obtained deep optical images of three fields in
M31: the spheroid, outer disk, and tidal stream (Fig. 1; Table 1).
We used the F606W (broad V') and F814W (/) filters on the
Wide Field Camera (WFC). The spheroid data, obtained in the
first HST observing cycle with ACS, reach their goal of ~1.5 mag
below the oldest MSTO, while the stream and disk data, obtained
2 yr later, reach their goal of ~1.0 mag below the oldest MSTO.

The original spheroid program was proposed before the instal-
lation of ACS on HST, and at that time, no images of M31 had
reached significantly below the level of the HB (3 mag brighter
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than an old MSTO). Given the uncertainties in this situation, our
goal was an ambitious depth that would unambiguously charac-
terize the star formation history in the spheroid. With the proven
capabilities of ACS and the success of this program, we subse-
quently proposed a less conservative approach as far as depth was
concerned, giving up 0.5 mag of depth for the ability to explore
two fields without increasing the size of the observing program.

Surface brightness was the primary driver in field selection.
There are two competing factors in obtaining a CMD appropriate
for reconstructing the star formation history. One wants to max-
imize the number of stars in the CMD, to minimize contamina-
tion from foreground stars and background galaxies, to minimize
statistical uncertainties in the characterization of the population,
and to allow the detection of subtle CMD features (e.g., small
bursts due to interaction of Andromeda with its satellites). One
also wants to minimize the crowding, in order to maximize the
accuracy of the photometry for a given exposure time. To explore
these competing factors, we created realistic simulations of ACS
images under various population assumptions and found that the
optimal crowding is approximately one star of interest for every
50-100 resolution elements; these results agree well with those
of Renzini (1998). The native ACS/WFC pixel size is 0705, which
is approximately twice the width for critically sampling the point-
spread function (PSF), so the number of resolution elements is
roughly the number of pixels. This translates into ~250,000 stars
in an ACS image, corresponding to a surface brightness p, ~
26.3 mag arcsec 2, which defines a roughly elliptical isophote
around M31 that provides the optimal crowding.

Fortuitously, the intersection of this isophote with the southern
minor axis falls near a globular cluster (SKHB 312) previously
imaged with the Wide Field Planetary Camera 2 (WFPC2) on
HST (Holland et al. 1997), so the exact position of our spheroid
image was chosen to place this cluster at the edge of our field.
Holland et al. (1996) determined the metallicity distribution in
this field and showed that it was very similar to that observed in
other fields throughout the inner spheroid. Although Holland
etal. (1997) reported a 10” tidal radius for this cluster, we placed
it at the edge of our field in case deeper images revealed a larger
extent to the cluster that would contaminate a significant frac-
tion of the image and negatively impact the primary goal of study-
ing the field population. Our photometry of SKHB 312 reached
well below its MSTO, revealing a cluster age of 10 Gyr (Brown
et al. 2004b). Brown et al. (2004b) found no evidence for ex-
tended tidal tails in the cluster, and so for the current study we
mask the area within 15” of the cluster center. In the subsequent
observations of the tidal stream and outer disk, there was only a
candidate globular cluster (Bol D242; Galleti et al. 2004) near
our optimal position in the stream, and no known globular clus-
ters near our optimal position in the disk. The exact location of
the stream field was chosen to include this candidate cluster (which
subsequently turned out to be a superposition of foreground stars),
whereas the exact location of the disk field was chosen to minimize

TABLE 1
FIELD CHARACTERISTICS

R.A. Decl. log Ny, F606 W F814W
Field (J2000.0) (J2000.0) (10" em™?) (ks) (ks) Date
Spheroid........ccccoveenene 00 46 07.1 40 42 39 19.37 139 161 2002 Dec 2-2003 Jan 1
Stream ...........cooooeve... 00 44 18.2 39 47 32 <17.6° 53 78 2004 Aug 30-2004 Oct 4
Disk........ 00 49 08.6 42 45 02 20.6° 53 78 2004 Dec 11-2005 Jan 18

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
? R. Braun et al. (2006, in preparation); D. Thilker (2005, private communication).

® Thilker et al. (2004).
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TABLE 2
PARAMETERS® OF GaLacTic CLUSTERS OBSERVED WITH ACS

(m—M), EB-V) Age

Name (mag) (mag) [Fe/H] (Gyr)

NGC 6341 (M92)..... 14.60 0.023 —2.14 14.5
NGC 6752................. 13.17 0.055 —1.54 14.5
NGC 104 (47 Tuc) ........... 13.27 0.024 —0.70 12.5
NGC 5927........cc...... 15.85 0.42 —0.37 12.5
NGC 6528........ 16.31 0.55 +0.00 12.5
NGC 6791........ 13.50 0.14 +0.30 9.0

? Brown et al. (2005) and references therein.

the contribution from the spheroid, based on the disk/spheroid de-
composition of Walterbos & Kennicutt (1988). The surface bright-
ness in the stream field is /0.5 mag fainter than that in our original
spheroid program, while that in the disk field is ~0.1 mag brighter
than that in our original spheroid program. The hydrogen column
density in the disk field is also much larger than that in the spheroid
and stream fields (see Table 1 for Ny, measured at each of our field
positions).

Each exposure in a given bandpass was dithered so that no two
exposures placed a star on the same pixel. Dithering smooths out
sensitivity variations across the detector, fills in the gap between
the two halves of the ACS/WFC detector, allows optimal sam-
pling of the PSF, and enables the removal of hot pixels. Our dither
pattern employed three tiers of dithers to optimize the data quality.
The first two tiers determined the nominal field position for one of
our visits in a given band (usually spanning two orbits), while the
final tier provided a four-point dither pattern to optimally sample
the PSF within a visit. The offsets in the first dither tier moved
from —5 to +10 pixels in X, with steps of 5 pixels, and from +60 to
—120 pixels in ¥, with steps of 60 pixels, to place the detector gap
at four adjacent positions on the sky. These first-tier offsets pro-
duce four horizontal strips in our data where the field is underex-
posed by 25%; stars in these strips are ultimately discarded from
our catalog, but sampling the sky in the detector gap yields more
accurate PSF fitting for the field because we have contiguous pho-
tometry for all of the objects in the field. The offsets in the second
dither tier moved —4.5, 0, or +4.5 pixels independently in X'and ¥,
to smooth out small-scale variations in detector response, plus a
random fractional pixel in X and Y, to avoid aliasing effects be-
tween the various dithers, the pixel plate scale, and the geometric
distortion. The offsets in the third tier were (0, 0), (+1.5, 0), (+1.5,
+1.5), and (0, +1.5) pixels in X and Y, to sample the PSF at twice
the frequency provided by a single exposure.

Each of these programs obtained brief exposures of Galactic
star clusters with the same filters on the ACS/WFC (Table 2;
Brown et al. 2005). The resulting CMDs provide empirical iso-
chrones that can be compared directly to the Andromeda CMDs
and used to calibrate the transformation of theoretical isochrones
to the ACS bandpasses. These cluster observations, the empirical
isochrones, and the transformation of the theoretical Victoria-
Regina isochrones (VandenBerg et al. 2006) to the ACS band-
passes are fully detailed by Brown et al. (2005). We use these
empirical isochrones and theoretical isochrones here, shifted
to the Andromeda reference frame by assuming a distance of
770 kpc (Freedman & Madore 1990) and a reddening of E(B —
V') = 0.08 mag (Schlegel et al. 1998). Over the region defined
for fits to the star formation history, the theoretical isochrones
agree with the observed cluster CMDs at the 0.02 mag level.

A sample of bright RGB stars in our three fields has been ob-
served spectroscopically with Keck, providing crucial kinematic

context for each field. The velocity data in all three fields are
presented by Kalirai et al. (2006a), but the focus of that paper
is the kinematic structure of the tidal stream. R. M. Rich et al.
(2006, in preparation) will focus on the kinematic structure of
the spheroid, while D. B. Reitzel et al. (2006, in preparation)
will focus on the kinematic structure in the outer disk. The ve-
locity information in each of our fields is presented in Figure 2.
The velocities in the spheroid field show a broad distribution,
with no dominant contribution from a disk or a single stream. The
velocities in the stream field show it to be dominated (~3 ) by
stars moving in two narrow stream components, with the re-
mainder in the spheroid. The velocities in the disk field show it
to be dominated (=3 ) by stars moving in a disk component, with
the remainder in the spheroid.

3. DATA REDUCTION

If calibrated data are retrieved from the HST archive as soon as
they are available, they will generally not have the best dark and
bias subtractions because those calibration products are created
weeks later from a contemporaneous set of data that was obtained
in the days surrounding a given observation. Thus, months after
these observations, we reretrieved the images, yielding data with
the latest ACS pipeline calibration, including an appropriate dark
subtraction, flat-field, and bias correction; these are the “FLT”
files in the ACS pipeline. We then subtracted an iteratively sigma-
clipped median sky level from each quadrant of each image to
avoid an unnecessary increase in image noise during the later
co-addition of the images; this also corrects for small quadrant-
dependent bias residuals. We used the PyYRAF DRIZZLE package
(Fruchter & Hook 2002) to register the individual images, correct
for geometric distortion and plate scale variations, reject cosmic
rays, and co-add all of the frames in a given bandpass. The geo-
metric distortion correction employed the coefficients provided by
the ACS calibration pipeline for each image, which include both
the general geometric distortion and also the time-varying plate
scale changes due to velocity aberration. As part of the drizzle pro-
cess, the images were resampled to a plate scale of 0703 pixel~!.
Residual shifts, rotations, and plate scale variations were corrected
as part of our registration process, and thus our reduction is im-
mune to the software errors that have sometimes caused registra-
tion and photometry problems in the MULTIDRIZZLE software
(although note that we do not use MULTIDRIZZLE in our
reduction).

To register the images, we drizzled the images to individual
output frames that were corrected for geometric distortion and
velocity aberration, with relative shifts determined by the point-
ing information in the image headers (closely matching our com-
manded dither pattern). The positions of ~10,000 relatively bright
stars, well detected in the individual images, were then measured
in each image through the entire image stack, using an iterative fit
of'a Gaussian profile to each star. These stellar positions were used
to refine the offsets (deviations from the guide star offsets), rota-
tions (deviations from the fixed orientation requested), and plate
scale changes (telescope breathing and residual velocity aberra-
tion). Using the refined knowledge of the relative astrometry, we
redrizzled the images to individual output frames. These refine-
ments to the offsets, rotations, and scales are iterated until the po-
sitions of the bright stars in the individual images are aligned to
better than 0.01 pixels.

Next we created masks of cosmic rays and problematic pixels.
Although saturated pixels are masked in the data quality array
(along with some of the hot and dead pixels), saturation is only
an issue for the handful of bright foreground stars and not stars in
M31; in our half-orbit exposures, a star would have to be brighter
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BROWN ET AL.

Vol. 652

Fic. 3—A 30" x 30" subsection of our spheroid field, with a logarithmic stretch. The blue channel comes from the F606W exposure, the red channel comes from the
F814W exposure, and the green channel comes from the sum of those two bands. A yellow box marks a star near the MSTO, at mpgiaw = 29 mag, mpeoew — Mrgiaw =
—0.45 mag; it is clear that stars are detected well below this point. This subsection was chosen to give examples of the types of objects in our field (Galactic foreground stars
[with diffraction spikes], background galaxies, and Andromeda stars), but it is not a typical patch. Most of the image is dominated by Andromeda stars.

than 20.6 mag in either bandpass and well centered in a pixel for
saturation to occur. To create our masks, we first calculated a
clipped median of all of the images in a given band, resulting in
our first pass at the deep image in that band. The first-pass images
were then reverse drizzled (or “blotted” in the drizzle nomen-
clature) back to the original frame of the individual images. The
comparison of these blotted images with each FLT image enabled
the creation of masks for the cosmic rays, self-annealed pixels
(oversubtracted by the dark calibration), and short-term transient
warm and hot pixels not corrected by the contemporaneous dark
calibration. To create a complete mask for each frame, these cus-
tom masks were combined with the pipeline-provided data quality

masks in which we include all pixels flagged for any reason. The
masked images were then co-added, with weighting by exposure
time, to create a second-pass deep image in each band. Because
this iteration was significantly improved over the first pass (me-
dian image), these second-pass deep images were then blotted
back to the original frames of the individual images, to enable re-
finement of the image masks. The frames were co-added a third
time to create the final image in each bandpass. We then added a
flat sky component to each final image, representing the exposure-
weighted mean of the sky background subtracted from the in-
dividual frames, to ensure that the counting statistics were ap-
propriate in the subsequent photometric reduction. In Figure 3
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we show a false-color 30" x 30" subsection of our spheroid field,
combining the images in F606 W and F814W filters.

Although this process was repeated on the full set of data for
each field, we also applied the process to a subset of the spheroid
data chosen to match the shorter exposure times in the stream
and disk. In this paper, the fits to the star formation history in the
spheroid utilize the full data set, but the shallower version of the
spheroid data is useful for making a fair comparison of the CMDs
of the three fields. Spheroid CMDs utilizing this subset of the data
are labeled “matched.”

