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Abstract

The presence of asymptotic giant branch (AGB) stars in clusters provides key constraints for stellar models, as has
been demonstrated with historical data from the Magellanic Clouds. In this work, we look for candidate AGB stars
in M31 star clusters from the Panchromatic Hubble Andromeda Treasury survey. Our photometric criteria selects
stars brighter than the tip of the red giant branch, which includes the bulk of the thermally pulsing AGB stars as
well as early-AGB stars and other luminous cool giants expected in young stellar populations (e.g., massive red
supergiants, and intermediate-mass red helium-burning stars). The AGB stars can be differentiated, a posteriori,
using the ages already estimated for our cluster sample. 937 candidates are found within the cluster aperture radii,
half (~450) of which are very likely cluster members. Cross-matching with additional databases reveals two
carbon stars and 10 secure variables among them The field-corrected age distribution reveals the presence of
young supergiants peaking at ages smaller than 10® yr, followed by a long tail of AGB stars extending up to the
oldest possible ages This long tail reveals the general decrease in the numbers of AGB stars from initial values of
~50 x 10~ 6M at 10® yr down to ~5 x 10~ 6MF at 10'° yr. Theoretical models of near-solar metallicity
reproduce this general trend, although with localized discrepancies over some age intervals, whose origin is not yet
identified. The entire catalog is released together with finding charts to facilitate follow-up studies.

Unified Astronomy Thesaurus concepts: Asymptotic giant branch stars (2100); Star clusters (1567); Andromeda
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1. Introduction

Stellar clusters with known ages and metallicities allow one
to securely anchor the initial masses of stars evolving within
them. This approach is particularly valuable for stars that are
intrinsically challenging to model, due to their rapid evolution
and complex interior physics. Asymptotic giant branch (AGB)
stars, in particular, have benefited from systematic studies of
their properties in stellar clusters, although such studies have
been limited due to their rarity in any individual cluster.

There are at least 124 AGB stars belonging to 31 Magellanic
Clouds’ (MC) clusters (Frogel et al. 1990). Some remarkable

! Science Internship Program (SIP) intern, University of California Santa
Cruz, Department of Astronomy and Astrophysics, 1156 High Street, Santa
Cruz, California 95064, USA

cases are NGC 419 in the Small MC (SMC) and NGC 1846 in
the Large MC (LMC), with ~20 likely AGB members each,
which are probably the places in the known universe with the
highest spatial concentration of resolved carbon stars.

During the dawn of near-infrared (NIR) astronomy, in the
1970s and 1980s, observations of these MC clusters have been
crucial to the development of a general picture about the
evolution of AGB stars, especially regarding their final
thermally pulsing (TP-AGB) phase where the processes of
third dredge-up, hot-bottom-burning, long-period variability
and dust-driven mass loss take place (see Lattanzio &
Wood 2004; Herwig 2005; Hofner & Olofsson 2018, for
reviews). By the time of Frogel et al. (1990), some basic facts
were already clear, for instance
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1. The initially more massive stars, found in the younger
star clusters, reach higher luminosities along the TP-AGB
than less massive stars, found in the oldest clusters.

2. Luminous giants rich in C-bearing molecules (hereafter C
stars) are generated only inside a limited range of initial
masses, in contrast with the O-rich giants (generally
known as M giants).

3. The TP-AGB lifetimes, limited to luminosities above the
tip of the RGB of intermediate-age and old populations,
are of the order of a few Myr at most.

Subsequent works used these cluster data to derive more
quantitative constraints on several aspects of the AGB
evolution, including those on the C- and M-type lifetimes
(Girardi & Marigo 2007), on the fraction of the integrated light
contributed by the TP-AGB phase (Maraston 2005; Pessev
et al. 2008; Noél et al. 2013), on the dust emission by the mass-
losing, extreme-AGB stars (van Loon et al. 2005), and on the
connections between mass loss, long-period variability, and
surface chemical composition (Lebzelter et al. 2008; Kamath
et al. 2010, 2012).

Yet despite their richness, relative proximity, little red-
dening, and nearly constant distance, the MC clusters are far
from being the ideal sample for the study of AGB stars. They
do not uniformly cover the age interval in which AGB stars are
produced (Marigo et al. 1996), and span a limited range of
metallicities. Moreover, even for the richest MC clusters, there
are significant stochastic fluctuations in the numbers of evolved
stars, which is reflected in all quantities derived from them,
including their integrated colors (Santos & Frogel 1997).

In principle, some of these problems can be alleviated by
grouping several clusters into a few age bins (as done by e.g.,
Maraston 2005; Girardi & Marigo 2007; Pessev et al. 2008;
Noél et al. 2013). However, some of the quantitative
constraints on the AGB evolution derived in this way have
been questioned after the discovery of the “AGB boosting”
effect at ages of ~1.6 Gyr (Girardi et al. 2013). In short, it
happens that for a limited interval of ages the numbers of
observed AGB stars in clusters (and all derived quantities) are
not proportional to the AGB lifetime—and, unfortunately, most
of the MC cluster data concentrates close to this age limit.

That said, it would be very important if other rich samples of
AGB stars belonging to star clusters were available, so that the
trends observed in the MCs could be checked and extended to a
wider range of ages and metallicities. Star clusters in the Milky
Way (MW) Galaxy are not that useful in this regard. Although
many MW old globular clusters have a clear “early-AGB
bump” along their red giant branches (RGBs; see e.g., Ferraro
et al. 1999), they generally do not present many stars above the
tip of the red giant branch (TRGB) that could be clearly
assigned to the TP-AGB phase, with a few exceptions like
47 Tuc (Lebzelter & Wood 2005; McDonald et al. 2011a;
Momany et al. 2012; Lebzelter et al. 2014) and w Cen (Boyer
et al. 2008; McDonald et al. 2009, 2011b). In many other cases
the MW globular clusters host just a handful of candidate TP-
AGB stars selected on the basis of their long-period variability
(Lebzelter & Wood 2011). Nearby open clusters are in general
too poorly populated to present even a single AGB star. Star
clusters in other Local Group dwarf galaxies suffer from the
same problems. Beyond the Local Group, there are many
super-star clusters that probably contain many AGB stars each
(e.g., Schweizer et al. 1996; Whitmore et al. 1999). They,
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however, are not resolved into individual objects even when
observed with the Hubble Space Telescope (HST).

The Andromeda (M31) and Triangulum (M33) galaxies are
the obvious candidates to obviate such a situation. They are
located at distances in which they are resolvable into stars by
the HST, contain stellar populations of all ages (Ferguson et al.
2005; Brown et al. 2006; Javadi et al. 2011; Bernard et al.
2012, 2015; Lewis et al. 2015; Williams et al. 2017), and host
hundreds of candidate star clusters (Galleti et al. 2004;
Sarajedini & Mancone 2007; Peacock et al. 2010; San Roman
et al. 2010; Johnson et al. 2012). Until recently, however, the
necessary HST imaging was not available, beyond limited
areas across these galaxies and for a few of its most
conspicuous clusters (e.g., Williams & Hodge 2001; Caldwell
et al. 2009). More critically, the available high-resolution
imaging did not include the NIR, which is crucial for a clear
identification of the TP-AGB stars.

For M31, the situation has radically changed with the
Panchromatic Hubble Andromeda Treasury (PHAT; Dalcanton
et al. 2012) survey, which collected UV, optical, and NIR
imaging for about 1/3 of M31 disk, and most of its bulge.
PHAT now includes 2753 star clusters identified through the
citizen-scientists Andromeda Project25 (AP; Johnson et al.
2015). They are a rich ground for searches of stars in relatively
rapid phases of their evolution, as demonstrated by the
identification of a number of Cepheids (Senchyna et al.
2015) and a planetary nebula (Davis et al. 2019) in them. It is
also interesting to note that the PHAT mean spatial resolution
(1 ACS/WEFC pixel = 0.19 pc in the optical, 1 WFC3/IR
pixel = 0.5 pc in the NIR) is similar to the resolution that was
obtained from the ground for MC clusters (17 = 0.25 pc for the
LMC) at the dawn of NIR astronomy (Frogel et al. 1990 and
references therein), and is still comparable to the resolution
being obtained in present studies of the MCs in the NIR (e.g.,
Cioni et al. 2011).

In this paper, we provide a first list of AGB candidates in
M31 star clusters, and discuss their reliability. We look for
candidates at luminosities above the TRGB, which means that
the sample may include multiple stellar types, including non-
AGB stars at young ages (see discussion in Section 3), a
combination of early-AGB and TP-AGB stars at intermediate-
ages, then exclusively TP-AGB stars at ages older than ~3 Gyr.
Throughout this work, we will use a generic “AGB” label to
refer to the cases in which AGB stars (both early-AGB and TP-
AGB) are likely present, and an even more generic “AGB
candidate” to refer to the samples that may include a significant
fraction of very young, non-AGB stars. Data and methods are
described in Section 2. The properties of the derived sample are
discussed in Section 3. A few conclusions are drawn in
Section 4.

2. Data and Methods
2.1. PHAT Imaging and Photometry

The PHAT survey is extensively described in Dalcanton
et al. (2012). Its extended, 0.5 deg®wide footprint can be
appreciated in Figure 1. The HST imaging was organized into
23 “bricks” of 6’ x 12’ each, formed by 3 x 6 contiguous
pointings (or “fields”) of the Wide Field Camera 3 (WFC3)

= Indeed, between the metallicity values we plot in Figure 14, the total
lifetimes of RSG phases change by factors of just ~10 % for a given mass.

2 http: //www.andromedaproject.org/
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Figure 1. Sky distribution of PHAT star clusters from the AP catalog (small
dots).The gray dots mark clusters excluded from our sample, either because
they belong to the M31 bulge (at the bottom-right corner) or because they do
not have NIR photometry. The remaining black dots are clusters searched for

AGB stars. The colored circles mark the clusters where they are found, with
their numbers per cluster as in the legend.

NIR channel. The same bricks were imaged in two ultraviolet
bands with the WFC3 ultraviolet/optical (UVIS) channel, and
at a separation of 6 months in the optical with the Advanced
Camera for Surveys (ACS) Wide Field Channel (WFC).
Williams et al. (2014) describe the complex work of aligning
all the images and performing simultaneous 6-filter photometry
in them. It resulted in photometric measurements for over 117
million stars in M31. The final catalog is available at the
Mikulski Archive for Space Telescopes (MAST),” and
contains several useful photometry quality flags.

The best photometry is obtained for the two optical filters of
ACS/WFC, F475W and F814W, which present the most
favorable combination of exposure time and spatial resolution.
Indeed, in these filters the photometry reaches more than 3 mag
below the red clump, except in the most crowded areas close to
the M31 bulge. The WFC3/IR photometry in F110W and
F160W is also of excellent quality, thanks to the lower level of
crowding caused by the blue main-sequence stars at these
wavelengths and by the use of simultaneous optical and IR
photometry (Williams et al. 2014). The NIR photometry is
generally limited to the upper RGB and above, but also extends
to below the red clump in the outermost PHAT bricks.

3 htps: //archive.stsci.edu/prepds/phat/
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2.2. Cluster Catalogs

In this paper we use the AP cluster catalog from Johnson
et al. (2015). It comprises the complete PHAT area as
illustrated in Figure 1. It includes 2753 clusters identified by
citizen scientists and later verified with the aid of the Year 1
catalog (a data set identified by professional astronomers,
limited to four PHAT bricks plus two half-bricks, see Johnson
et al. 2012) and with fake clusters inserted in the original
images. Because the catalog is sorted with the highest fractions
of users identifying clusters first, objects with smaller AP
numbers correspond to clusters more evident to the eye—which
usually means they are younger, more populous, and in M31
areas with a simpler foreground/background. Clusters in the
AP catalog are also characterized by their central coordinates,
and by their “aperture radii,” R,,, which mark the visible extent
of the clusters. They are calculated using the median values of
the individual cluster centers and radii measured by AP users.

From the AP catalog, we have excluded clusters without NIR
imaging from PHAT, and 106 clusters belonging to the highly
crowded bulge area (see Figure 12 in Johnson et al. 2015). We
are then left with a sample of 2501 clusters. Physical
parameters of the clusters have been determined in an
homogeneous way by Johnson et al. (2015). The cluster ages
include color-magnitude ages for younger clusters (<300 Myr)
as presented in Johnson et al. (2016), and integrated-light
estimates of the ages and masses using Fouesneau et al. (2014)
’s method by Beerman (2015).

Given the way the AP catalog was built and the variety of
cluster sizes, concentrations, and foreground/background
across the M31 disk, there is no one-to-one relationship
between R,, and other commonly adopted cluster structural
parameters such as the half-light radius, R.g. But cluster-to-
cluster estimates of R.g based on radial profiles (Table 2 in
Johnson et al. 2015), and extensive experiments with fake
clusters added to PHAT images (their Table 6), indicate that
R is typically between 1 and 5 times larger than R.g. Just 3%
of the fake clusters presented by Johnson et al. (2015) turn out
to have R,, smaller than Re.