4. PHOTOMETRY

We used the DAOPHOT-II (Stetson 1987) PSF fitting package
to obtain photometry of each field. Empirical PSFs were created
from the images using the most isolated and well-exposed stars,
with a radius of 23 pixels (0769). We first performed an initial pass
of object detection and aperture photometry. The resulting object
catalog was then clipped to retain only those well-detected stars
that fell within the dominant stellar locus in the CMD (rejecting
outliers that are obvious blends and background galaxies), while
also avoiding those stars near the tip of the RGB and in the in-
stability strip (which can be variable and thus have PSFs adversely
affected by the cosmic-ray cleaning). We then screened for stars
with relatively bright neighbors; to be a valid PSF star, all neigh-
bors within 15 pixels must be at least 3 mag fainter than the PSF
star, and all neighbors within 22 pixels must be at least 2 mag
fainter than the PSF star. Finally, we created a SExtractor ( Bertin
& Armouts 1996) map of the thousands of background galaxies in
our image and removed from our list of PSF candidates any star
within 23 pixels of an extended object. We also removed stars
within 23 pixels of an image border or a bad pixel (e.g., due to
charge bleeding from saturated stars). This resulted in ~2000 PSF
candidates per field in the disk and spheroid and ~1600 PSF can-
didates in the stream field. These PSF stars were then passed
through an iterative process to create the empirical PSF for each
bandpass in each field. In the first pass, we used the PSF of Brown
et al. (2003) as an initial guess at the current PSF. We fitted this
PSF to the catalog of stars, subtracted those stars, and then per-
formed a new round of object detection on the residual image to
find the fainter stars uncovered. We added these stars to the cat-
alog and repeated the PSF fitting photometry for the entire
catalog. Stars neighboring each PSF star were then subtracted,
and a new PSF was then created. During this process, we elim-
inated PSF stars whose fits were high x? outliers (as reported by
DAOPHOT-II). Also PSF stars were cut from the list if PSF
subtraction uncovered close stellar blends with the PSF star or
revealed underlying deviant pixel artifacts. Using such a large
number of PSF stars, we are able to compare the morphology of
the PSF-subtracted residuals to those of nearby PSF stars and
reject any with morphology deviating from the pattern in that
particular region of the image. This process was iterated, each
time increasing the allowed degree of spatial variability in the
fit, starting from a spatially constant PSF and ending at a third-
order polynomial variation with field position. This degree of
variability is an advantage of the stand-alone DAOPHOT-II code,
as the IRAF version only allows a second-order trace of the strong
spatial variation in the ACS/WFC PSF. Once we stopped increas-
ing the degree of spatial variability in the PSF, we iterated two more
times, purging problematic PSF stars after each new round of PSF
production, until an accurate spatially varying PSF was created
for each bandpass in each field. In the end, ~1600 stars were used
to create the PSF in the disk and spheroid fields, while ~ 1400 stars
were used in the stream field.
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With the empirical PSFs in hand, we performed PSF fitting
photometry on the images to create the catalog of stars in each
field. First, we used the FIND routine in the DAOPHOT-II pack-
age and a 5 o detection threshold on the sum of the F606 W and
F814W images, to create the initial pass at object detection. After
making an initial estimate of magnitudes for the catalog with
a round of aperture photometry in each band, the catalog was
cleaned of PSF substructure misidentified as stars in the vicinity of
well-exposed stars. The aperture photometry was then used as the
starting point for PSF fitting photometry. After these stars were
fitted and subtracted from each image, we summed the residual
images in F606W and F814W to create a new detection image,
which was again fed to the FIND routine with a 5 ¢ threshold. The
detections in this second pass were often noise residuals from the
subtraction of the stars in the first pass, or other image artifacts
revealed by the subtraction. Our first screen of these artifacts was
made using the sharpness measurement produced by the FIND
algorithm. We cut 4 ¢ outliers in the sharpness distribution. We
then screened artifacts from bright star residuals (consistent with
Poisson noise) by removing detections within a given magnitude-
dependent radius of stars in the first-pass catalog; the radius is
magnitude dependent because for fainter stars, the residuals ap-
proach sky noise at a smaller radial distance from the center of the
PSF. We obtained aperture and then PSF fitting photometry of the
second-pass stars, without recentering, using the original F606W
and F814W images (i.e., the deep drizzled images as they stood
before any PSF subtractions). The first-pass and second-pass star
lists were then combined, and another run of PSF fitting pho-
tometry (now allowing recentering) was performed on the original
F606W and F814W images. DAOPHOT-II reports a goodness-of-
fit (x?) statistic for the PSF fits to each star; we analyzed the dis-
tribution of this x? statistic as a function of stellar magnitude and
marked those objects in the deep images that had high x? values.
Inspection of the marked images showed that these outliers were
primarily due to close blends, PSF artifacts (e.g., diffraction spikes),
and/or objects superimposed on background galaxies (which in-
clude both true Andromeda stars superimposed on background
galaxies and substructure within background galaxies incorrectly
identified as stars). We clipped from the catalog these outliers
in the x? distribution. This clipping is responsible for much of
the improvement between the CMDs shown here and that shown
in the preliminary publication of the spheroid CMD (Brown et al.
2003). Finally, we discarded those stars falling in parts of the
image without the full exposure (due to dithering the image edges
and the detector gap). Note that our artificial star tests (discussed
below) included all of the same processes and evaluations used
in the process that created the photometric catalog, so that any
rejection of real stars is reproduced in the simulated CMDs.

The PSF fitting photometry was put on an absolute magnitude
scale by normalizing to aperture photometry on the brightest
stars. That aperture photometry was itself put on an absolute
magnitude scale using aperture corrections determined from Tiny
Tim (Krist 1995) models of the ACS PSF. The aperture correc-
tions were verified with observations of the standard star EGGR
102 (a ¥V = 12.8 mag DA white dwarf) in the same filters; the
agreement between the standard-star photometry and the Tiny-
Tim model is at the 1% level. In Figure 2 we show the CMD for
each field at its full depth, along with the associated velocity
distribution of RGB stars in each field (Kalirai et al. 2006a;
R. M. Rich et al. 2006, in preparation; D. B. Reitzel et al. 2006,
in preparation). Due to the large numbers of stars in each field, a
traditional CMD (with a point for every star) is saturated and
difficult to interpret; instead, we have binned the data into Hess
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diagrams, with shading indicating the number of stars per bin.
The same logarithmic stretch (characterized by the scales under
each CMD) spans the full range of stellar density in each CMD,
but that range varies from field to field given the variation in
surface brightness and observing depth. The stretch was chosen
to reveal both the subtle and gross properties of each popula-
tion. We also plot representative errors bars in each CMD, mea-
sured by taking the standard deviation between the input and
output values for the given color and magnitude in our artificial
star tests (discussed below); note that crowding is the dominant
source of scatter in each bandpass, which causes photometric
errors to be larger in either mpgogw Or Mg 4w than in mpgoew —
MEQ14W -

Our photometry is in the STMAG system: m = —2.5 log,o.f; —
21.1 mag, where f; = e~ (PHOTFLAM/EXPTIME), EXPTIME
is the exposure time, and PHOTFLAM is 7.906 x 1072 ergs s~
em 2 A1 (e s71)~! for the FGO6W filter and 7.072 x 10720 ergs
s7lem™2 A~ (em s7)7! for the F814W filter. The STMAG
system is a convenient system because it is referenced to an unam-
biguous flat f; spectrum; an object with f; = 3.63 x 10~ ergs s~
cm~2 A~! has a magnitude of 0 in every filter. Another convenient
and unambiguous system that is widely used is the ABMAG sys-
tem: m = —2.5log,, f, — 48.6 mag; it is referenced to a flat f,,
spectrum, such that an object with f;, = 3.63 x 10720 ergs s~!
cm~2 Hz~! has a magnitude of 0 in every filter. It is thus trivial
and unambiguous to convert any of the data presented herein
from STMAG to ABMAG: for F606W, ABMAG = STMAG —
0.169 mag, and for F814W, ABMAG = STMAG — 0.840 mag.
Although our photometry could be transformed to ground mag-
nitude systems (e.g., Johnson V"and Cousins /) for comparison
to theoretical isochrones, as well as other data in the literature,
such transformations always introduce significant systematic er-
rors (see Sirianni et al. 2005). Instead of converting HST data to
ground bandpasses, it is preferable to produce models in one of
the HST instrument magnitude systems, in either STMAG or
ABMAG.

Brown et al. (2006) found excellent agreement between the
HB and RGB distributions in the stream and spheroid popula-
tions if the stream is assumed to be 0.03 mag (11 kpc) more dis-
tant than the spheroid. The sense of the offset in luminosity is in
agreement with the velocities of the stars in the stream, which
imply that the stream is falling into Andromeda from behind it
(Fig. 2b; see also McConnachie et al. 2003). Brown et al. (2006)
also found a 0.014 mag offset in color between the stream and
spheroid data, which is well within the uncertainties in calibra-
tion and reddening. Thus, we shifted the stream CMD 0.03 mag
brighter and 0.014 mag to the red, to put it in the same frame of
reference as the spheroid data. These shifts are very small and
make very little difference to the CMDs displayed herein or to
the various fits to the stream data, but we apply these shifts be-
cause they are appropriate to the best of our knowledge. The dis-
tinctions between the spheroid and disk CMDs are far larger than
the calibration and reddening uncertainties, and in fact no single
shift in color and luminosity can align the features of the disk and
spheroid CMDs. Thus, to the best of our knowledge, the distinc-
tions between the disk and spheroid data are physical, and so the
disk data are analyzed without modification.

It is worth noting the implications of our shifts to the stream
data if these shifts are entirely due to a difference in extinction.
The Schlegel et al. (1998) extinction map gives E(B— V) =
0.08 mag at our spheroid and disk positions and E(B — V') =
0.05 mag at our stream position, but this variation is within the
uncertainties for their map, which are generally ~0.02 mag in
random fields and a bit higher near Local Group galaxies. At
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3500 K < T < 35,000 K, synthetic spectra folded through
the ACS and ground bandpasses imply E(mggoew — Mrsiaw) ~
E(B — V). So, if we took the map at face value, we would shift
the stream data 0.03 mag to the red and 0.05 mag fainter, to put
the stream data in the same extinction reference frame as the
spheroid data. However, a 0.03 mag shift to the red is larger than
the 0.014 mag required to align the stream and spheroid color
distributions at the HB and RGB. Given the uncertainties in the
extinction map, we could instead shift the stream data 0.014 mag
to the red and 0.02 mag fainter. This would align the color
distributions of the stream and spheroid at the HB and RGB, but
the stream HB would be 0.03 + 0.02 = 0.05 mag fainter than
the spheroid HB, implying that the stream distance modulus in our
field is 0.05 mag larger than the spheroid distance modulus. In any
case, given that the calibration uncertainties for the mpgoew —
mgg14w color are also at the same level as the color shift, it is not
appropriate to read too deeply into these small shifts in color
and magnitude between the fields.

Damage to the CCDs due to radiation in space leads to charge
transfer inefficiency (CTI), a problem that is particularly notice-
able in large-format CCDs. CTI causes stars to appear fainter than
they actually are. The ACS WFC detector consists of two chips,
with 4096 x 2048 imaging pixels each, separated by a small gap.
Each CCD is read out through two serial amplifiers, with 24 phys-
ical pixels of leading serial overscan for each and 20 rows of trail-
ing virtual overscan in the parallel clocking direction, yielding
a final downlinked image format of 4144 x 2068 for each CCD.
Stars that fall closer to the gap undergo more parallel transfers
when the detector is read and thus suffer from more charge loss
due to CTI (for these CCDs, at the ACS operating temperature
and clocking rates, the CTI effects after radiation exposure are
much more significant in the parallel clocking direction than in
the serial). The CTI correction is approximately linear with the
position of a star relative to the gap and approximately linear
with the age of the detector. The correction is larger for faint stars
and smaller when there is a significant background. Our spheroid
field was observed shortly after the ACS launch, while the stream
and disk fields were observed 2 yr later. The standard CTI cor-
rection (Riess & Mack 2005”) was derived for brighter stars with
lower backgrounds than the situation in our images. Thus, it is
somewhat uncertain whether or not one should extrapolate these
CTI corrections into the regime of our data, which includes the
deepest stellar photometry obtained with HST to date. Fortunately,
CTI does not appear to be a significant problem in our images. We
checked the effects of CTI by constructing CMDs of stars ex-
tracted from a range of horizontal bands across the image. The
CMD includes two horizontal features separated by approxi-
mately 3 mag in luminosity: the HB and the subgiant branch
(SGB). The luminosity of each of these features can be determined
by taking a vertical cut through the CMD in the vicinity of each
feature (using a region restricted in color to avoid other evolution-
ary phases). If CTI were a significant problem in our data, one
would expect the luminosity offset between the HB and SGB to
vary by a few hundredths of a magnitude as a function of vertical
position in the image, given the intensity of the sources and the
observed sky background. In reality, we find that this offset varies
by <0.001 mag across the image. Thus, there are probably ad-
ditional factors contributing to the CTI mitigation, besides the sky
background of ~100 counts pixel~!. Because the images are
crowded with stars and background galaxies, most stars are
clocked across pixels where the charge traps have already been
filled by other sources. Given the lack of evidence for CTI, we

7 Available at http://www.stsci.edu/hst/acs/documents/isrs.
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FiG. 4—(a, b, ¢) CMDs of the spheroid, stream, and disk, respectively, compared to the ridge lines of the Galactic globular clusters in Table 2 (colored lines). The
Andromeda data are shown as Hess diagrams with the same binning used in Fig. 2, but over a narrower range of color and luminosity. The ridge lines shift redward
with increasing cluster metallicity. (d, e, /) CMDs of the spheroid, stream, and disk, respectively, compared to isochrones at [Fe/H] = —2 (yellow lines), —1 ( pink
lines), and O (light blue lines) and ages of 3, 8, and 13 Gyr (running from left to right for each color). It is clear that the old (>10 Gyr) populations in these fields must
be predominantly metal-poor ([Fe/H] < —1) and that most of the metal-rich populations ([Fe/H] > —1) must be of intermediate age (~6-8 Gyr).

do not attempt a CTI correction. Note that any CTI correction
applied to these data would tend to make the stellar populations
look slightly younger because the fainter main-sequence and
subgiant stars would have a larger correction than the brighter
HB stars.

We next performed extensive artificial star tests to character-
ize the completeness and photometric scatter as a function of
color and magnitude in each field. These tests required months
of computations on a dedicated cluster of 10 processors. In all,
5 million artificial stars were added to each field and blindly re-

covered, with these stars spanning the full range of color and
magnitude populated by the stellar locus. These stars were added
in 1000 passes with 5000 stars per pass, to avoid significantly
increasing the crowding in the images. The artificial stars were
blindly recovered with a process identical to that used for the
photometric catalog. The completeness exceeds 80% at mpgiaw <
30.5 mag in the spheroid data and exceeds 80% at mpgjaw <
30.0 mag in the disk and stream data, but it drops off rapidly be-
low these magnitudes. These limits drive the faint limit of the re-
gion we fit for the star formation history. Note that the images
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detect stars significantly fainter than those presented in the CMDs
presented here; compared to the reduction of Brown et al. (2003),
the catalog depth and completeness have been somewhat reduced
by the higher detection threshold and rigorous cleaning process
we have employed here.

5. ANALYSIS
5.1. Inspection of the Color-Magnitude Diagrams

Before turning to the quantitative fitting of the CMDs, much
can be learned from simple visual inspection. The CMD for the
population in each field is shown in Figure 2. At first glance, all
three CMDs look remarkably similar, even though the popula-
tions have distinct kinematics. All of them show a broad RGB,
indicative of a wide metallicity range. In each field, the majority
of'the stars between the MSTO and the base of the RGB are clus-
tered in a tight locus. Given the spread in metallicity, this tight
SGB locus indicates a wide range in age, with younger stars gen-
erally more metal-rich than older stars. A minority population of
stars appears in a blue plume above the MSTO, representing a
young population with a wide range of metallicities. We return to
the SGB and blue plume below. Each of the fields has a well-
defined HB, although the HB in the disk field is largely restricted
to ared clump, while in the stream and spheroid ~10% of the HB
stars fall on the blue end of the HB. None of the fields have an
extended hot HB, as seen in massive Galactic globular clusters
spanning a wide range in metallicity (e.g., M19, at [Fe/H] =
—1.68, and NGC 6441, at [Fe/H] = —0.53; Piotto et al. 1999;
Rich etal. 1997). Instead, the blue HB, when present, very closely
resembles that of typical metal-poor clusters, such as M92, at
[Fe/H] = —2.1 (see Brown et al. 2003). The RGB luminosity
function bump is prominent in each CMD, at a luminosity
~0.5 mag fainter than the red end of the HB; this bump is a met-
allicity indicator, becoming fainter (relative to the HB) at higher
metallicities, and in all three fields its spread in luminosity is
another indication of a spread in metallicity. None of the CMDs
show multiple discrete turnoffs, as might be expected from pulses
of star formation.