2.3. Candidate AGB Stars in PHAT

From the 6-filter photometry of low-surface-brightness areas,
we build the NIR color-magnitude diagram (CMD) of
Figure 2. The sample is limited to stars that satisfy the good
star (GST) quality criterion for the photometry defined in
Williams et al. (2014), in both NIR passbands. In short, the
GST criterion is designed to eliminate objects strongly affected
by blending, cosmic rays, or instrument artifacts. In the NIR
filters, it consists in keeping only measurements for which the
photometric pipeline (namely DOLPHOT; see Dolphin 2016)
returned a signal-to-noise larger than 4, a sharpness-squared
smaller than 0.15, and a crowding parameter smaller than
2.25 mag.

Figure 2 clearly shows the TRGB and the population of
AGB stars immediately above it. To avoid the rich population
of RGB stars, we select stars at least 0.1 mag brighter than the
TRGB as measured in Figure 2, which translates into

F160W < 18.14 mag. (D)

In addition, we adopt a blue color cut designed to limit
contamination by young red supergiants (RSGs) and
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Figure 2. Field NIR CMD from the PHAT low-density regions (density of
RGB stars with 18.5 < F160W < 19.5 smaller than 0.3 arcsecfz, see Williams
et al. 2014), illustrating the selection of AGB candidates in the region above
and to the right of the dashed line. The selected stars are just red enough to
avoid the vertical stripe of foreground low-mass main-sequence stars at
F110W — F160W ~ 0.7 mag, and just bright enough to avoid the well-
populated RGB region starting at FI60W > 18.2 mag.

foreground dwarfs:
F110W — F160W > 0.88 mag. 2)

We recall that the bulk of (essentially unreddened) fore-
ground MW stars are located in a vertical sequence at
F110W — F160W = 0.7 mag (Dalcanton et al. 2012; Williams
et al. 2014), which is also evident in Figure 2.

Even with the above-mentioned color cut, a whole class of
young luminous giants may still contaminate our list of AGB
candidates. These include massive RSGs, and possibly also
intermediate-mass red helium-burning stars, which are as bright
as TP-AGB stars and which can become red enough (as a result
of high metallicity or high reddening) to enter into our selection
box (see Dalcanton et al. 2012). However, those contaminants
belonging to star clusters might be avoided by simply
eliminating the youngest clusters from our discussion, as we
show later in Section 3. These selection criteria will also miss
many of the so-called extreme-AGB stars, which are reddened
and dimmed by several magnitudes in the NIR, owing to their
own circumstellar dust shells. These stars will be fainter than
the NIR TRGB, but will be discussed with their Spitzer IR
photometry in a forthcoming paper (S. Goldman et al. 2020, in
preparation).

We have explored similar criteria to select candidate AGB
stars from the optical observations as well:

F814W < 0.09828(F475W —F814W)>
— 0.3578(F475W—F814W) + 20.455  (3)

FAT5SW—-F814W > 21.675 — 0.91875 F814W. “4)

However, this sample is less complete than the NIR one, and
includes a significant number of “optical AGB candidates”
which are actually far away from the region selected in the NIR
CMD of Figure 2. A similar problem was recently uncovered
by Boyer et al. (2019), who shows how NIR-bright M stars
move to magnitudes fainter than the TRGB in the F814W
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passband (see their Figure 6). Therefore, we exclude the optical
criteria from our discussion.

Based on the NIR selection, we identify 255,671 candidate
NIR AGB stars in the entire PHAT 6-filter catalog, which
covers nearly 1/3 of the M31 disk. ~150,000 of these stars
belong to the bulge area (mainly to Brick 1). This alone is an
impressive statistic, to be compared to the ~61,000 and 8,500
candidate TP-AGBs identified in the LMC and SMC,
respectively, using similar NIR criteria (Cioni et al.
2006a, 2006b; Boyer et al. 2011). The density of AGB
candidate stars decreases nearly exponentially with galacto-
centric radius. In addition, there is a strong concentration in the
bulge, and some mild concentrations along the 10 kpc ring and
the overdensity at 3.5 kpc identified by Davidge (2012). The
ratio of AGB stars to RGB stars varies with radius, and is twice
as high in the outer disk as in the inner disk. This is probably
caused by a combination of the larger metallicities (expected
shorter TP-AGB lifetimes) and larger fraction of older
populations (again shorter TP-AGB lifetimes) in the inner
M31 disk.

2.4. Matching AGB Stars and Clusters

The 255,671 AGB stars will be a mixture of numerous field-
AGB stars and a smaller number that are true cluster members.
We identify this latter population by looking at all possible
AGB-cluster matches and looking for excesses above what is
expected for a pure field-AGB population.

We cross-match our list of candidate AGB stars with the AP
cluster catalog, initially keeping all candidates within a radius
Ry < 60" (225pc) from the optically determined cluster
centers, which results in over 615,000 AGB-cluster pairs.
The top panel of Figure 3 shows the histogram of R, values of
AGB-cluster pairs up to 10”, together with the distribution of
aperture radii, R,p, for the clusters. We find that for all Ry, 2 4”
the number of pairs increases linearly with Ry, as expected
from a sample dominated by random matches between clusters
and uniformly distributed field stars. Figure 3, however, clearly
shows that there is an excess of matches for R, < 2”. The bulk
of clusters in the AP catalog has aperture radii, R,p, ranging
from 1” to 2”, as also shown in Figure 3. It becomes evident
that there is an excess of AGB candidates observed at
Ry SRy, with respect to the numbers expected from a
uniform distribution. By extending the line obtained for large
Ry toward the Ry, = 0, n(Ry.) = 0 limit (Figure 3, top panel),
we can even determine that the excess of matches above this
line amounts to 438 stars.

We repeat the exercise of measuring the excess, but using
separations normalized by the size of the cluster, R,,. The
distribution of the R/ R, ratio is shown in the bottom panel of
Figure 3. A total of 937 AGB candidates are found at
Ry /Rqp < 1. This time we decide to measure the field stellar
density in an annulus extending from 2 to 4 times Ryp.
Extrapolation of the field stellar density down to the
Ry /Ry = 0, n(Ry. /R,p) = O limit reveals that the excess of
AGB stars starts at Ry /R, values slightly below 1, although it
becomes really evident only at Ry /R,, < 0.6. The excess
amounts to 477 £+ 10, which is about half of the number of TP-
AGB stars observed at Ry /R, < 1, and comparable to the
number inferred from the analysis of Ry.

We therefore infer that the AP clusters contain about 450
likely AGB members inside their R,,, and about the same
number of “field intruders.” That said, it is nearly impossible to
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Figure 3. Top panel: distribution of separations between candidate AGB stars
and cluster centers, Ry, for the 2491 candidates found with separations smaller
than 10” (gray histogram). The plotted line shows the linear distribution
expected from random matches; its mean slope is derived from all stars with
Ry between 6” and 60”. For comparison, the red histogram shows the
distribution of cluster aperture radii R, in the AP catalog. Bottom panel:
distribution of the ratio between separation and the aperture radius, Ry/Rqp.
The gray continuous vertical lines delimit the region used to estimate the mean
field density, while the dashed line marks the upper limit adopted for building
the present catalog.

say with certainty whether an individual AGB star in a cluster
is a member or not. The approach to be followed must therefore
be a statistical one, in which membership probabilities are
assigned. In the discussion that follows, we adopt an inclusive
criterion, considering all stars inside R,, as possible cluster
members.

Figures 4 and 5 illustrate a few “good cases” in which the
association between candidate AGB stars and clusters appears
evident, especially in the latter, for which candidates are
multiple and could hardly result from field contamination or
crowding. Figure 6 instead shows an example in which no
AGB star was found inside R,, despite the favorable
conditions, plus a few somewhat dubious cases of association.
There are many other situations in which the association
between the AGB stars and the clusters—or even the AGB
classification—could be questioned using either photometric or
astrophysical arguments. In the following, we will discuss a
few aspects that can help us to distinguish between likely and
unlikely associations.

Before proceeding, however, we note that both the cluster
centers (used to derive Ry.) and R,, were measured from the
optical images, and hence they are unlikely to be strongly
affected by the presence of some very few NIR-bright
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candidate AGB stars in their neighborhood. Indeed, this
appears clear from the images in Figures 4-6.

2.5. Characterization of Crowding

An excess of bright NIR stars inside the cluster cores could
well be caused by crowding (understood as photometric errors
plus stellar blends), rather than by the presence of bright cluster
members. Globular clusters in the MW provide good examples
of crowding affecting the brightness of red giants in infrared
passbands (see, e.g., Boyer et al. 2010). Fortunately, the work
by Williams et al. (2014) allows us to make a first evaluation of
these effects on our catalog.

The six filter photometry catalog from Williams et al. (2014)
has a crowding parameter in each filter that characterizes how
much brighter the star would have been had nearby stars not
been fit simultaneously. For the F160W filter, this parameter is
the F160W_crowd parameter in the databases, which we refer
to here as F160W ¢;ow4. Figure 7 shows the distribution of this
parameter for the samples of candidate AGB stars both inside
and outside clusters. Stars outside clusters (Ry. > R,,) have
F160W,owa typically constrained below 0.2 mag. Stars inside
clusters present nearly the same distribution of crowding
parameters but have an additional long tail of higher
F160W,owa Values, with 260 stars (27% of the sample) having
F160W,;owa > 0.2 mag. This behavior is closely followed by
F110W ¢owa. This indicates that in-cluster crowding is probably
affecting a good fraction of our sample. We have flagged in our
catalogs the objects (265 out of 937) for which the sum of
F160W and F160W,,owq could put stars below the minimum
magnitude for being classified as an AGB, that is
F160W + F160W,owqa > 18.1 mag. One such example is the
AGB star in AP 147, illustrated in Figure 6. In a similar way,
we also flag 33 additional stars for which the “uncrowded
color” would bee too blue, ie.,
F110W + F110Wowg — F1I60W — F160W,oyq < 0.88 mag.
This is not a determinant criterion to exclude stars from our
catalog, however, since the photometry was correctly done
using all neighboring sources. This is just a flag to pinpoint
objects where the photometry and AGB classification are
possibly more affected by crowding, than usual.

To better characterize the level of crowding star-by-star, we
can also employ the artificial stars tests performed by Williams
et al. (2014, see their Section 5) on PHAT stacked images.
They were performed for a few representative values of “RGB
star densities,” or ppgg, intended as the number of stars of
18.5 < F1I60W < 19.5 per arcsec’. Particularly relevant in the
context of this paper are the “magnitude random errors and
biases” for stars located very close to the TRGB, namely at
F160W = 18.24 mag, which are plotted in the top panel of
Figure 8. A magnitude bias <—0.1 mag could easily cause the
numerous RGB stars present in the cluster and field to enter
into the AGB area of the CMD. Similarly, a magnitude random
error exceeding 0.1 mag would cause a sizeable fraction of
these RGB stars to be randomly scattered in the same region.

The bottom panel of Figure 8 presents the distribution of
stellar density of RGB stars with 18.5 < F160W < 19.5, praps
for our candidate AGB stars in clusters, measured inside the
R, of each cluster. Many clusters have a so scarcely populated
RGB that this parameter turns out to be null, which essentially
points to negligible crowding in the cluster core compared to
the environment of typical field-AGB stars. More populous
clusters have a significant number of RGB stars, but their prgp
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Figure 4. Examples of AP clusters containing AGB candidates. For each cluster, the left panel shows a false-color representation of the PHAT F475W-+F814W
optical images, which was used to find the clusters and derive their morphological parameters in Johnson et al. (2015), while the right panel shows the FI60W image,
whose photometry is crucial for identifying the AGB stars in this work. Images are centered on the cluster and have dimensions of 15”7 x 15" (or 5.7 pc x 5.7 pc),
with North up and East left. In green we mark the cluster center and aperture radius R, in red (in the FI60W image only) all the candidate AGB stars in the area. Six
examples are shown: AP 4 (the first entry in the catalog) and AP 1604 illustrate the almost-perfect superposition between intermediate-age clusters and lone, very
bright and red AGB stars. We note the unusual compactness of AP 1604, which makes the association particularly compelling. AP 27 is a young cluster with two
candidate AGB stars clearly standing out due to their NIR brightness; both are also the brightest red giants in the composite optical image. AP 599, AP 881, and AP
1969 represent a sequence of globular-like clusters of increasing central density and likely old age (see https: //www.cfa.harvard.edu/oir/eg/m31clusters/phat). AP
599 (B201-G250) has a lone AGB candidate slightly off-center, despite sitting in a field in which AGB stars are actually rare. AP 881 (B218-G272) and AP 1969
(B225-G280) are old globular clusters with many bright red giants, 14 and 29 of which, respectively, are candidate AGB stars. It is clear that their center most
candidates could be affected by crowding errors and even by blending of multiple NIR sources; however, the outermost sources inside R,, are free from these
problems, and likely cluster members.

never exceeds 1.1 arcsec™2 . At these maximum RGB densities,
the magnitude bias turns out to be tiny (about ~—0.006 mag),
although the magnitude rms error (bottom panel of Figure 8)
amounts to a very significant ~0.12 mag. Assuming a
Gaussian distribution of magnitude errors, the faintest among
our candidate AGB stars could actually be TRGB stars (or real
AGB stars slightly fainter than the TRGB) which entered into
the AGB selection region just because of the photometric
scatter. However, we verified that this fraction is very small:
just 55 AGB candidates (shown in Figure 8), or ~6 % of the
sample, have a F160W magnitude compatible with it being a
TRGB star scattered upwards by one rms. These cases include

AGB candidates in dense globular clusters such as AP 1969
(B225-G280; Figure 4).