In Figure 4 we compare the CMDs to our globular cluster
fiducials (Table 2; Brown et al. 2005). Due to their wide range of
metallicities, the clusters span most of the RGB width in the M31
CMDs. However, because the clusters are old, there is an obvious
trend for the MSTO and SGB in the more metal-rich clusters to
be too faint relative to those features in the M31 CMDs. In Fig-
ures 4d, 4e, and 4f we show a comparison of the M31 CMDs to
calibrated isochrones at three different ages (3, 8, and 13 Gyr)
and three different metallicities ([Fe/H] = 0, —1, and —2). It is
clear that the old (>10 Gyr) populations in these fields must be
predominantly metal-poor ([Fe/H] < —1) and that the metal-
rich populations ([Fe/H] > —1) must be of intermediate age
(~6—8 Gyr). An old metal-rich population would have an MSTO
much redder and fainter than observed, while an intermediate-
age metal-poor population would have an MSTO much bluer and
brighter than observed. That said, there is a minority population of
young stars spanning a wide range in metallicity, with the bright-
est and bluest stars in the plume matched by the 3 Gyr isochrone
at [Fe/H] = —2.

The implications of the SGB distribution warrant additional
discussion. The isochrones in Figure 4 show that the luminosity
of the SGB decreases with either increasing age or increasing
metallicity. Thus, different age-metallicity relations for the stars
in our CMDs would be expected to produce different luminosity
distributions across the SGB. To evaluate the implications of this
constraint, we show in Figure 5 hypothetical populations of stars
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in the vicinity of the SGB as they would appear if observed under
the same conditions as in our spheroid field. Figures 5a—5d pres-
ent the age-metallicity relations of the isochrones employed to
construct each model population, with the stars divided equally
among the isochrones. Figures Se—5h show the corresponding
CMDs resulting from these hypothetical populations. Even with
a very wide range in age, a single metallicity does not reproduce
the width of the RGB (Figs. 5a and 5e); this is because the RGB
is far more sensitive to metallicity than to age. Moreover, the SGB
luminosity distribution is much wider than observed. If one has
old metal-rich stars and young metal-poor stars (Figs. 5b and 5f),
the RGB becomes much wider, but the SGB luminosity distribu-
tion is still much wider than observed. If all of the stars are at a
single age (Figs. 5S¢ and 5g), the SGB narrows, but it is still wider
than the SGB observed in our fields. It is only when one has young
metal-rich stars and old metal-poor stars (Figs. 54 and 5/) that the
SGB locus becomes very tight and horizontal, as observed for the
dominant populations in our three CMDs, while at the same time
reproducing a wide RGB. Because the RGB is more sensitive to
metallicity than to age, while the MSTO is very sensitive to both,
one is able to break the age-metallicity degeneracy in studies em-
ploying this region of the CMD. Note that relatively young and
metal-poor stars (Figs. 5a, 5b, Se, and 5f’) are needed to explain
the brightest and bluest stars in the blue plume of our observed
CMDs.

The similarities at the HB and RGB between the stream and
spheroid imply that these populations have very similar metal-
licity distributions, at least at the positions of our fields (Brown
etal. 2006). Much farther out in the galaxy (31 kpc from the cen-
ter), Guhathakurta et al. (2006) found that the stream was more
metal-rich than the surrounding spheroid, but this finding is not
inconsistent with our results. Kalirai et al. (2006b) have shown
that the spheroid of Andromeda has a metallicity gradient, such
that it is significantly more metal-poor at 30 kpc than it is close
to the galaxy’s center. Our finding of similar metallicities between
the stream and spheroid in our interior fields, when combined with
the Guhathakurta et al. (2006) results, reaffirms the existence
of this metallicity gradient.

Although the CMDs for each field have many similarities,
closer inspection reveals significant distinctions, especially
between the disk and the other two fields. We highlight these
distinctions in Figure 6, which shows the differences between
the stream and spheroid and also those between the disk and
spheroid. The spheroid data used in each comparison are a sub-
set that reaches approximately the same depth as the stream and
disk data. The spheroid CMD was also scaled to the number of
stars in each of the other two CMDs before subtracting; note
that it makes little difference if this normalization is done based
on the total number of stars in each field or just those well above
the detection limits (e.g., mpgiaw < 28 mag). Relative to the
spheroid main sequence, the stream main sequence extends
somewhat farther to the blue, even though the RGB and HB dis-
tributions are nearly identical. Thus, the age distribution in
the stream must extend to slightly younger ages than those in the
spheroid (as also noted by Brown et al. 2006). In contrast, the
distributions of age and metallicity in the disk extend to signifi-
cantly younger ages and higher metallicities than those in the
spheroid and stream, and the old metal-poor population is not as
prominent. The RGB stars in the disk are skewed toward red-
der colors, while the HB population is largely restricted to the red
clump; both of these features indicate a higher metallicity in the
disk. In the disk population, the red clump HB is also some-
what extended in luminosity, indicating a younger age distribu-
tion (an excellent example of the variation in clump luminosity
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with age can be seen in the Monelli et al. [2003] study of the
Carina dwarf spheroidal). There does not appear to be a signifi-
cant population on the blue HB, although a trace population might
be hidden in the blue plume of stars rising above the dominant
MSTO; Figure 6f'shows an oversubtraction of the blue HB from
the spheroid (dark filled squares) appearing within the cloud of
undersubtracted blue plume stars from the disk (light filled squares).
The stronger plume in the disk population indicates an extension
to significantly younger ages. The plume in the disk population
includes /40 stars that are brighter than the region where the blue
end of the HB would nominally fall, implying that these bright
blue stars have masses of ~2—-5 M., and ages of ~0.2—1 Gyr. Note
that Cuillandre et al. (2001) have also seen evidence for trace
populations of young stars in the outer disk of M31. However,
the disk does not look quite as young as one might expect if there
were a significant thin-disk population, a point we return to later.
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FiG. 5.—(a—d) Four hypothetical populations of stars. In each population, the stars are equally distributed among 20 isochrones with distinct distributions in age

and metallicity. (e—/) Model CMDs for these hypothetical populations, with the observational errors and completeness of our spheroid data, shown at a logarithmic
stretch.

In a field population, it is difficult to distinguish between young
metal-poor stars and old blue stragglers (see Carney et al. 2005
and references therein). Thus, some of the apparently young stars
in our CMDs (<6 Gyr) might instead be blue stragglers. However,
whether blue stragglers form via merger or mass transfer, in an old
population they will be limited to M <2 M.,. All three of our
fields show blue plume stars as bright as the HB over a wide range
of color, and in the disk these stars continue to luminosities signifi-
cantly brighter than the HB. The high masses required to explain
the brightest stars in the blue plume population imply that truly
young stars are present, and these stars appear to be a smooth ex-
tension of the fainter blue plume population. This argues against a
significant contribution from blue stragglers in the blue plume.

If we fit Gaussian distributions to the velocity data in our fields
(Fig. 2), we find that the spheroid is a ~25% contamination in
our stream field and a ~33% contamination in our disk field.
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FiG. 6.—Comparisons of the CMDs for our three fields. The ridge line for NGC 104 (solid line) is shown for reference. (a) CMD of the spheroid field, shown at its full depth,
at a logarithmic stretch. () CMD of the stream field. (¢) CMD of the disk field. (4 ) CMD of the spheroid field, shown at a depth that matches that in the stream and disk.
(e) Difference between the stream and spheroid CMDs (with the latter scaled to match the number of stars in the former). The RGB and HB distributions are very similar,
but the locus of stars at the MS extends slightly brighter and bluer than that in the spheroid. ( /) Difference between the disk and spheroid CMDs (with the latter scaled to
match the number of stars in the former). The RGB of the disk is considerably redder than that of the spheroid, indicating higher metallicities in the disk. The HB of the
disk is almost entirely in the red clump, with a spread to brighter luminosities, indicating higher metallicities and younger ages in the disk. The blue plume of stars above

the MSTO is much stronger in the disk, indicating younger ages than in the spheroid.

Given the wide separation between our fields (Fig. 1), we cannot
necessarily assume that the population in our spheroid field is
representative of the spheroid contamination in our stream and
disk fields. However, it is natural to ask how the stream and disk
CMDs would look if the spheroid contamination were subtracted
under the assumption that the population in our spheroid field is
in fact representative of this contamination. To show this, we used
that subset of the spheroid data that is matched to the depth of the

stream and disk data. We randomly drew a star from these spher-
oid data, found the star in the stream data that most closely agreed
in its photometry, and then subtracted that star from the stream
data. These subtractions were repeated until 25% of the stream
stars were removed. In 99% of the subtractions, the star subtracted
from the stream data was within 0.02 mag of the spheroid star, and
in 99.9% of the subtractions, the star subtracted from the stream
data was within 0.1 mag of the spheroid star; the handful of stars
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Fig. 7.—Spheroid CMD compared to the stream and disk CMDs, where we have attempted to subtract the spheroid contamination from the stream and disk. (a) CMD
of the spheroid field, shown at a depth that matches that in the stream and disk fields. Cuts across the CMD (blue boxes) are used to make comparisons with the stream
and disk; the histograms in each cut (panels [d ][ g]) are normalized to the number of stars in the spheroid. Labels refer to subsequent panels in this figure. () CMD of
the stream field, with a subtraction of spheroid stars assumed to contaminate at the 25% level, and with the same cuts indicated (green boxes). (c) CMD of the disk field,
with a subtraction of spheroid stars assumed to contaminate at the 33% level, and with the same cuts indicated (red boxes). (d) Histograms for stars along the RGB color
cut for the spheroid (blue), stream (green), and disk (red). (e) Histograms along the HB color cut. ( /) Histograms along the HB luminosity cut. (g) Histograms along the
SGB luminosity cut. Compared to the spheroid and stream, the disk population has a redder RGB (indicating higher metallicities), an HB that falls mostly in a red clump
that extends to brighter luminosities (indicating younger ages and higher metallicities), and a stronger blue plume above the MSTO (indicating younger ages).
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Fic. 8.—Isochrones used in StarFish fitting. A fine grid of isochrones
(crosses) was used to avoid artificial lumpiness in the synthetic CMD, but these
isochrones were locked together in groups (boxes) to reduce the number of free
parameters and to avoid degeneracies in the fit.

that could not be matched at this level fell very far from the dom-
inant stellar locus (in the negligible cloud of sparse stars at random
colors and magnitudes), and these were not subtracted. We re-
peated this process on the disk data but there subtracted 33% of the
disk stars; again, 99% of the subtractions matched disk to spheroid
stars within 0.02 mag, while 99.9% of the subtractions matched
disk to spheroid stars within 0.1 mag. The resulting CMDs are
shown in Figure 7. Because of the many similarities between the
original three CMDs (Fig. 2), the changes due to the subtraction of
the spheroid contamination are subtle. To help highlight the differ-
ences between the three fields, we also show luminosity and color
cuts across the CMDs (colored boxes); Figures 7d and 7e show the
color distributions on the lower RGB and HB, respectively, while
Figures 7f and 7g show the luminosity distributions at the red
clump and SGB, respectively. The color and luminosity cuts help
quantify the similarities and differences between the populations
discussed above and shown in Figure 6. Compared to the spheroid
population, the stream population exhibits similar RGB and HB
morphologies, but its main sequence extends somewhat brighter
and bluer. In contrast, the disk population exhibits RGB and HB
morphologies that are skewed toward redder colors, with the main
sequence showing a strong extension to brighter and bluer colors.

5.2. Maximum Likelihood Fitting of Isochrones

We turn now to the quantitative fitting of our CMDs. Our char-
acterization of the star formation history in each field primarily
uses the StarFish code of Harris & Zaritsky (2001). This code
takes a grid of isochrones, populates them according to the initial
mass function (IMF), then applies the photometric scatter and
incompleteness (as a function of magnitude and color) determined
in the artificial star tests. The code then fits the observed CMD by
employing linear combinations of the scattered isochrones. The
fitting can be done via minimization of either a x? statistic or the
maximum likelihood statistic of Dolphin (2002). We found little
difference between fits done with either statistic and ultimately
used the maximum likelihood statistic in our analysis.

In the StarFish fitting, each isochrone at a given age and met-
allicity is varied independently, resulting in a large number of
free parameters in the fit. This method is similar to most of the star
formation history methods used in the literature (e.g., Dolphin
2002; Skillman et al. 2003). Although the term “‘star formation
history”” might imply a physical connection between the sub-

2 4 6 8 10 12 14
Age (Gyr)

Fic. 9.—Distribution of age and metallicity in the best-fit model of the
spheroid data. The area of the filled circles is proportional to the number of
stars in each isochrone group.

populations, this method is really a fit to the age and metallicity
distributions. In addition to StarFish, we wrote our own codes
that fit the isochrones to the data according to mathematical and
physical restrictions that greatly reduce the number of free pa-
rameters; these models will be the subject of a future paper.
We do not fit the entire range of stars observed in the CMD.
Instead, we restrict our fits to the lower RGB (below the level
of the HB), SGB, and upper main sequence. Specifically, we fit
over —0.9 mag < mpgoew — Mrgiaw < —0.1 mag in color and
26.5 mag < mpgiaw < 30.5 mag in magnitude for the spheroid
data and 26.5 mag < mpgiaw < 30.0 mag in magnitude for the
stream and disk data (which are ~0.5 mag shallower). This region
of the CMD offers excellent sensitivity to age and metallicity
while avoiding those regions of the CMD that have low signal-to-
noise ratio or that are poorly constrained by the models (such as
the HB, the upper RGB, the RGB luminosity function bump,
and the faint end of the CMD). The HB is a qualitative indicator of
age and metallicity, becoming redder at younger ages and higher
metallicities and eventually forming a red clump with a significant
spread in luminosity. However, disentangling the effects of age
and metallicity is highly uncertain; indeed, the “second parameter
debate” in the study of HB morphology refers to the dependence
of the HB morphology on parameters other than metallicity, such
as age and helium abundance. Although Galactic foreground stars
comprise much less than 1% of the stars in our field, they tend to
fall near the upper RGB in M31, which is sparsely populated in
our data; the upper RGB is thus the one region of our CMDs with
significant foreground dwarf contamination. In addition, the upper
RGB is contaminated by asymptotic giant branch (AGB) stars,
which in turn have a distribution depending on the age and [ Fe/H ]
of their progenitor HB stars. The RGB luminosity function bump
is a qualitative metallicity indicator, and it is most prominent in
CMDs of metal-rich populations, where it appears as an over-
density on the RGB immediately below the luminosity of the HB;
theoretical models reproduce the general trend for the bump lu-
minosity to brighten with decreasing metallicity, but the zero
point of the relationship is uncertain, and the mix of age and met-
allicity in our populations makes it difficult to interpret this fea-
ture in the data. The faintest main-sequence stars in the CMD
suffer from large photometric scatter and low completeness.
We use the Victoria-Regina isochrones (VandenBerg et al.
2006) in all of our fitting. These isochrones do not include core
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FiG. 10.—(a, b, ¢) CMD of the spheroid data (yellow), the best-fit model to those data (blue), and the differences between the data and model (yellow and blue),
all shown at the same linear stretch. (d, e, ) Artificial CMD drawn from the best-fit model ( yellow), the same best-fit model (blue), and the differences between the
artificial data and model (yellow and blue), all shown at the same linear stretch employed in (@), (b), and (c).