Overall, these estimates of the cluster densities and crowding
errors are quite crude and subject to many uncertainties: few
RGB stars per cluster, no real fitting of cluster density profile,
no real estimate of the likelihood of RGB stars being scattered
into the AGB region, etc. Moreover, it suffices to examine
Figure 4 to conclude that proper estimates of the effect of
crowding would require extensive—and time-consuming—
experiments of artificial star tests using the actual cluster
images, or fully synthetic cluster tests. For the moment, we
limit ourselves to making our prgp estimates available in the
final catalog, so that potential users can appreciate, with the
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Figure 5. Same as in Figure 4, but now illustrating cases in which the association between stars and clusters is particularly compelling, thanks to the multiple AGB
candidates on the cluster area, the uncrowded images, and the low field contamination.

help of Figure 8, the chances that AGB candidates in a
particular cluster are significantly affected by crowding.

2.6. C/M Classification with WFC3/IR Medium-band Filters

We augment our catalog of cluster AGB candidates with
estimates of their spectral subtypes where available.

First, we use results from Boyer et al. (2013, 2019), who
performed an HST survey using WFC3/IR medium-band
filters in 21 regions across the PHAT footprint, to classify their
bright red giants as either C- or M-type. Their method uses the
sensitivity of the filters F127M, F139M, and F153M to the
presence of either CN + C, or H,O absorption features in the
NIR. We cross-match our sample of 937 candidate AGB stars
in clusters with the complete Boyer et al. (2019) catalog. We
find a total of 59 robust matches, for which the differences
between the catalogs are smaller than 0”04 in position, and
smaller than 0.017 mag in both F110W and F160W magni-
tudes. All of them are classified as M stars. The lack of C stars
is this small sample is not surprising, given the remarkable
scarcity of C stars in M31, especially in its innermost regions
(Boyer et al. 2019). Indeed the average C/M ratio across the
M31 disk amounts to just ~0.02.

2.7. Keck/DEIMOS Spectroscopy

As an extension of the Spectroscopic and Photometric
Landscape of Andromeda’s Stellar Halo survey (e.g., Guhatha-
kurta et al. 2005, 2006; Gilbert et al. 2006), we used the Keck
IT 10 m telescope and DEIMOS spectrograph to obtain spectra
of PHAT-selected star clusters and individual stars in the disk
of M31 (Dorman et al. 2012, 2013, 2015; Quirk et al. 2019).
The spectra fall into two categories: (1) low-resolution spectra
obtained with the 600ZD grating that cover the approximate
wavelength range 4500-9500 A, and (2) medium-resolution

spectra obtained with the 1200G grating that cover the
approximate wavelength range 6500-9000 A. In the entire
database, we find 24 unique spectroscopic matches with
clusters hosting AGB candidates. Some examples of spectra
are shown in Figure 9 along with the corresponding star cluster
image and DEIMOS slit overlay. It is important to note that the
FWHM of seeing during the spectroscopic observations was in
the range 075-079 (for reference, the width of the DEIMOS
slit is 0”8) so these spectra are generally composite spectra of
more than one bright cluster star. The TP-AGB star in the
cluster AP 1018 turns out to be a carbon star; note the strong
“W- shaped CN spectral absorption feature at 7800-8200 A.
The remaining three spectra shown display a much weaker
version of this same “W”—shaped CN spectral absorption
feature, a feature that appears to be associated with evolved
massive (5-10 M) stars (P. Guhathakurta et al. 2020, in
preparation).

Clear signatures of carbon stars are found only in the clusters
AP 1018 (see Figure 9) and AP 1508. These are low-mass
clusters with very uncertain integrated-light ages, with 16%-—
84% confidence intervals for log(t/yr) being 8.9-9.8 and
8.1-9.5, respectively. These two cases add to the very limited
list of C stars in metal-rich open clusters, presently consisting
of just four candidates in the MW open clusters NGC 2477
(Catchpole & Feast 1973), NGC 2660 (Hartwick & Hes-
ser 1973), NGC 7789 (Gaustad & Conti 1971), and Trumpler 5
(Kalinowski et al. 1974).

2.8. Variability

The 160" x 160" field of view of the WFC3 /IR F110W and
F160W images is the smallest of the cameras/modes used in
the PHAT project, and this sets the step size of the brick-based
tiling used in the survey. By contrast, the field of view of the
ACS/WEFC F475W and F814W images is 205" x 205” which
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Figure 6. Same as in Figure 4, but now illustrating negative and potentially problematic results. First, we show AP 9 as an example of non-detection; this cluster is
well populated and has the right age to contain AGB stars (log/yr between 8.6 and 9.1), but none is close enough to classify as a likely cluster member. AP 147
contains one candidate AGB with F160W = 18.111 mag, which is just slightly above the F160W limit we define. However, the optical images (which have a better
resolution than the F160W one) indicate that the NIR source might be affected by the near-blending of two red giants. Although its F160W,owq parameter is of just
0.048 mag, this introduces enough uncertainty in its NIR magnitude that this star could actually be fainter than the F160W magnitude limit we set for the AGB sample.
AP 285 instead contains two bright NIR sources inside the cluster R,, but it is probably too young (log?/yr between 6.45 and 6.75) to contain genuine AGB stars.
These are more likely reddened RSGs, or field-AGB stars falling inside the large Ry, of this cluster. Finally, AP 3761 has two candidate AGB stars but suffers from a
more generic problem: clusters with high AP numbers tend to be fuzzier, less massive, and have badly defined limits, compared to those with low AP numbers. These
uncertainties affect the estimates of the cluster center and R,,, and hence the membership probabilities, ages, and mass estimates.
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Figure 7. Top panel presents a histogram of the parameter F160W,owa for
candidate AGB stars both inside (blue) and immediately outside R,, (red). The
bulk of the distribution is located at F160Wyowa < 0.2 mag, which overall
points to a modest impact of crowding in the NIR photometry of the entire
sample. The bottom panel zooms on the tail of large F160Wyowa values
presented by the sample inside R,p.

leads to significant overlap between adjacent pointings in these
two filters. We have used time-resolved PHAT photometry
(derived from constrained PSF fits to individual ACS
exposures) in both F814W and F475W filters to search for
variability among the AGB candidates that are located within
star clusters in the overlap areas. For about 20% of them, the

time baseline over which repeat F475W and F814W photo-
metry is available is 100 days, which is comparable to the
timescale on which AGB stars are expected to vary (Soraisam
et al. 2020). The photometry time baseline for the remaining
80% of the stars is <30 days, which is short enough that we do
not expect to detect significant variability. These two
subsamples of AGB stars are hereafter referred to as the long
time baseline (LTB) and short time baseline (STB) subsamples,
respectively.