He diffusion, which would decrease their ages at a given turnoff
luminosity by ~10% (VandenBerg et al. 2002). Although the
ages of isochrones with core He diffusion are likely more ac-
curate, models in which diffusion is allowed to act efficiently on
other elements in the surface layers show significant discrepan-
cies when compared to observed CMDs, indicating that there must
be some other mechanism at work, such as turbulence in the sur-
face layers (see Brown et al. 2005 and references therein). Helium
diffusion can still occur in the core, and thus the ages discussed
herein should be reduced by ~10% to obtain absolute ages.

The Victoria-Regina isochrones are distributed with a ground-
based magnitude system. Sirianni et al. (2005) provide an iterative
transformation to put ACS data in a ground-based system but
warn against its use, given the systematic errors intrinsic to such
a process. The biggest problem is that the F6O6W bandpass is
very different from Johnson V] although the difference between
F814W and Cousins / is nonnegligible, too. To properly make the
transformation from one system to the other, one must know the
intrinsic spectral energy distribution of the source, and this is dif-

ficult to estimate based on photometry in two broad bandpasses. It
is much more straightforward to use the physical parameters along
each model isochrone (effective temperature and surface gravity)
to transform the models into the observational system using syn-
thetic spectra of the appropriate metallicity. We use the transfor-
mation of Brown et al. (2005), which produces good agreement
between these isochrones and the ACS observations of Galactic
clusters spanning a wide range in metallicity (Table 2). Over most
of the CMD (including the region we use here for fitting), the
agreement is better than ~0.02 mag. In this sense, we are using the
isochrones to provide relative changes in age and metallicity, once
they have been anchored to observations of Galactic clusters. We
are thus providing star formation histories in a reference frame
based on the ages and metallicities of the clusters listed in Table 2.

5.2.1. The Isochrone Grid

We fit a large grid of isochrones spanning 1 Gyr < age <
14 Gyr (with 0.5 Gyr steps) and —2.3 < [Fe/H] < +0.5 (with
~0.1 dex steps) using the StarFish code. The fine spacing in age
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and metallicity avoids artificial lumpiness in the synthetic CMDs
but means that neighboring isochrones in the grid are nearly de-
generate. Such degeneracies, plus the large number of free pa-
rameters, do not allow a fit to converge in a reasonable time.
Fortunately, the StarFish code allows groups of neighboring iso-
chrones to be locked such that their amplitudes vary together;
one of these isochrone groups is treated as a single isochrone as
far as the fitting is concerned, even if its stars span a small range
in age and metallicity (for details see Harris & Zaritsky 2001).
We locked our full grid of isochrones into 117 independent iso-
chrone groups, with the sampling chosen to match the nonlinear
changes in the CMD with age and metallicity (the CMD changes
more rapidly at higher metallicities and younger ages). The grid
of isochrones and the locked isochrone groups are shown in
Figure 8.

5.2.2. Fixed Parameters

Besides distance and reddening, there are several other param-
eters that must be fixed before proceeding with a fit. The binary
fraction is highly uncertain, and not even well constrained in the
field or cluster populations of our own Galaxy; the value appears
to be in the range of 10%—30% in the field population of the Ga-
lactic halo (Ryan 1992 and references therein). The fits to our
data are best when the binary fraction is near 10%, whereas fits
with the binary fraction significantly deviating from 10% show
noticeable residuals. Thus, unless specified otherwise, the binary
fraction is assumed to be 10% throughout this paper. The binary
fraction is set in the StarFish code (Harris & Zaritsky 2001) at
the stage where it scatters the isochrones; specifically, for a given
fraction of stars, it draws a second star randomly from the IMF
and produces a single unresolved object with the combined color
and magnitude of the two stars. For the IMF index, we chose the
Salpeter (1955) value of —1.35. For the isochrone abundances,
we did not assume a scaled solar abundance pattern. Instead, we
assumed that the alpha elements are enhanced at low metallicity
and unenhanced (scaled solar) at high metallicity; specifically,
we assumed [o/Fe] = 0.3 at [Fe/H] < —0.7 and [o/Fe] = 0.0 at
[Fe/H] > —0.7. At the [a/Fe] resolution available in our iso-
chrone grid, this trend roughly reproduces that seen in the Galaxy
(Pritzl et al. 2005 and references therein), although bulge popu-
lations appear to be enhanced in alpha elements even at high met-
allicity (McWilliam & Rich 1994; Rich & Origlia 2005). As it
turns out, the IMF and alpha-enhancement assumptions make
little difference in our results. All of these assumptions (distance,
reddening, binary fraction, IMF, and alpha enhancement) are
varied in our exploration of systematic errors (see § 5.6).

5.2.3. Uncertainties

In the fits below, we do not plot error bars for the weights of the
individual isochrones. This is because the uncertainty associated
with the normalization of any individual isochrone is very large
and correlated with the normalization of neighboring isochrones.
If any one isochrone in the best-fit model is deleted from the fit,
compensating changes can be made in neighboring isochrones
that restore the quality of the fit. The result is that the uncertainty
on any individual isochrone weight is largely meaningless. These
difficulties are a continuing plague for studies of star formation
histories in complex populations (e.g., Skillman et al. 2003; Harris
& Zaritsky 2004). If one is fitting a simple stellar population
(single age and single metallicity), one can trace out confidence
contours in the age-metallicity plane according to the change in
fit quality, but with a complex star formation history, it is the dis-
tribution of ages and metallicities that matters. What one really
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Fic. 11.—Three different attempts at fitting the spheroid data, using the same
isochrones in each case, but where the initial guess in each panel was a distinct
random distribution of isochrones. The area of the filled circles is proportional to
the number of stars in each isochrone group. Although there are small variations
in the individual amplitude weights from panel to panel, it is clear that the best-
fit model is well converged.

wants is a set of isochrones that are truly eigenfunctions of an or-
thogonal basis set. However, there is not an obvious basis function
that relates in a simple way back to physical parameters. The sam-
pling in our isochrone grid is fine enough to avoid artificial struc-
ture in the synthetic CMDs, yet coarse enough to avoid isochrones
that are completely degenerate within the photometric errors.
Even though some of the isochrone weights in the final fits are
very small, the ensemble of these small weights is necessary for a
good fit. One way of demonstrating this assertion is by repeating
the fits after deleting isochrones with low weights. Starting with
the best fit, we first sorted the isochrones by their fitted weights
and then retained only those whose weight exceeded a specified
cutoff; specifically, the cutoff in weight was chosen so that this
subset of isochrones accounted for 90% of the stars in the best fit.
Refitting with this reduced set of isochrones produced terrible
fits (fit score ~50% larger). The fit was also poor when we re-
tained those isochrones responsible for 95% of the stars in the
best fit. The fit did not become acceptable until we had retained
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FiG. 12.—(a, b, ¢) CMD of the spheroid data ( yellow), the best-fit model to those data using a set of isochrones restricted to ages less than 10 Gyr (blue), and the
differences between the data and model ( yellow and blue), all shown at the same linear stretch. (d, e, /') Same CMD of the spheroid data (yellow), the best-fit model
to those data using a set of isochrones restricted to ages >10 Gyr (blue), and the differences between the data and model (yellow and blue), all shown at the same
linear stretch employed in (@), (b), and (c). It is clear that neither model is acceptable, given the residuals (panels [¢] and [ f]).

those isochrones responsible for 99% of the stars in the best fit
(~50 of the original 117 isochrone groups).

5.3. Results for the Spheroid

The distribution of age and metallicity in our best fit to the
spheroid data is shown in Figure 9. In this figure, the area of the
symbols ( filled circles) is proportional to the number of stars in
each isochrone group. Note that the spacing of the isochrone
groups is irregular, so that if one were to plot a star formation rate
in units of M, per unit time per unit logarithmic metallicity, the
relative sizes of the symbols would be somewhat increased at
younger ages and higher metallicities (Where the spacing is finer).
As noted by Brown et al. (2003), the spheroid CMD is best fitted
by a wide range of age and metallicity and is strikingly different
from the old, metal-poor halo of the Milky Way. Approximately
40% of the stars are less than 10 Gyr old, and approximately 50%
of the stars are more metal-rich than 47 Tuc ([Fe/H] = —0.7).
The mean metallicity, ([Fe/H]) = —0.6, is identical to that found
by Durrell et al. (1994) at 9 kpc on the minor axis and slighter

higher than the ([m/H]) = —0.6 found by Holland et al. (1996)
from earlier WFPC2 photometry of our field, with similar spreads
to both higher and lower metallicities. Although our mean met-
allicity is much higher than that in the Milky Way halo, the met-
allicity distribution definitely has a tail extending to metal-poor
stars. These include the RR Lyrae stars in our field, which have
a mean metallicity of [Fe/H] = —1.7 (Brown et al. 2004a), and
the minority population of blue HB stars.

Although we used the Dolphin (2002) maximum likelihood
statistic to perform our fits, we also compared the results with
those obtained from a traditional  statistic, and the fits were sim-
ilar. Dolphin (2002) also provides a goodness-of-fit statistic, x %y,
for those more familiar with x fitting (with values close to unity
indicating a good fit). The best-fit model (Fig. 9) has x%; = 1.11
per degree of freedom (8000 CMD bins minus 117 freely varying
isochrone weights). This score clearly implies an imperfect fit. To
demonstrate this, we ran Monte Carlo simulations of the idealized
case. We created random realizations of the data drawn from the
best-fit model to obtain the distribution of the maximum likelihood
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No young metal-poor stars..... —0.6 9.7 1.18 Misses part of plume

statistic and found that the maximum likelihood statistic obtained
in our best-fit model exceeds the mean score by 6 ¢ (where o is
one standard deviation in the distribution of the maximum like-
lihood statistic from the Monte Carlo runs).

There are many reasons why the model should not exactly re-
produce the data. These include imperfections in the isochrones
(they are calibrated at the ~0.02 mag level against Galactic glob-
ular clusters observed in the same filters), deviations from a Salpeter
(1955) IMF, deviation from our assumed binary fraction of 10%
(e.g., one might imagine that the binary fraction varies with age
and metallicity depending on the variations in the formation en-
vironment), and the limitations of the artificial star tests used to
scatter the isochrones (artificial stars are created, with noise, from
the same PSF model used in the PSF fitting, while real stars will
deviate from the PSF model due to noise and true intrinsic inac-
curacies in the PSF model). Although the model does not exactly
reproduce the data distribution over 8000 CMD bins, the devia-
tions are remarkably small, as we show in Figure 10. In Fig-
ures 10a—10c, we show the data in the fitting region ( yellow), the
best-fit model (blue), and the differences between the two ( yellow
and blue) shown at the same linear stretch; i.e., the CMD bins in
Figure 10c are shaded blue where the model exceeds the data and
shaded yellow where the data exceed the model, with the shading
on the same linear scale employed in Figures 10z and 10b. The dif-
ferences between the data and model appear almost completely ran-
dom, with minimal systematic residuals; in fact, Figures 10a—10c¢
look much like the idealized case shown in Figures 104-10f,
where the residuals are completely random. There, we show a ran-
dom realization of the best-fit model ( yellow), a repeat of the best-
fit model (blue), and the differences between the two ( yellow and
blue). The realization (Fig. 10d) is nearly indistinguishable from
the actual data (Fig. 10a). The difference between the realization
and the model (Fig. 10f") demonstrates the noise residuals one can
expect when comparing a smooth model to discrete data in the
idealized case (x%; = 1).

Given the large number of free parameters, one might also
wonder if the “best-fit”” model has truly converged on the best
fit. One way to test this is through repeated fitting with distinct
initial conditions. We show in Figure 11 the results of three “best-
fit” models to the spheroid data, each of which started from a dis-
tinct random set of isochrone weights. Although there are small
variations in the final individual isochrone weights, it is clear that
the overarching result is the same in each case. As stated earlier,
the degeneracies in the isochrone set mean that any individual iso-
chrone can be varied significantly without changing the fit quality.
For example, in Figure 11, the relatively low weight at [Fe/H] =
—1.7, compared to the weights at [Fe/H] = —1.4 and —2.1, is not
meaningful; for the isochrones at 13 Gyr, we can redistribute the
weights at [Fe/H] = —1.4, —1.7, and —2.1 so that they are the
same in each of these bins, and the fit quality does not suffer.

Although the uncertainties on the individual isochrone weights
in the best-fit model are large, one can ask what classes of models,
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Fic. 13.—Distribution of age and metallicity in the best-fit model of the
stream data. The area of the filled circles is proportional to the number of stars in
each isochrone group. The total area within the filled symbols has been nor-
malized to that in Fig. 9, to ease comparison (but in reality the surface brightness
in the stream is ~0.5 mag fainter).

in a broad sense, produce fits that are as good as the best-fit model.
If one restricts the fit to isochrones of ages <10 Gyr, the quality of
the fit is noticeably reduced, with x2; = 1.18 (a fit that is an ad-
ditional 5 o worse than the best-fit model). Much of the weight in
this fit falls at the top end of the allowed age range, and the dif-
ference between the model CMD and the data CMD shows sig-
nificant residuals (Fig. 12). Alternatively, if one restricts the fit to
isochrones with ages >10 Gyr, the quality of the fit is grossly re-
duced, with x2; = 3.09 and very obvious differences between the
model CMD and the data CMD (Fig. 12). This is consistent with
the results of Brown et al. (2003), who showed that the spheroid
CMD is inconsistent with a purely old population of stars.

The best-fit model has minority populations in the isochrones
representing old metal-rich stars and young metal-poor stars. If
truly present, these populations are extremely interesting because
the former imply that at least some of the stars were formed in
something like a bulge environment (with rapid early enrich-
ment), while the latter imply the accretion of metal-poor stars
from dwarf galaxies or star formation following the infall of rel-
atively pristine material. To test this, we repeated the fit while
excluding two regions from the input grid of isochrones: age >
10 Gyrat [Fe/H] > 0 and age < 5 Gyrat [Fe/H] < —0.5; each of
these regions contains 3% of the stellar mass in the best-fit model.
If the old metal-rich isochrones are excluded from the fit, the fit
quality in the resulting model does not suffer at all; thus, the CMD
is consistent with either a small population of such old metal-rich
stars or none at all. In contrast, if the young metal-poor isochrones
are excluded from the fit, the fit quality is somewhat reduced, with
X2 = 1.18, due to the model missing the brightest and bluest
stars in the blue plume above the dominant main sequence. This is
not surprising, given our visual inspection of the CMD and com-
parison to young isochrones of various metallicities (Fig. 4). Note
that the scattered model isochrones include the effects of blends
(determined by the artificial star tests) but not any contribution
from blue stragglers; thus, some (but not all) of the young stars in
the fit (<6 Gyr) could be an attempt to account for blue stragglers
(see § 5.1).

We summarize the fits to the spheroid data in Table 3. Our
standard model is that which simply allows the full grid (Fig. 8)
to vary freely, while the other models are self-explanatory. Mean
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FiG. 14.—(a, b, c¢) CMD of the stream data (yellow), the best-fit model to those data (blue), and the differences between the data and model (yellow and blue), all
shown at the same linear stretch. (d, e, /) Artificial CMD drawn from the best-fit model (yellow), the same best-fit model (b/ue), and the differences between the
artificial data and model (yellow and blue), all shown at the same linear stretch employed in (a), (b), and (c¢). Note that the magnitude range of the stream fit is smaller
than that in the spheroid fit because the spheroid data are ~0.5 mag deeper than the stream data.

values of [ Fe/H] and age are not as useful as the full age and met-
allicity distributions, given the complicated star formation history
present in the field, but these mean values do serve as a yardstick
to gauge differences between the fits.

5.4. Results for the Stream

The distribution of age and metallicity in our best fit to the
stream data is shown in Figure 13. Given the qualitative similar-
ities between the stream and spheroid CMDs, it is not surprising
that the best-fit distribution of age and metallicity in the stream
resembles that in the spheroid. However, as noted above, there are
some distinctions. The mean age in the stream (8.8 Gyr) is ~1 Gyr
younger than that in the spheroid (9.7 Gyr), while the mean met-
allicities are nearly the same (—0.6 in the spheroid and —0.7 in
the stream). The fit quality for the best-fit stream model is sim-
ilar to that for the spheroid, with x2; = 1.08. In Figure 14 we
show the comparison of the best-fit model to the data, as well as
the residuals.

Given that the stream and spheroid are so similar, we also ex-
plored to what extent both populations might be consistent with

a single star formation history. First, we simply used the spheroid
star formation history (Fig. 9) to normalize a set of isochrones
scattered according to the stream artificial star tests and then
scaled the result to match the number of stars in the stream. This
created a model with the spheroid star formation history but the
observational properties of the stream data, enabling a fair com-
parison of the two. The result is shown in Figure 15. It is obvious
that there are gross residuals in the model. Although this was not
a fit (given that we simply applied the star formation history of
the spheroid), if this model had resulted from our standard iso-
chrone fitting, it would have produced a X2 of 1.32. The com-
parison of the spheroid data with this model population yielded a
X2 of 1.11 (§ 5.3); the much larger discrepancy of the stream
data with this model population strongly implies that the spher-
oid and stream data were drawn from distinct populations, at a
confidence level exceeding 99%.

Next, we tried fitting both the spheroid and stream simulta-
neously with the same star formation history. Specifically, a model
for the stream was constructed from isochrones appropriately
matching the stream observations (utilizing the stream artificial
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FiG. 15.—(a) CMD of the stream data (yellow). (b) Model for the stream data (blue), but constructed from the spheroid star formation history, scattered with the
observational errors of the stream data and normalized to the stream star counts. (¢) Differences between the data and model (yellow and blue), all shown at the same
linear stretch. (d) Same CMD of the stream data (yellow). (e) Best-fit compromise model fitted simultaneously to the spheroid and stream data sets (blue). (f)
Differences between the data and model (yellow and blue), all shown at the same linear stretch employed in (a), (b), and (c). Significant residuals can be seen in
either case (panels [c] and [ /), implying that the stream and spheroid CMDs are not drawn from the same population.

star tests), and a model for the spheroid was constructed from
isochrones appropriately matching the spheroid observations
(utilizing the spheroid artificial star tests), but the relative weights
of the isochrones used to construct these stream and spheroid
models came from a single distribution of age and metallicity.
This distribution was varied until the best fit to both the stream
and spheroid data was achieved. The resulting age and metallic-
ity distribution is shown in Figure 16. Curiously, this compro-
mise solution to both CMDs is a bit older and more metal-poor
than that found for either CMD individually; this is likely due to
the fact that the spheroid and stream are distinct, resulting in a
poor fit when fitting both at the same time. The poor quality of
the fit can be seen when this compromise model is compared to
the stream data, as shown in Figure 15. The value for x2 is not
terrible (1.14), but there are approximately twice the number of
degrees of freedom in this fit, given that we are fitting two CMDs
of data simultaneously, so the deviation from unity is more sig-
nificant. Both of these tests imply that while the stream and spher-
oid CMDs are very similar, they are not drawn from exactly the
same population.
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Fic. 16.—Distribution of age and metallicity in the best-fit model simul-
taneously fitted to the spheroid and stream data. The area of the filled circles is
proportional to the number of stars in each isochrone group. The distribution
shown here is clearly a compromise between those shown in Figs. 9 and 13.
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-1.0 _ L4 _ >10 Gyr, the quality of the fit is very poor, with x2; = 2.80. If
r ° 1 old metal-rich stars are removed from the input isochrone grid,
-1.5F ] the quality of the fit is unchanged from the best-fit model, while
i 1 if young metal-poor stars are removed, the quality of the fit is
20k 1 noticeably affected, with y2; = 1.14, but the model is only miss-
U b) . . PY P 1 ing the brightest and bluest stars in the blue plume.
E . . . . . e The Keck data for our stream field imply that 75% of its stars
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Fic. 17.—Best-fit model to the stream, assuming a fixed 25% contamination
from the underlying spheroid that matches the population in Fig. 9. The area of
the filled circles is proportional to the number of stars in each isochrone group.
(a) Complete star formation history, including the fixed spheroid contamination.
(b) Star formation history for the stream population in isolation, excluding that
part of the fit representing the spheroid contamination. The population has been
normalized such that the total area in the symbols is the same in both panels.

As done with the spheroid data, we also explored to what ex-
tent stream models with more restricted age ranges are consistent
with the data. When the isochrones are restricted to ages <10 Gyr,
the quality of the fit is nearly unchanged (with ngf = 1.10), al-
though the resulting distribution of age and metallicity looks
somewhat skewed, with much of the weight falling at the top
end of the age range. When the isochrones are restricted to ages

fall in two kinematically cold stream components (Kalirai et al.
2006a) and that 25% of its stars are in the underlying spheroid.
Although the population in our spheroid field might not be rep-
resentative of the underlying spheroid in the stream field, it is
reasonable to wonder how the fitting of the stream star formation
history is affected if this spheroid contamination is taken into
account. To explore this, we fitted the stream with the same set of
isochrones but added an additional component to the model, fixed
at 25% of the population, representing the spheroid contamina-
tion. This contamination component was constructed from the
best-fit model to the spheroid but using the isochrones scattered
with the stream artificial star tests; thus, the contamination com-
ponent appropriately represents the spheroid population as it would
appear in the stream data. The results are shown in Figure 17.
The quality of the fit is good,; ngf = 1.10. In Figure 17a we show
the total star formation history (combining the fixed spheroid
contamination and the fit to the stream). In Figure 175, we have
subtracted the spheroid contamination component from the star

TABLE 4
SUMMARY OF STREAM FITTING

Model ([Fe/H]) (age) X Comment
Standard model ... -0.7 8.8 1.08 Minimal residuals in fit
Age < 10 Gyr.... —0.6 8.1 1.10 Minimal residuals in fit
A > 10 GYT i -1.0 11.0 2.80 Gross residuals in fit
No old metal-rich stars ...........ccccceccoivnrcinncnne —0.7 8.8 1.09 Minimal residuals in fit
No young metal-poor stars.. —0.7 8.8 1.14 Misses part of plume
Best-fit spheroid model.................. —0.6 9.7 1.32° Gross residuals
Simultaneous fit to spheroid stream.. —0.8 10.1 1.14° Significant residuals
Fixed 25% spheroid contamination..................... —-0.8 8.8 1.10 Similar to standard model

? Not actually a fit. See text for details.
® Twice the degrees of freedom. See text for details.
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Fi. 19.—(a, b, ¢) CMD of the disk data (yellow), the best-fit model to those data (blue), and the differences between the data and model (yellow and blue), all
shown at the same linear stretch. (d, e, /) Artificial CMD drawn from the best-fit model ( yellow), the same best-fit model (b/ue), and the differences between the data
and model (yellow and blue), all shown at the same linear stretch employed in (@), (b), and (c). Note that the magnitude range of the disk fit is smaller than that in the

spheroid fit because the spheroid data are ~0.5 mag deeper than the disk data.

formation history, to show the star formation history of the stream
in isolation. The isolated star formation history of the stream
(Fig. 17b) is very similar to the best-fit model to the stream that
did not try to account for the spheroid contamination (Fig. 13).
Given the similarity between the stream and spheroid CMDs
and the fact that the spheroid contamination is only 25%, this is
not that surprising. We summarize the results of the stream fit-
ting in Table 4.

5.5. Results for the Disk

The distribution of age and metallicity in our best fit to the disk
data is shown in Figure 18. As expected from our earlier inspec-
tion of the CMDs, the star formation history in the disk is markedly
distinct from that in the spheroid or stream, in the sense that the
population is younger and significantly more metal-rich, with a
mean age of 7.5 Gyr and a mean metallicity of [Fe/H] = —0.2.
The fit quality for the best-fit disk model is excellent, with x%; =
1.05. In Figure 19 we show the comparison of the best-fit model
to the data, as well as the residuals.

The best-fit model to the disk is dominated by stars at ages of
less than 10 Gyr. In fact, if we fit the data with a subset of the iso-
chrones restricted to ages <10 Gyr (i.e., remove all old isochrones
from the input grid, not just the metal-rich ones), the fit is only
negligibly worse than that achieved with the full set of isochrones
(% = 1.06), and the resulting distribution of age and metallicity
looks very similar to that in the best-fit model. In contrast, a fit
restricted to ages >10 Gyr is grossly inadequate, with x%; =
5.07. If young metal-poor stars are removed from the fit (as
done with the stream and spheroid fitting), the fit quality drops,
with x%; = 1.14, and the model misses the bright blue stars in
the plume.

The metallicity distribution in our best fit to the disk CMD is
somewhat more metal-rich than that typically found in the outer
disk of M31 (e.g., Worthey et al. 2005). There are several possible
reasons for this. First, the greatest color dependence on [Fe/H] is
at the tip of the RGB, which in our data is both sparsely populated
and seriously contaminated by foreground dwarf stars. Instead,
we are using the lower RGB, which offers the advantage of large
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Fic. 20.—Best-fit model to the disk, assuming a fixed 33% contamination
from the underlying spheroid that matches the population in Fig. 9. (a) Com-
plete star formation history, including the fixed spheroid contamination. (b) Star
formation history for the disk population in isolation, excluding that part of the
fit representing the spheroid contamination. The population has been normal-
ized such that the total area in the symbols is the same in both panels.

numbers of M31 stars and little contamination, but the penalty
is areduced color sensitivity to [ Fe/H]. Second, the use of distinct
isochrone sets and distinct observing bands results in significant
scatter for abundance determinations even when the population
is a simple one, such as a globular cluster. The metallicities we de-
rive are calibrated to the globular cluster metallicities given in
Table 2. Published abundances for globular clusters of interme-
diate metallicity vary by ~0.2 dex in the recent literature, while
abundances for high-metallicity clusters vary by even more (see
Brown et al. 2005 and references therein). Moreover, isochrones
at high metallicity are difficult to calibrate, given that appropriate
clusters tend to be in heavily reddened regions, such as the Galac-
tic bulge. Finally, previous [ Fe/H] distributions for M31 fields in-
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variably employed old isochrones or the ridge lines of old globular
clusters as reference points. This will bias the results toward lower
metallicity if the metal-rich population is in fact significantly
younger than Galactic globular clusters. For example, the upper
RGB for a 13 Gyr population at [Fe/H] = 0.0 is very similar to
that for a 6 Gyr population at [Fe/H] = 40.230.

The Keck kinematics of our disk field implies that ~67% of'its
stars are moving in the disk (Kalirai et al. 2006a; D. B. Reitzel
et al. 2006, in preparation) and that ~33% of its stars are in the
underlying spheroid. As with our analysis of the stream, the pop-
ulation in our spheroid field might not be representative of the
underlying spheroid in the disk field, but it is reasonable to ex-
plore a fit to the disk with a fixed contamination component from
the spheroid. We repeated the disk fitting with an additional model
component held fixed at 33% of the population, representing
spheroid contamination. This contamination component was
constructed from the best-fit model to the spheroid but using the
isochrones scattered with the disk artificial star tests; thus, the
contamination component appropriately represents the spheroid
population as it would appear in the disk data. The results are
shown in Figure 20. The quality of the fit is excellent, with x2; =
1.05. In Figure 20a we show the total star formation history
(which includes the fixed spheroid component in the fit to the
disk field). In Figure 205 we show the same fit to the star forma-
tion history but subtract that fixed component representing spher-
oid contamination, in order to show the star formation history
of the disk population in isolation. The isolated disk population
(Fig. 200) is significantly younger and more metal-rich than that
found in our initial model (Fig. 18), where we did not try to ac-
count for the spheroid contamination. The isolated point at 13 Gyr
and [Fe/H] = 0.5 is not significant (repeating the fit with no iso-
chrones older than 10 Gyryields x%; = 1.06). The similarities be-
tween Figures 18 and 20a are reassuring; the fit in Figure 18 did
not employ any knowledge of the spheroid contamination, yet it is
clear that this fit tried to reproduce the old metal-poor component
that is present in Figure 20a, where we explicitly specified a spher-
oid contamination component to the model. Because the spheroid
contamination can completely account for the old and metal-poor
stars in the disk field, the dearth of metal-poor stars is another ex-
ample of the “G dwarf problem,” i.e., that a simple closed box
model of chemical evolution predicts a longer tail of metal-poor
stars than seen in all massive galaxies (see Worthey et al. 2005 and
references therein). We summarize the results of the disk fitting in
Table 5.