We use a chi-squared statistic as a measure of variability
compared to the mean magnitude, and compute its value using
the photometric measurements for each of our AGB stars in
both F814W and F475W filters. We also characterize an
average systematic error (e.g., due to crowding or cosmic ray
hits) in the photometric measurements using the STB AGB
stars in the sample. We use the 95th percentile of the
distribution of chi-squared values of the STB AGBs in both
F814W and F475W filters as thresholds for variability. We find
20 LTB AGBs above these thresholds. To confirm that this
variability is not affected by the presence of some other bright
star/variable star nearby or the crowding of the cluster, we look
at individual HST images (in both F814W and F475W). Of the
20 stars, we find 10 of them as secure variables. One evident
example is presented in Figure 10. The other 10 stars are
affected by the crowding of the clusters or bad quality
exposures. The details of this analysis along with a population
of all detected variables in PHAT clusters (including the non-
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Figure 8. Top panel: the magnitude bias and rms error for stars at the TRGB
(F160W = 18.24 mag), plotted over the interval of RGB densities relevant for
the star clusters. The curves are determined by linear interpolation of the values
determined by Williams et al. (2014) using artificial star tests of
F160W = 18.0 mag and F160W = 18.5 mag. Bottom panel: the gray
histogram shows the distribution of RGB densities for all 937 candidate
AGB stars in clusters. The blue histogram shows the 55 stars whose
magnitudes are compatible with a TRGB star being scattered upwards by the
same amount as the rms. Similarly, we checked which AGB candidates could
be stars at the TRGB moved into the AGB region by the photometric bias, but
no such case was found.

AGB ones) will be published in S. Mukherjee et al. (2020, in
preparation).

3. Sample Properties

AGB-cluster candidates are only expected to be real AGB
stars for cluster ages larger than ~100 Myr. In younger
clusters, post-He-burning stars do not develop a carbon-
oxygen (or oxygen—neon in the case of the super-AGB stars)
electron-degenerate core (Herwig 2005), and as a consequence
have a much quicker evolution up to pre-supernova stages.
Moreover, across the entire age range in which AGB stars
appear, their numbers are expected to vary as a consequence of
multiple processes (third dredge-up, hot-bottom-burning,
carbon-star formation, onset of fundamental-mode high ampl-
itude pulsation, dust-driven stellar winds, etc.) which occur
with varying efficiency as a function of stellar mass and
metallicity during the thermally pulsing phase (see e.g., Marigo
& Girardi 2007). Revealing this sequence of AGB star
frequency and properties as a function of stellar age (and
mass), and possibly also of metallicity, is actually one of the
best reasons to define samples of AGB stars in clusters, as in
the present paper.

In this section, we attempt for a first interpretation of the data
in terms of cluster ages, t. For a given age, the numbers of AGB
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stars observed in clusters should also scale with the cluster total
mass, Mo, SO we need to characterize both quantities before
dealing with the AGB stars themselves.

3.1. Age and Mass Distributions of Clusters

We take the quantities ¢ and M, derived by Fouesneau et al.
(2014) and Beerman (2015) for the clusters in the AP catalog.
More specifically, we use the pair of values that corresponds to
their “best method,” which derive either from fitting of
isochrones in the case of clusters with a good-quality CMD,
or from the the integrated optical magnitudes and colors when
the CMD is deemed too uncertain. Out of the 2753 clusters in
our initial catalog, 2736 have these quantities determined.
CMD ages (from Johnson et al. 2016) are available for 1253
clusters, generally corresponding to the youngest part of the
cluster sample.

Figure 11 shows the global properties of the clusters used in
this work, in the log¢ versus log M, plane. As can be noticed,
the sample includes large numbers of young and intermediate-
age low-mass clusters (with My, < 10*M,, see top-left panel),
but the total mass of the cluster sample is instead concentrated
at ages older than a few Gyr (see top-right panel), which
include clusters with masses in excess of My, = 10°M,,. There
are also clear trends in the mean sky area, 7TRazp, covered by
clusters of different age and mass, as shown in the bottom-left
panel. Clusters with larger M\, tend to cover larger areas, but
this also happens for very young clusters, with ages ¢ < 107 yr.
Together with the distribution of numbers of cluster (top-left
panel), these trends give origin to the distribution of total area
depicted in the bottom-right panel.

Whenever necessary, we use the estimated 1o errors in age
and mass as being half the difference between the 16% and
84% percentiles in their probability density functions in
logarithmic space. We recall that the age determinations
coming from integrated photometry, by their own nature, are
uncertain, with typical errors amounting to ~0.2 dex. But
again, this situation compares well with the situation for the
MC clusters in the 1980s, for which the best ages and mass
estimates were coming from integrated photometry rather than
from their (very noisy, at the time) CMDs.

Before proceeding, we should define the most suitable age
binning for the clusters in our analysis. In Figure 11, and in the
following, we choose a bin width of 0.3 dex in log ¢ (or a factor
of 2 in linear age) primarily because narrower bins would
decrease the numbers of AGB candidates to values below ~10
at some age intervals, producing significantly noisier histo-
grams for the quantities we are going to measure. ~80 % of the
clusters with age determinations have lo errors smaller than
this bin width.

3.2. Age Distribution of AGB Candidates

AGB candidates inside R,, are attributed the same age ¢ as
their hosting cluster, and associated to a stellar population
parent mass equal to M. The top-left panel of Figure 12
shows the distribution of their numbers in the ¢ versus M,
plane. This distribution somewhat reflects the distribution of
cluster total masses already shown in Figure 11. More
remarkable is the fact that AGB candidates are concentrated
in the age interval between log(¢/yr) = 8.1 and 9.3. Compar-
ison with the numbers of clusters in Figure 11 reveals that the
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Figure 9. Examples of clusters for which we have spectra from Keck/DEIMOS. To the cluster images and AGB candidate identification in the top panels (as in
Figure 4), we add the position of the DEIMOS slit, and the extracted spectrum in the bottom panels. The most prominent spectral features are marked, and the main

telluric features are either marked or removed.

mean numbers of AGB candidates per cluster varies between 0
and 0.7.