5.6. Systematic Effects of Binaries, a-Enhancement,
IMF, Distance, and Reddening

The fits above make assumptions about the binary fraction,
alpha-element enhancement, IMF, distance, and reddening. Of
these three parameters, the binary fraction and reddening uncer-
tainties translate into the largest uncertainties in the resulting fits
but do not change the gross interpretation of the CMDs. We as-
sumed an IMF index of —1.35 (Salpeter 1955) and assumed that

TABLE 5
SummMARY ofF Disk FITTING

Model ([Fe/H]) (age) P Comment
Standard model —0.2 7.5 1.05 Minimal residuals in fit
Age < 10 Gyr..... . —0.1 6.9 1.06 Minimal residuals in fit
Age > 10 Gyr....cccoeeeenneee . -0.9 11.0 5.07 Gross residuals in fit
No young metal-poor Stars .............ccceevererereenennes —-0.2 7.6 1.14 Misses part of plume
Fixed 33% spheroid contamination..................... +0.1 6.6 1.05 Younger minimal residuals
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TABLE 6
SYSTEMATIC EFFECTS OF ASSUMPTIONS

SPHEROID STREAM Disk

Fir (age) ([Fe/H]) Xer (age) ([Fe/H]) Xer (age) ([Fe/H]) Xer
Standard model ..........ccocoeevvevieiiiiiiiieens 9.7 -0.6 1.11 8.8 -0.7 1.08 7.5 —-0.2 1.05
Binary fraction = 0.0.....c.ccoveuvveiinnenenne. 9.3 —0.5 1.14 8.7 —0.7 1.09 7.5 —0.1 1.11
Binary fraction = 0.2.... 10.1 -0.8 1.17 9.2 -0.8 1.13 7.7 —-0.2 1.05
Binary fraction = 0.4............ 10.9 -0.9 1.42 9.9 -1.0 1.25 8.5 —-0.4 1.13
[a/Fe] = 0.3 at [Fe/H] <O0.. 9.7 -0.7 1.11 8.9 -0.8 1.08 7.7 -0.3 1.05
[a/Fe] = 0.0 at all [Fe/H] ...cccovervuneneuennee 9.7 —0.6 1.11 8.9 —0.7 1.08 7.6 —0.1 1.05
IMF index —1.15..ccoooiiiieieieee 9.9 -0.7 1.11 9.0 -0.7 1.08 7.6 —-0.2 1.04
Distance = 760 kpc ...... 9.8 -0.7 1.12 9.1 —0.7 1.09 7.6 —-0.2 1.04
Distance = 780 kpc.......... 9.5 -0.6 1.11 8.7 -0.7 1.08 7.4 —0.1 1.05
E(B — V)= 0.05 mag 9.8 —0.2 1.15 9.1 -0.3 1.08 7.7 +0.2 1.14
EB—-7V)=0.11 mag 9.4 -1.0 1.17 8.6 -1.1 1.16 7.3 -0.5 1.05

[a/Fe] = 0.3 at [Fe/H] < —0.7 and [a/Fe] = 0.0 at [Fe/H] >
—0.7. We assumed 770 kpc for the M31 distance (Freedman &
Madore 1990), which is based on Cepheids and falls in the mid-
dle of the range generally quoted in the literature (e.g., Pritchet &
van den Bergh 1987; Stanek & Garnavic 1998; Holland 1998;
Durrell et al. 2001; McConnachie et al. 2005; Ribas et al. 2005).
We assumed E(B — V') = 0.08 mag in each field, but as noted
earlier, the Schlegel et al. (1998) map is uncertain at the ~0.02 mag
level in random fields, with somewhat higher uncertainties near
Local Group galaxies.

We chose a binary fraction of 10% because grossly changing
this value produced lower quality fits with obvious residuals in
the comparison of the models and data. Given that we chose a
binary fraction that minimized fit residuals, in a sense we “fitted”
the binary fraction, but we did so on a very coarse scale. For-
tunately, all three fields can be reasonably fitted with the same
binary fraction because this avoids complications in the inter-
pretation of the fits. If we assumed distinct binary fractions in the
fitting to each field, one could attribute some of the age variations
to this varying binary fraction. At larger binary fractions, the fea-
tures in the synthetic CMD become brighter, and the age distri-
bution must shift to older ages to compensate, while lower binary
fractions result in younger age distributions.

To demonstrate the sensitivity of our fits to these parameters,
we repeated our fits while varying our assumptions. The results
are shown in Table 6 for all three fields and in Figure 21 for the
spheroid field. Reducing the binary fraction to 0% would decrease
our ages by 0-0.4 Gyr, while increasing the binary fraction to 40%
would increase our ages by ~1 Gyr. Changing the alpha enhance-
ment has almost no effect, other than a slight shift in the metallicity
distribution. The insensitivity to alpha enhancement makes sense
because in these bandpasses isochrones with enhanced alpha el-
ements look much like scaled solar isochrones at slightly higher
metallicity (note that the isochrones are always transformed to the
ACS bandpasses using synthetic spectra of a consistent alpha en-
hancement; see Brown et al. 2005). Changing the IMF index from
—1.35 to —1.15 also has little effect on the metallicity and age
distributions; this is because our CMDs are sampling a fairly small
range in stellar mass (the bulk of the stars brighter than the faint
limit in our fitting region fall in the mass range 0.7 My S M <
1.2 M;). Changing the extinction by 0.03 mag in either direction
(assuming the average Galactic extinction curve of Fitzpatrick
1999) primarily affects the metallicity distribution; an increase
in the assumed extinction (redder stars) is compensated by a lower
metallicity (bluer stars), and vice versa. Changing the distance
modulus by 0.03 mag in either direction primarily affects the age

distribution; an increase in the assumed distance (fainter apparent
magnitudes) is compensated by a younger age (brighter absolute
and apparent magnitudes), and vice versa. Note that no change
in assumptions for the spheroid (Fig. 21) can make the spheroid
population look like that of the disk (Fig. 18).

6. DISCUSSION

The quantitative fitting to the CMDs of the spheroid, stream,
and outer disk reaffirmed our general impressions from the qual-
itative inspection of the CMDs. In Figure 22 we compare the star
formation histories for the three fields. The star formation history
in the spheroid is simply our standard model (Fig. 9), while the
star formation histories in the stream and disk are those that have
had an assumed spheroid contamination subtracted (Figs. 175
and 200). All three fields show an extended star formation his-
tory. The star formation history in the stream is similar to that in
the spheroid but is shifted somewhat younger. The disk popula-
tion is dominated by intermediate-age stars, with little evidence
for the old metal-poor population present in the spheroid and
stream. All three fields have a trace population of young metal-poor
stars, presumably due to the accretion of metal-poor stars from
dwarf galaxies or due to stars forming from the infall of relatively
pristine material. The fact that such material continues to fall into
Andromeda is evidenced by the extensive population of H 1 clouds
recently found in the outskirts of the galaxy (Thilker et al. 2004).

6.1. Disk

Most hierarchical CDM models predict that a spiral disk forms
inside out, generally leading to a disk that becomes progressively
younger at increasing radius. For example, the simulated disk of
Abadi et al. (2003a, 2003b) has a mean age of ~8—10 Gyr within
2 kpc of'the center and ~6—8 Gyr near 20 kpc. However, the liter-
ature does include counterexamples with more complex age gra-
dients. The simulated galaxy of Robertson et al. (2004) exhibits
a mean stellar age of ~7.5 Gyr in the center (within 2 kpc) and
~10 Gyr in the disk outskirts (beyond 14 kpc). The CDM models
of Sommer-Larsen et al. (2003) result in disk galaxies that some-
times form inside out and sometimes form outside in. Both classes
predict mean ages of 6—8 Gyr in the outer disk (6 scale lengths
from the center), but the age distributions differ, with the inside-
out galaxy hosting a significantly larger fraction of young stars
(=3 Gyr) in the outskirts. In a sophisticated model of the chemical
evolution in the Milky Way disk, Chiappini et al. (2001) demon-
strate an inside-out formation scenario where the stellar age is not
a monotonically varying function of distance from the Galactic
center; in the inner disk (4—10 kpc), the stellar ages are decreasing
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fraction of 20%. (d) Binary fraction of 40%. (e) Isochrones at [Fe/H] < 0 are alpha-enhanced. (/) None of the isochrones are alpha-enhanced. (g) IMF index of
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FiG. 22.—Best-fit star formation histories for («) the spheroid, (b) stream,
and (c) disk. The area of the gray filled circles is proportional to the number of
stars falling in the given isochrone. For comparison, the star formation history
of the spheroid is overplotted in each panel (black open circles). The stream
and disk fits each assumed a fixed contamination from the spheroid, which has
been subtracted.

with increasing radius, as expected, but beyond this radius, the
stellar ages increase with radius because the thick disk and halo
begin to dominate over the thin disk. All of these models can be
compared to the solar neighborhood (e.g., Ibukiyama & Arimoto
2002; Sandage et al. 2003; Fontaine et al. 2001), but we know little
of the detailed star formation histories for other giant spiral galax-
ies. As far as the structures are concerned, observations of high-
redshift disk galaxies (e.g., Ferguson et al. 2000; Ravindranath
et al. 2004) suggest that disks were largely in place 8 Gyr ago.
Since then, they have increased their stellar masses and increased
their sizes consistent with an inside-out sequence of star formation
(Trujillo et al. 2006), with the average stellar surface mass density
staying roughly constant from z = 1 to the present (Barden et al.
2005).

Our mean age in the outer disk (6.6 Gyr) is in good agreement
with the models of Abadi et al. (2003a, 2003b) and significantly
younger than the models of Robertson et al. (2004); these com-
parisons suggest a consistency with an inside-out formation sce-
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FiG. 23.—(a) Distribution of age and metallicity in the best-fit model of the
disk data (assuming a 33% contamination from the spheroid, which has been
subtracted). The area of the filled circles is proportional to the number of stars in
that isochrone group. The distribution shown here is clearly distinct from those
shown in Figs. 9 and 13. (b) Distribution of age and metallicity for individual
thick-disk stars in the solar neighborhood, from the photometric (open squares)
and spectroscopic (filled squares) measurements of Ibukiyama & Arimoto
(2002, their Fig. 8). (¢) Distribution of age and metallicity for individual thin-
disk stars in the solar neighborhood, from the photometric (open circles) and
spectroscopic (filled circles) measurements of Ibukiyama & Arimoto (2002,
their Fig. 5).

nario. Our mean age also falls in the range found in both the
inside-out and outside-in models of Sommer-Larsen et al. (2003),
but our age distribution, with a significant dearth of stars younger
than 3 Gyr, is in somewhat better agreement with their outside-in
model. However, these are all hydrodynamical models that track
the birth of particles but largely ignore the details of chemical evo-
lution. It would be interesting to compare our age-metallicity dis-
tribution with such a distribution in a true chemical evolution
model under an inside-out formation scenario (e.g., Chiappini et al.
2001).

Our star formation history in the disk is probably saying less
about the validity of the inside-out formation scenario and more
about the relative scales of the thin and thick disk; because our
disk field is 25 kpc from the galactic center, it is well into the



No. 1, 2006

regime where one might expect the thick disk to dominate
(Chiappini et al. 2001). Indeed, there is evidence that the thick
disk begins to dominate well inside this radius; in their WFPC2
images of an off-axis field 5 kpc from the nucleus, Sarajedini &
Van Duyne (2001) found a population apparently dominated by
thick-disk stars. Note that Morrison et al. (2004) apparently found
a subsystem of the M31 globular cluster system with thin-disk ki-
nematics, but this subsystem is largely restricted to that part of the
disk plane interior to our own disk field. In Figure 23 we compare
the age and metallicity distribution in our disk field to those distri-
butions in the solar neighborhood. The outer disk of Andromeda
is clearly similar to the thick-disk population of the solar neigh-
borhood (dominated by intermediate-age stars at relatively high
metallicities) but looks nothing like the thin disk of the solar
neighborhood (dominated by stars younger than 5 Gyr). The hy-
drogen column density in our disk field (Table 1; R. Braun et al.
2006, in preparation) is below the threshold typically assumed for
star formation in disk galaxies (N, ~ 10*' cm~2; Kennicutt 1989),
and so the dearth of very young stars should not be surprising.

Our star formation history in the disk is in rough agreement
with that found by other groups studying the outskirts of the disk
with shallower HST data. Looking at a field ~15’ farther away
from the galaxy center than our own field, Ferguson & Johnson
(2001) found a somewhat older and more metal-poor population;
they quoted a mean age 28 Gyr and a metallicity of ([Fe/H]) ~
—0.7. They reported trace populations of young stars (~1.5—
3 M) and ancient metal-poor stars (210 Gyr and [Fe/H] ~
—1.7), which we also find in our field. Ferguson & Johnson
(2001) assumed that disk stars comprised ~95% of their field
population, based on an extrapolation of the Walterbos & Kennicutt
(1988) decomposition. During our observation planning, we also
used the work of Walterbos & Kennicutt (1988) as a guide and
estimated that the disk contribution in our own field was similarly
high. We were subsequently surprised to find that the kinematic
data in our field imply that the disk in fact comprises only 67% of
the population (Fig. 2); it must be even lower in the Ferguson &
Johnson (2001) field. The disk is clearly falling off more rapidly
than an extrapolation of the Walterbos & Kennicutt (1988) data
from the interior. Note that on the other side of the galaxy, looking
in the outer disk near the massive cluster G1, Rich et al. (2004)
also found a population dominated by intermediate-age stars
(6—8 Gyr). The dominance of intermediate-age stars in the outer
disk of Andromeda appears to be ubiquitous.

Looking at fields sampling a wide range of radial distance and
azimuthal angle in Andromeda, Ibata et al. (2005) found signifi-
cant numbers of stars moving with velocities close to the expected
mean velocity for circular orbits. They found these stars primarily
at distances of 15—40 kpc from the center, with possible detections
out to 70 kpc. Their extended disk has an exponential scale length
of 5.1 kpc, similar to that of the bright inner disk, but its irregular
morphology and substructure strongly suggest that it is dominated
by tidal debris. They estimate that the luminosity of this “disklike
structure” accounts for ~10% of the total luminosity in the M31
disk. For reference, their “F13” field is near our outer disk field
(~10" away) and shows kinematic structures very similar to those
in Figure 2¢; their data show a narrow peak near the velocity ex-
pected for stars orbiting in the disk and a much broader peak for
spheroid stars that show little rotation with the disk. Ibata et al.
(2005) argue that their extended disk is more likely associated
with the thin disk than the thick disk of Andromeda. However,
given the kinematic and population data in our outer disk field,
it would seem more likely that their disklike structure is an exten-
sion of the thick disk. This would also be consistent with its irreg-
ular morphology, given that thick disks are thought to form via
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mergers that disrupt the thin disk (see Wyse et al. 2006 and
references therein).

6.2. Spheroid and Stream

As found by Brown et al. (2003), the Andromeda spheroid
population spans a surprisingly wide range of age and metallic-
ity, especially compared to the halo of the Milky Way. Given the
substructure in Andromeda (Ferguson et al. 2002; Fig. 1) and
the success of ACDM models, we have strong observational and
theoretical reasons for turning to merger scenarios as possible ex-
planations for the observed distribution of age and metallicity. One
can imagine that, compared to the Milky Way, Andromeda has
experienced many more small mergers or a few more large ones.
These mergers may have polluted the inner spheroid with their
own material and material from the Andromeda disk and bulge;
in this scenario, the declining presence of this pollution at increas-
ing radius would account for the appearance of the spheroid be-
yond 30 kpc, which looks more like a canonical metal-poor halo
(Guhathakurta et al. 2005; Irwin et al. 2005).

If the Andromeda spheroid is the result of many smaller merg-
ers that did not occur in the Milky Way, one must ask why there
is such a statistically significant distinction between the merger
histories of two similarly sized spiral galaxies in the same galaxy
group. Is Andromeda the ““normal” massive spiral, having can-
nibalized 10 small galaxies in its history, while the Milky Way is
a 3 o outlier, having cannibalized only one small galaxy? Alter-
natively, if the Andromeda spheroid was polluted by one large
merger that did not occur in the Milky Way, one may ask if such
a merger is consistent with the disturbed, but not destroyed,
Andromeda disk. Plausible merger scenarios must balance both
of these concerns.

Recent models by Font et al. (2006a) show promise in this re-
gard. In their various realizations of a spiral galaxy halo, two
models stand out. One halo underwent a large accretion event
(108-10° M, stellar mass) 11 Gyr ago, and the other underwent
two accretion events (10° M, stellar mass) ~8.5 Gyr ago; in the
former case, the resulting halo had a lower mean metallicity, with
([Fe/H]) = —1.3, while in the latter case, the resulting halo had
a significantly higher mean metallicity, with ([Fe/H]) = —0.9.
Velazquez & White (1999) find that, depending on the orbit of
the infalling satellite, satellites with up to 20% of the disk mass
can be accreted without destroying the disk. Clearly the amount
of disk disruption spans a continuum of outcomes depending on
the mass of the infalling satellite and its orbit. Given a mass of
~7 x 10'° M, in Andromeda’s disk (Geehan et al. 2006), the disk
could survive the accretion of one or two ~10°~10'% M, satellites
that would in turn significantly increase the spheroid metallicity. It
is worth noting that in the Font et al. (2006a) models, when metal-
rich stars are present in the spheroid, they are still predominantly
old, whereas the metal-rich stars are very clearly of intermediate
age in our own data. With only 11 of these computationally inten-
sive realizations, it appears that the Font et al. (2006a) simulations
do not sufficiently populate the possible parameter space to dem-
onstrate if these old metal-rich stars are a fluke or a general ten-
dency in the models. In contrast, recent simulations by Renda
etal. (2005) show that spiral galaxies with more extended merg-
ing histories can have halos that are both younger and metal-rich.
Could the distinction between the spheroids of the Milky Way
and Andromeda be due to the ingestion of something like the
LMC? There is also evidence that the globular cluster system of
Andromeda includes clusters much younger than those in our
own Galaxy, although it is debatable if these clusters could have
originated in the accretion of something like the LMC (e.g.,
Puzia et al. 2005; Burstein et al. 2004; Beasley et al. 2005), which
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hosts a large globular cluster system spanning a wide range of
ages.

Andromeda is not alone in having a metal-rich spheroid with
an age dispersion. The halo of NGC 5128 (Cen A) is metal-rich,
with ([Fe/H]) = —0.41 (Harris et al. 1999). The presence of long-
period variables with extremely long periods (Rejkuba et al.
2003) implies the presence of young stars, while the analysis of
the HB, RGB, and AGB populations found in deep HST pho-
tometry of the galaxy implies an average age of ~8 Gyr in its
halo (Rejkuba et al. 2005). The galaxy also shows evidence for
mergers in its shells and dust lane (Malin et al. 1983).

The relatively high metallicity of the stream implies that its
progenitor was at least as massive as 10° M, (see Dekel & Woo
2003); as such, most numerical simulations of the stream assume
that it is a dwarf galaxy that was only recently disrupted by close
passage to Andromeda, within the last ~0.5 Gyr (Font et al.
2006b; Fardal et al. 2006). The star formation history in the stream
is plausible for such a progenitor, given the wide range of star
formation histories seen in Local Group dwarfs (Mateo 1998). As
noted by Brown et al. (2006), it would be worth exploring whether
or not the progenitor is a disk galaxy, given that the stream com-
bines a relatively high metallicity with a low velocity dispersion;
however, models by Font et al. (2006b) and Fardal et al. (2006)
imply that this discrepancy in velocity can perhaps be explained
by dynamical cooling.

The strong similarities between the spheroid and stream popu-
lations offer another clue, but it is a puzzling one. The field pop-
ulation of the Milky Way halo does not look to be comprised of
populations like those of present-day dSphs (Shetrone et al. 2003),
but the field population of the Andromeda spheroid looks nearly
identical to that of one of its infalling satellites. A natural question
is whether the 10°~10'° M merger needed to explain the spheroid
data is sitting in plain sight: the stream. However, if the progenitor
of'the stream really is on its first or second orbit around the galaxy,
with much of its debris coherent on the sky, it is unlikely to com-
prise a significant fraction of the population in the relatively smooth
regions of the spheroid, such as our field. As noted by Brown et al.
(20006), the star count map of Andromeda (Fig. 1) and the kine-
matic data (Fig. 2) imply that the stream dominates over the spher-
oid by a 3 : 1 ratio in our stream field, but these same data show no
evidence for a single dominant stream in our spheroid field. Cur-
rent orbit models for the stream span a wide range of possibilities
(e.g., Font et al. 2006b; Fardal et al. 2006); even if the stream
wraps around the Andromeda nucleus and then passes through our
spheroid field (e.g., Ibata et al. 2004), it is implausible that it
would spread out enough to hide in the star count maps and kine-
matic data, yet still comprise ~75% of the population in our spher-
oid field. Furthermore, the metallicity distribution in our spheroid
field is clearly very similar to the metallicity distribution in other
fields throughout the inner spheroid of Andromeda (Ferguson
et al. 2002; Durrell et al. 1994, 2001, 2004). Thus, arguments
(e.g., Ibata et al. 2004) that the intermediate-age metal-rich
stars in our spheroid field simply represent contamination by
the stream would seem to imply that the inner spheroid is metal-
rich and ancient everywhere except for our spheroid field, where
~40% of the population is metal-rich and of intermediate age.
Instead of invoking such a conspiracy, it is much more plausible
that the high metallicities seen throughout the inner spheroid are
associated with intermediate-age populations, as in our particular
spheroid field.

The modeling of the stream’s progenitor and its possible orbits
is still in the early stages. Can a model be constructed where the
debris of the stream progenitor dominates the relatively smooth
inner spheroid everywhere, while maintaining a coherent tidal
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tail on the sky? At the moment, models for the stream progenitor
are focused on a ~10° M, dwarf galaxy progenitor that only
recently merged with Andromeda (within the last few hundred
million years). How far can the models be pushed away from this
scenario? At what point does the disruption of the Andromeda
disk exceed the level of substructure seen by Ferguson et al.
(2002)? Depending on the orbit, the progenitor could be as mas-
sive as a few times 10'° M, without destroying the Andromeda
disk. If the progenitor was significantly more massive than the
10° M, typically assumed now, and perhaps an infalling disk
galaxy, could the start of the merger be pushed backward in time,
such that its debris could more fully pollute the inner spheroid
while still leaving a coherent debris stream on the sky? Alterna-
tively, the pollution of the inner spheroid might be due to a merger
event unrelated to that which produced the stream. The recent
models of Penarrubia et al. (2006) are interesting in this regard,
they find that an ancient merger with a massive dwarf (10°—
10'%M1,) could produce the extended disklike population found
by Ibata et al. (2005).

Brown et al. (2006) offered two other possible explanations
for the stream and spheroid similarities but noted that they were
problematic. One possibility is that the spheroid is comprised of
many disrupted satellites similar to the stream progenitor. How-
ever, it is difficult to see how the ensemble average of these dis-
rupted satellites (the spheroid) would so closely resemble the
population in a single disrupted satellite (the stream). Although
the star formation history for the stream is plausible for a dwarf
galaxy, it is not plausible that it is representative for all dwarf gal-
axies already cannibalized by Andromeda. Another possibility
is that the stream is comprised of material disrupted from the
Andromeda disk and that the same event polluted the spheroid,
but it is unclear if the dynamics and energetics of such a scenario
can actually work, and the stellar populations in our three fields
offer evidence against this scenario (Fig. 22). The isolated disk
population (removing the spheroid contamination) is domi-
nated by metal-rich (—0.5 < [Fe/H] < 40.5) intermediate-age
(4-8 Gyr) stars. The isolated stream population (removing the
spheroid contamination), on the other hand, also contains stars
that are both older and more metal-poor. If our disk population
is representative of the outer disk in general, creating the stream
from a disruption of disk material would not result in a stream
hosting so many old and metal-poor stars. This does not preclude
significant contamination of the spheroid by disrupted disk stars
(the population mix in our spheroid field might be an older metal-
poor halo with some contribution of disrupted disk stars), but
we are still left with coincidence to explain the similarity between
the stream and spheroid populations.

6.3. Does the Disk Contribute to Our Spheroid Field?

Recently, Worthey et al. (2005) put forth a provocative hy-
pothesis, based on chemical evolution arguments and the high
metallicity of the Andromeda spheroid: that all fields in the spher-
oid observed to date are actually dominated by the disk. They sug-
gested that this hypothesis could explain the surprisingly broad
range of ages found in our spheroid field (Brown et al. 2003).
More recently, Ibata et al. (2005) found stars 40 kpc from the cen-
ter of Andromeda (in all directions) that appear to be moving in
the disk. With the kinematic and population information available,
we can show that the disk contribution in our spheroid field must
be very small (<1%), as originally claimed by Brown et al.
(2003).

The relevant data are in Figure 2 and Table 1. Given the disk
inclination of 1275, our spheroid field is 11 kpc from the galactic
center in the plane of the sky and 51 kpc from the center in the
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plane of the disk. The disk field is 25 kpc from the galactic center
in both the plane of the sky and the plane of the disk.

Figure 2¢ shows the distribution of velocities in our disk field.
There are clearly two components. The broader component
(comprising N% of the population) is at the systemic velocity of
Andromeda, while the narrower component is redshifted with
respect to Andromeda due to the rotation of the Andromeda
disk. In the Worthey et al. (2005) scenario, one would associate
the broad component with the thick disk and the narrow com-
ponent with the thin disk, with only the latter component sig-
nificantly rotating. However, we know from the disk CMD that
there is no evidence for a thin-disk population in this field;
instead, the population appears to be dominated by a thick disk
and spheroid. Thus, it is much more plausible that the narrow
velocity structure is the thick disk and the broad velocity struc-
ture is the spheroid. These designations would also explain why
the narrow component is significantly rotating but the broad com-
ponent is not.

Compared to the disk field, the spheroid field is twice as far
from the galactic center in the plane of the disk, but half the dis-
tance from the galactic center in the plane of the sky. So, moving
our attention from the disk field to the spheroid field, we expect
the contribution from the disk to decline and the contribution
from the spheroid to increase. With an exponential disk scale length
of =5 kpc (Walterbos & Kennicutt 1988), the disk contribution
must drop from the N% in the disk field to <1% in the spheroid
field. Indeed, Figure 2a shows no indication of a single narrow
component at the Andromeda systemic velocity, as one would ex-
pect if the disk were dominating this position, 51 kpc on the minor
axis. Furthermore, it is worth noting that the hydrogen column
density in the spheroid field is nearly 25 times smaller than that in
the disk field (Table 1).

Ibata et al. (2005) found stars moving with disk velocities at
distances of 15—-40 kpc from the galactic center, but they note
that our spheroid field lies beyond the break in the density profile
of their “disklike structure.” They show no evidence that this
structure should comprise a significant population in our field.
The velocity dispersion in their extended disk is 30 km s~ !, which
is much narrower than the 80 km s~! we see in our spheroid field.
The velocity dispersion in our spheroid field is in agreement with
the kinematics of the planetary nebulae (Halliday et al. 2006;
Hurley-Keller et al. 2004), which show a distribution of similar
breadth and evidence for some rotational support.

An additional piece of evidence comes from the similarity
of the stream and spheroid populations, given that the Worthey
et al. (2005) hypothesis rests largely on metallicity. If metallicity
alone were enough to prove that a field in Andromeda is dom-
inated by disk stars, one could try to argue that our stream field
was dominated by disk stars, too. However, it is clear from the
morphology, HB luminosity, and kinematics in our stream field
that ~75% of the population in this field is comprised of two ki-
nematically cold components falling toward Andromeda (Kalirai
etal. 2006a). There is no way that the stream is composed of stars
residing in the Andromeda disk.

On all of these grounds, one can see that the spheroid field
must have a negligible contribution from stars currently moving
in the Andromeda disk. It is also clear that the spheroid velocity
distribution is not as hot as one would expect for a hot halo, nor
does it reflect the kinematics of the halo globular cluster system
(0 ~ 150 km s~!; Perrett et al. 2002). The high metallicity and
wide age distribution of the spheroid are likely due to the merger
history of Andromeda, with the spheroid polluted by a combination
of disrupted satellites, stars born in the merger(s), and stars dis-
rupted from the Andromeda disk.
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7. SUMMARY

Using deep HST observations of Andromeda, we have recon-
structed the complete star formation history in three fields: the
spheroid, tidal stream, and outer disk.

In the best-fit model to the spheroid, 40% of the stars are
metal-rich and younger than 10 Gyr, in stark contrast to our own
Galactic halo. The data cannot be reproduced by a population of
old stars alone (age > 10 Gyr). Although the fit is dominated by
old metal-poor stars and young metal-rich stars, a nonnegligible
population of young metal-poor stars is also present, implying
that at least some stars in the spheroid were accreted from dwarf
galaxies or formed from relatively pristine infalling material.
Since the discovery of a metal-rich intermediate-age population
in our spheroid field (Brown et al. 2003), various explanations
have been put forth in the literature, including the hypothesis that
the disk dominates all inner spheroid fields (Worthey et al. 2005)
and the idea that our spheroid field is contaminated by the tidal
stream and not representative of the inner spheroid in general
(Ibata et al. 2004). In the former scenario, the spheroid field is
not special, but it is actually the disk instead of the spheroid,
whereas in the latter scenario, the field is special because it is the
stream and not the spheroid. The constraints provided by the
population and kinematic data argue that the spheroid field does
not have a significant contribution from stars currently residing
in Andromeda’s disk, but the young metal-rich population may
be the result of stars disrupted from Andromeda’s disk by an ear-
lier merger event. The star count maps and kinematic data show
no evidence for a dominant stream passing through the spheroid
field, as required to explain the similarity between the spheroid
and stream populations by some chance intersection of the spher-
oid field with the stream’s orbit. Furthermore, the metallicity dis-
tribution in the spheroid field looks much like that observed in
various other fields throughout the inner spheroid (Ferguson et al.
2002; Durrell et al. 1994, 2001, 2004). It is much more likely that
the metal-rich populations throughout the inner spheroid are of in-
termediate age, as found in our spheroid field, instead of invoking
the pathological situation where these metal-rich populations are
ancient everywhere except in our spheroid field.

In the best-fit model to the stream, 70% of the stars are younger
than 10 Gyr. A detailed comparison of the age and metallicity
distributions in the stream and spheroid shows them to be remark-
ably similar but distinct. It is unclear if the similarity implies that
the stream’s progenitor is representative of the objects that formed
the inner spheroid or if the entire inner spheroid is polluted by stars
stripped from the stream’s progenitor during its particular disrup-
tion. The distinction between the disk and stream populations,
with the stream including old metal-poor stars that are lacking in
the disk, suggests that the stream is not comprised of stars disrupted
from the Andromeda disk.

The outer disk of Andromeda more closely resembles the
thick disk of the solar neighborhood than either the spheroid or
the stream. Although a trace population of 0.2—1.0 Gyr stars is
present, there are few stars younger than 4 Gyr, and thus the outer
disk does not appear to host a significant thin-disk component. In
the best-fit model to the disk data, 80% of the stars are younger
than 10 Gyr; indeed, we also showed that these data are con-
sistent with a population that is completely devoid of stars older
than 10 Gyr. The minority population of old metal-poor stars in
the disk field is consistent with the field’s kinematics, which
shows a ~33% contribution from the spheroid. If the population
in this spheroid contribution is assumed to be the same as that in
our spheroid field, the resulting model reproduces the data ex-
tremely well and implies that ~70% of the stars in the outer disk
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are 4-8 Gyr old. The disk of Andromeda clearly shares the
G dwarf problem seen in the solar neighborhood.