To proceed in our considerations, we also need to define a
“background model,” made of stars likely not associated with
the clusters, but which are treated in the same way as the stars
(real members or not) located in the cluster centers. We define
this background model using the AGB candidates located in an
annulus with 2R,, < Ry < 4R,p. This annulus is far enough
from the cluster center to be dominated by field stars (see
Figure 3), and small enough to not reflect the strong variations

10

in the field density and mean extinction of star-forming regions
in the M31 disk.

5884 candidate AGB stars are found in the
2R,y < Ry < 4R, area around 599 clusters. This sample turns
out to present an age distribution clearly different from that of
stars inside Rjp, as shown in the top-right panel of Figure 12.
And, not surprisingly, their age-M,, distribution resembles
very much the distribution of cluster areas depicted in the
bottom-right panel of Figure 11. This indicates that they are
indeed sampling the background population of field-AGB
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Figure 10. Two images of the AP 2725 cluster in the ACS/WFC F475W filter, taken 201 days apart. The images are centered on the star PHAT10.9645575
+41.500547, which is a candidate AGB star, and whose variation in brightness is evident.

candidates, in proportion to the 127rRazp
cluster.

We proceed computing the total F1I60W luminosity of the
candidate AGB stars:

F160W
LAGBC

area around every

Z 10— 0-4(F160W;—24.50— 337)

)
where 24.50 mag is the adopted distance modulus and
3.37 mag is the solar absolute magnitude in F160W (Will-
mer 2018). This quantity is computed for both the in-cluster
(Rsc < Ryp) and the background (2R, < Ry < 4R,p) samples,
and shown in the bottom row of Figure 12.

We finally derive two quantities of direct interest for studies
of stellar populations: the numbers of AGB stars and their total
luminosities per unit mass of the searched clusters, corrected by
the contamination from field stars, for every age bin:

NagBe _ > [NacBe,in — (Ain /Aou) NacBe,out] ©)

Mo, > Mo ’
LESY 3 LaGhein — (in/Aow) LiGieou] -

Mo > Mo ’
where “in” stands for the Ry < R, region, “out” for the

2R, < Ry < 4Ry, annulus, and Ay, /Aqy = 1/12 for their
relative areas. The summations are done over all clusters i
inside every age bin, including those without any AGB
candidate in their proximity.

All quantities needed to compute Equations (6) and (7) are
illustrated in the previous Figures 11 and 12. In particular,
NiGBc.in and AF(';%)QYH are illustrated in the left panels of
Figure 12, while M, is in the top-right panel of Figure 11. The
bulk contribution of the background stars to Equations (6) and
(7) (i.e., the terms (Ain /Aou) NacBe.out and (Ain /Aou) LG5 out)
in every mass and age bin, can be derived by simply
multiplying the numbers in the right panels of Figure 12 by
(1/12). In addition, we illustrate in Figure 13 the densities of
star counts and of the F160W luminosities in the background
sample. These densities differ from a uniform distribution
because of the Poisson noise, and possibly also because of the

subtle trends in the distribution of cluster masses and ages as a
function of galactocentric distance (hence field density). As can
be appreciated, the densities involved in the correction for the
background (median values for the entire samgle) amount to
0.0223 stars per arcsec” and 324 L per arcsec”, respectlvely

Finally, Figure 14 shows the Nygpe/Miow and LS /My
curves plotted as a function of age. To derive these curves, we
adopt the 0.3 dex wide binning in log ¢, but move the age bins
by small steps of 0.05 dex in log?, so as to avoid producing
features that depend on the exact location of the bin boundaries.

In addition, we estimate errors for all the quantities involved.
Errors in stars counts are taken as the square root of star counts,
while errors in cluster masses and F160W luminosities derive
directly from the tabulated values. The final errors follow from
the propagation of all errors into Nygg. /Mo and Fé%?v /Mtot,
under the assumption that they are independent. Since formal
errors in M, are very small (typically less than 10% per age
bin), errors in Nxgg./Mo are dominated by the Poisson noise
in Nagpe. Errors in LW /Mtot, instead, turn out to be
unrealistically small when computed this way, since they just
reflect the tiny errors in measuring the F160W fluxes of several
very bright stars. To include the stochastic fluctuations in the
number of AGB candidates into this estimate, we assume the
fractional error in L o / M to be at least as large as the one
in Nagec/Mior. These approximated (and possibly under-
estimated) error bars are also plotted in Figure 14. They
should be considered as order-of-magnitude estimates of the
random errors, only.

There are other possible errors still not taken into account in
the estimates above. For instance, errors related to crowding
include a small fraction of AGB candidates (~55 out of 937)
possibly being RGB stars scattered into the AGB region by
crowding errors, and the possible blending of a few AGB stars.
These errors are not taken into account because they amount to
just a few per cent in our present estimates (see Section 2.5),
which is much less than the errors caused by the Poisson noise
in the values of Nagg.. In addition, there are errors associated
with the variable AGB stars being observed at random phases
of their pulsation cycles. The latter tend to cancel out for large
samples, and should be small for the relatively faint AGB stars
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Figure 11. Distribution of the AP cluster data used in this work (not in bulge, with NIR photometry, with ages) on the log# vs. log M,y plane. They include all 2736
clusters available, regardless of the presence of AGB candidates. The top-left panel shows the number of clusters per age-mass bin and histograms for both mass and
age. The top-right panel shows the same for the total mass comprised in every bin. The bottom-left panel shows the mean area inside R, for all clusters in a bin. The

bottom-right panel shows the total area inside R, for all clusters in a bin.

located close to the F160W limit of our sample, which are more
likely to be low-amplitude pulsators; on the other hand, they
might be significant for the brighter and rarer AGB stars that
pulsate as large-amplitude Miras. Therefore, the variability
effect could be especially affecting our LEZAY /My, estimates.
However, all these errors are not easy to estimate. We believe
that a reliable determination of all the errors in Figure 14 can
only be reached with a large set of artificial clusters containing
variable AGB stars, being inserted into the original PHAT
images and having their data recovered exactly as the real
clusters.