In the upcoming HST observing cycle, we will be observing
four more deep fields in the Andromeda spheroid. One will be at
~22 kpc on the minor axis, and the other three will be in the
vicinity of ~35 kpc on the minor axis, thus bracketing that point
in the spheroid where there is a transition from a bulgelike pop-
ulation to one that more closely resembles a canonical halo. The
star formation history in these additional fields should help to
further disentangle the complex formation history of the An-
dromeda system and its various substructures.

Support for proposals 9453 and 10265 was provided by
NASA through a grant from STScI, which is operated by AURA,
Inc., under NASA contract NAS 5-26555. P. G. would like to

Vol. 652

acknowledge partial support from NSF grants AST 03-07966
and AST 05-07483 and NASA/STScl grants GO-10265 and
GO-10134. R. M. R. also acknowledges support from NSF grant
AST 03-07931 and from NASA/STScl grants GO-9453 and GO-
10265. We are grateful to P. Stetson for providing his DAOPHOT
code and to J. Harris for providing his StarFish code. During our
observation planning, A. Ferguson kindly provided ground im-
ages of our fields; we also thank her for providing the star count
map used in Figure 1. We wish to acknowledge the assistance
D. VandenBerg provided in determining the transformation of
his isochrones to the ACS bandpasses. D. Taylor, P. Royle, and
D. Soderblom were enormously helpful during the scheduling
and execution of these large HST programs. D. Thilker kindly
provided Ny, values at our field locations using his published and
unpublished maps of M31. We thank J. Kalirai and D. Reitzel for
providing the velocity histograms in Figure 2 and F. Hammer,
A. Font, and M. Fardal for enlightening discussions.

REFERENCES

Abadi, M. G., Navarro, J. F., Steinmetz, M., & Eke, V. R. 2003a, ApJ, 591, 499

. 2003b, ApJ, 597, 21

Barden, M., et al. 2005, ApJ, 635, 959

Beasley, M. A., Brodie, J. P., Strader, J., Forbes, D. A., Proctor, R. N., Barmby,
P., & Huchra, J. P. 2005, AJ, 129, 1412

Bellazzini, M., Cacciari, C., Federici, L., Fusi Pecci, F., & Rich, M. 2003,
A&A, 405, 867

Bertin, E., & Armouts, S. 1996, A&AS, 117, 393

Brown, T. M., Ferguson, H. C., Smith, E., Kimble, R. A., Sweigart, A. V.,
Renzini, A., & Rich, R. M. 2004a, AJ, 127, 2738

Brown, T. M., Ferguson, H. C., Smith, E., Kimble, R. A., Sweigart, A. V.,
Renzini, A., Rich, R. M., & VandenBerg, D. A. 2003, ApJ, 592, L17

. 2004b, ApJ, 613, L125

Brown, T. M., Smith, S., Guhathakurta, P., Rich, R. M., Ferguson, H. C,,
Renzini, A., Sweigart, A. V., & Kimble, R. A. 2006, ApJ, 636, L89

Brown, T. M, et al. 2005, AJ, 130, 1693

Bullock, J. S., Kravtsov, A. V., & Colin, D. H. 2002, ApJ, 564, L1

Bullock, J. S., Kravtsov, A. V., & Weinberg, D. H. 2000, ApJ, 539, 517

Burstein, D., et al. 2004, ApJ, 614, 158

Carney, B. W., Latham, D. W., & Laird, J. B. 2005, AJ, 129, 466

Chiappini, C., Matteucci, F., & Romano, D. 2001, ApJ, 554, 1044

Cuillandre, J.-C., Lequeux, J., Allen, R. J., Meuller, Y., & Bertin, E. 2001, ApJ,
554, 190

Dekel, A., & Woo, J. 2003, MNRAS, 344, 1131

de Vaucouleurs, G. 1958, ApJ, 128, 465

Dolphin, A. E. 2002, MNRAS, 332, 91

Durrell, P. R., Harris, W. E., & Pritchet, C. J. 1994, AJ, 108, 2114

. 2001, AJ, 121, 2557

. 2004, AJ, 128, 260

Eggen, O. J., Lynden-Bell, D., & Sandage, A. R. 1962, ApJ, 136, 748

Fardal, M. A., Babul, A., Geehan, J. J., & Guhathakurta, P. 2006, MNRAS,
366, 1012

Ferguson, A. M. N., Irwin, M. J., Ibata, R. A., Lewis, G. F., & Tanvir, N. R.
2002, AJ, 124, 1452

Ferguson, A. M. N., & Johnson, R. A. 2001, ApJ, 559, L13

Ferguson, A. M. N., Johnson, R. A., Faria, D. C., Irwin, M. J., Ibata, R. A.,
Johnston, K. V., Lewis, G. F., & Tanvir, N. R. 2005, ApJ, 622, L109

Ferguson, H. C., Dickinson, M., & Williams, R. 2000, ARA&A, 38, 667

Fitzpatrick, E. L. 1999, PASP, 111, 63

Font, A. S., Johnston, K. V., Bullock, J. S., & Robertson, B. E. 2006a, ApJ,
646, 886

Font, A. S., Johnston, K. V., Guhathakurta, P., Majewski, S. R., & Rich, R. M.
2006b, AJ, 131, 1436

Fontaine, G., Brassard, P., & Bergeron, P. 2001, PASP, 113, 409

Ford, H. C., et al. 1998, Proc. SPIE, 3356, 234

Freedman, W. L., & Madore, B. F. 1990, ApJ, 365, 186

Fruchter, A. S., & Hook, R. N. 2002, PASP, 114, 144

Galleti, S., Federici, L., Bellazzini, M., Fusi Pecci, F., & Macrina, S. 2004,
A&A, 416, 917

Geehan, J. J., Fardal, M. A., Babul, A., & Guhathakurta, P. 2006, MNRAS,
366, 996

Grebel, E. K., & Gallagher, J. S., IIT 2004, ApJ, 610, L89

Guhathakurta, P., et al. 2005, preprint (astro-ph/0502366)

Guhathakurta, P., et al. 2006, AJ, 131, 2497

Halliday, C., et al. 2006, MNRAS, 369, 97

Hammer, F., Flores, H., Elbaz, D., Zheng, X. Z., Liang, Y. C., & Cesarsky, C.
2005, A&A, 430, 115

Harris, G. L. H., Harris, W. E., & Poole, G. B. 1999, AJ, 117, 855

Harris, J., & Zaritsky, D. 2001, ApJS, 136, 25

. 2004, AJ, 127, 1531

Holland, S. 1998, AJ, 115, 1916

Holland, S., Fahlman, G. G., & Richer, H. B. 1996, AJ, 112, 1035

. 1997, AJ, 114, 1488

Hurley-Keller, D., Morrison, H. L., Harding, P., & Jacoby, G. H. 2004, ApJ,
616, 804

Ibata, R., Chapman, S., Ferguson, A. M. N., Irwin, M., Lewis, G., &
McConnachie, A. 2004, MNRAS, 351, 117

Ibata, R., Chapman, S., Ferguson, A. M. N., Lewis, G., Irwin, M., & Tanvir, N.
2005, AplJ, 634, 287

Ibata, R., Irwin, M., Lewis, G., Ferguson, A. M. N., & Tanvir, N. 2001, Nature,
412, 49

Ibata, R. A., Gilmore, G., & Irwin, M. J. 1994, Nature, 370, 194

Ibukiyama, A., & Arimoto, N. 2002, A&A, 394, 927

Irwin, M. J., Ferguson, A. M. N., Ibata, R. A., Lewis, G. F., & Tanvir, N. R.
2005, ApJ, 628, L105

Kalirai, J. S., Guhathakurta, P., Gilbert, K. M., Reitzel, D. B., Majewski, S. R.,
Rich, R. M., & Cooper, M. C. 2006a, ApJ, 641, 268

Kalirai, J. S., et al. 2006b, ApJ, 648, 389

Karachentsev, 1. D. 2005, AJ, 129, 178

Kennicutt, R. C., Jr. 1989, ApJ, 344, 685

Klypin, A., Zhao, H. S., & Somerville, R. S. 2002, ApJ, 573, 597

Kirist, J. 1995, in ASP Conf. Ser. 77, Astronomical Data Analysis Software and
Systems IV, ed. R. A. Shaw, H. E. Payne, & J. J. E. Hayes (San Francisco:
ASP), 349

Larson, R. B. 1969, MNRAS, 145, 405

Majewski, S. R., Ostheimer, J. C., Kunkel, W. E., & Patterson, R. J. 2000, AJ,
120, 2550

Malin, D. F., Quinn, P. J., & Graham, J. A. 1983, ApJ, 272, L5

Mateo, M. 1998, ARA&A, 36, 435

McConnachie, A. W., Irwin, M. J., Ferguson, A. M. N, Ibata, R. A., Lewis, G.F.,
& Tanvir, N. 2005, MNRAS, 356, 979

McConnachie, A. W., Irwin, M. J., Ibata, R. A., Ferguson, A. M. N., Lewis, G. F,,
& Tanvir, N. 2003, MNRAS, 343, 1335

McWilliam, A., & Rich, R. M. 1994, ApJS, 91, 749

Monelli, M., et al. 2003, AJ, 126, 218

Moore, B., Ghigna, S., Governato, F., Lake, G., Quinn, T., Stadel, J., & Tozzi, P.
1999, ApJ, 524, L19

Morrison, H. L., Harding, P., Perrett, K., & Hurley-Keller, D. 2004, ApJ, 603, 87

Morrison, H. L., Mateo, M., Olszewski, E. W., Harding, P., Dohm-Palmer, R. C.,
Freeman, K. C., Norris, J. E., & Morita, M. 2000, AJ, 119, 2254

Mouhcine, M., Ferguson, H. C., Rich, R. M., Brown, T. M., & Smith, T. E.
2005, ApJ, 633, 821

Mould, J., & Kristian, J. 1986, ApJ, 305, 591

Navarro, J. F., & Benz, W. 1991, AplJ, 380, 320

Olsen, K. A. G., Blum, R. D., Stephens, A. W., Davidge, T. J., Massey, P.,
Strom, S. E., & Rigaut, F. 2006, AJ, 132, 271




No. 1, 2006

Penarrubia, J., McConnachie, A., & Babul, A. 2006, ApJ, 650, L33

Perrett, K. M., Bridges, T. J., Hanes, D. A., Irwin, M. J., Brodie, J. P., Carter, D.,
Huchra, J. P., & Watson, F. G. 2002, AJ, 123, 2490

Piotto, G., Zoccali, M., King, I. R., Djorgovski, S. G., Sosin, C., Rich, R. M., &
Meylan, G. 1999, AJ, 118, 1727

Pritchet, C. J., & van den Bergh, S. 1987, ApJ, 316, 517

. 1994, AJ, 107, 1730

Pritzl, B. J., Venn, K. A., & Irwin, M. 2005, AJ, 130, 2140

Puzia, T. H., Perrett, K. M., & Bridges, T. J. 2005, A&A, 434, 909

Ravindranath, S., et al. 2004, ApJ, 604, L9

Reitzel, D. B., & Guhathakurta, P. 2002, AJ, 124, 234

Rejkuba, M., Greggio, L., Harris, W. E., Harris, G. L. H., & Peng, E. 2005,
Apl, 631, 262

Rejkuba, M., Minniti, D., Silva, D. R., & Bedding, T. R. 2003, A&A, 411, 351

Renda, A., Kawata, D., Fenner, Y., & Gibson, B. K. 2005, MNRAS, 356, 1071

Renzini, A. 1998, AJ, 115, 2459

Ribas, ., Jordi, C., Vilardell, F., Fitzpatrick, E. L., Hilditch, R. W., & Guinan,
E. F.,, 2005, ApJ, 635, L37

Rich, R. M., & Origlia, L. 2005, ApJ, 634, 1293

Rich, R. M., Reitzel, D. B., Guhathakurta, P., Gebhardt, K., & Ho, L. C. 2004,
Al, 127, 2139

Rich, R. M., et al. 1997, Apl, 484, L25

Riess, A., & Mack, J. 2005, in Instrument Science Report ACS 2004-006

Robertson, B., Yoshida, N., Springel, V., & Hernquist, L. 2004, ApJ, 606, 32

Ryan, S. G. 1992, AJ, 104, 1144

Ryan, S. G., & Norris, J. E. 1991, AJ, 101, 1865

Salpeter, E. E. 1955, ApJ, 121, 161

Sandage, A., Lubin, L. M., & VandenBerg, D. A. 2003, PASP, 115, 1187

Sarajedini, A., & Van Duyne, J. 2001, AJ, 122, 2444

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, AplJ, 500, 525

DETAILED STAR FORMATION HISTORY OF ANDROMEDA 353

Searle, L., & Zinn, R. 1978, ApJ, 225, 357

Shetrone, M., Venn, K. A., Tolstoy, E., Primas, F., Hill, V., & Kaufer, A. 2003,
Al, 125, 684

Sirianni, M., et al. 2005, PASP, 117, 1049

Skillman, E. D., Tolstoy, E., Cole, A. A., Dolphin, A. E., & Saha, A. 2003, ApJ,
596, 253

Sommer-Larsen, J., & Dolgov, A. 2001, ApJ, 551, 608

Sommer-Larsen, J., Gotz, M., & Portinari, L. 2003, ApJ, 596, 47

Stanek, K. Z., & Garnavich, P. M. 1998, ApJ, 503, L131

Stephens, A. W., et al. 2003, AJ, 125, 2473

Stetson, P. 1987, PASP, 99, 191

Thacker, R. J., & Couchman, H. M. P. 2001, ApJ, 555, L17

Thilker, D. A., Braun, R., Walterbos, R. A. M., Corbelli, E., Lockman, F. J.,
Murphy, E., & Maddalena, R. 2004, ApJ, 601, L39

Trujillo, 1., et al. 2006, ApJ, in press (astro-ph/0504225)

Velazquez, H., & White, S. D. M. 1999, MNRAS, 304, 254

VandenBerg, D. A. 2000, ApJS, 129, 315

VandenBerg, D. A., Bergbusch, P. A., & Dowler, P. D. 2006, ApJS, 162, 375

VandenBerg, D. A., Richard, O., Michaud, G., & Richer, J. 2002, ApJ, 571,
487

van den Bergh, S. 1992, A&A, 264, 75

. 2000, PASP, 112, 529

Walterbos, R. A. M., & Kennicutt, R. C., Jr. 1988, A&A, 198, 61

Weil, M. L., Eke, V. R., & Efstathiou, G. 1998, MNRAS, 300, 773

White, S. D. M., & Frenk, C. S. 1991, ApJ, 379, 52

Worthey, G., Espanfia, A., MacArthur, L. A., & Courteau, S. 2005, ApJ, 631,
820

Wyse, R. F. G., Gilmore, G., Norris, J. E., Wilkinson, M. 1., Kleyna, J. T.,
Koch, A., Evans, N. W., & Grebel, E. K. 2006, ApJ, 639, L13

Zoccali, M., et al. 2003, A&A, 399, 931