Finally, one may wonder whether mass segregation between
the AGB stars and the other cluster stars that define R,,, may be
affecting our estimates as well. We consider it unlikely since:
(1) in theoretical isochrones (e.g., those by Marigo et al. 2017),
AGB stars have initial masses just ~10 % larger that the turn-
off stars, which are the less massive stars that can still
contribute significantly to the integrated optical light. More-
over, (2) most of the mass lost by the presently seen AGB stars
was lost in the <2 x 108 yr time elapsed since their TRGB (or
since the beginning of the core-helium burning phase for
intermediate-mass and massive stars) stage. These numbers
mean too small a mass difference, and too brief a timespan, for
significant mass segregation to take place in the relatively small
clusters that make the bulk of our sample.
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3.3. Comparison with Models

For comparison, in Figure 14 we overplot the same
quantities Nagee/Mioe and LESOW /M, as derived from the
PARSEC-COLIBRI family of isochrones, for initial metalli-
cities  between Z; = 0.01 (slightly = below  solar,
[M/H] = —0.18 dex) and Z; = 0.017 (slightly above solar,
[M/H] = 4+0.07 dex), which encompass the median values
observed across the M31 disk for galactocentric radii between 4
and 14 kpc (see Gregersen et al. 2015). These models are
available online” and are described in a series of papers
including Bressan et al. (2012), Chen et al. (2015), and Marigo
et al. (2017). Their TP-AGB sections result from a major effort
to provide models calibrated with observations of resolved
stellar populations, as described in Pastorelli et al. (2019,
2020). The quantities Nygpe /Mo and L/f(lﬁfcw / M, are derived
by generating, from the isochrones, the photometry of a
population with an initial mass of M, = 10’M, located at a
true distance modulus of 24.47 mag and with a foreground
extinction of Ay = 0.17 mag. Only stars that satisfy our catalog
cut (Equations (1) and (2)) are then considered in computing
Nagre and LESIW No attempt is made to include photometric
errors in these simulations.

The Nagpc. /Mo quantity is indicative of the product between
the lifetimes of AGB stars, Tagge, and the rate that stars leave

x http://stev.oapd.inaf.it/cmd
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Figure 12. Top row: distribution of the AGB candidates in the log? vs. log M, plane, together with cumulative histograms for both quantities. The top-left panel
shows the number of AGB candidates inside the Ry. < Ryp, while the top-right shows the numbers in the “background sample” at 2R,, < Ry. < 4R, for which we
attribute the same cluster ages and masses as for the stars in Ry < R,p,. The bottom row shows the same for the total luminosity of these stellar samples in the F160W

filter.

the previous evolutionary stages, bA%B(¢), as the stellar
populations age, that is:

—1
dteHe

dM;

NaGBe

®)

tot

(1) o TagBc(MT0) X @ pprs X ‘
Mi=Mro

(see Girardi & Bertelli 1998), where Mg is the turn-off mass
corresponding to the age t, ¢, is the relative number of these
stars as predicted by the initial mass function, and dt.y. /dM; is
the rate at which the stellar age at the end of core He-burning
phase changes with the initial mass. In general, all these
quantities are well-behaved across very wide intervals of ¢, with
the only exceptions of f.q., which has a major wiggle at
1.6 Gyr (see Girardi et al. 2013), and of 7pgg. Which is
expected to vary a lot as a function of both population age and
initial mass, as already said. But given this proportionality, the
plot of Nygpe /Mo should approach zero at the two extremities
of the total age interval, since the lifetimes of all cool giants are
expected to be zero for the very young clusters containing only
blue and yellow supergiants, and becomes very short again at
very old ages, as the AGB phase become short-lived and shifts
to sub-TRGB luminosities. This is indeed the case, as can be
appreciated in Figure 14. We interpret this result as the
consequence of performing a good field subtraction in
Equation (6).
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Then, the Nygp./M;ox curves present a strong peak at ages
7 < log(t/yr) < 7.6. The same peak is evident in the stellar
population models. They result from the cool evolutionary
stages of massive stars, with masses around ~12M,, compris-
ing part of the red core-helium burning phase, and the evolution
from central He-exhaustion up to C-ignition in the core.
Observationally, these stars are usually referred to by the
generic name of “RSGs.” In the models we plot, their numbers
generally increase with increasing metallicity. This increase is
mainly the result of the Hayashi line systematically moving to
cooler effective temperatures as the metallicity increases, hence
moving increasing sections of the isochrones to the red of our
color cut at F110W—F160W > 0.88 mag.” The comparison in
Figure 14 suggests that good agreement between data and
models could possibly be obtained at metallicities intermediate
between the values Z; = 0.01 and 0.017. However, reprodu-
cing this curve is beyond the scope of the present paper, and it
would require a careful consideration of the metallicities
sampled in the M31 cluster data. From the point of view of the
present work, the main conclusion turning out from the
comparison is that this peak in the age distribution of cool
giants is well explained by the models, but is not related to
AGB stars.

The most significant comparison, instead, is for the
8 < log(t/yr) < 10.1 age interval, to the right of the vertical
gray line, for which the sample is expected to be dominated by
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and (7). The top panel is for the number of AGB candidates, the bottom panel
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AGB stars. The Nyge./M;o: curve is observed to decrease
almost steadily over this wide age interval, with values going
from an initial ~50 stars per million solar masses formed at
10® yr, down to just ~5 at very old ages. But this decrease is
marked by significant up-and-down jumps over the entire age
interval. The most significant of these features is a temporary
decrease in the numbers of stars for ages
8.5 < log(t/yr) < 8.8, where the Njygp./M, curve drops
from ~40 down to ~20 X 10*6M5 ! Later on, as the curve
enters in the regime of very old ages (log(z/yr) > 10), it drops
again from ~20 down to ~5 x 10°°M_'. We note that the
drop at 8.5 < log(¢/yr) < 8.8 coincides with the transition
point between CMD ages from Johnson et al. (2016) and
integrated-light ages from Beerman (2015), so we cannot
exclude that it reflects some bias in the ages assigned to the
sample.

Comparison with the model values indicate that the predicted
numbers of AGB stars are in the observed range, considering
the error bars, except for a few discrepancies: (1) there is no
drop predicted for the star counts in the 8.5 < log(¢/yr) < 8.8
interval, where model values are at least twice larger than the
observed ones. In the models, Nagp. /Mo actually presents a
peak inside this age interval, which is more evident at sub-solar
metallicities. This peak occurs mainly because of a steep
increase in the lifetimes of TP-AGB stars, just before their
maximum values are reached at log(¢/yr) ~ 9 (see also Girardi
& Marigo 2007; Marigo et al. 2017; Pastorelli et al. 2019). (2)
At ages 9.2 < log(t/yr) < 9.4, models predict slightly fewer
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AGB stars than observed. This age interval corresponds to stars
in the TP-AGB phase only, and their numbers present a small
dependence on metallicity. It is also the age range in which the
“AGB boosting” effect appears in the MC clusters (Girardi
et al. 2013). (3) Another discrepancy is evident for the oldest
clusters, in the bins at ages log(z/yr) > 9.5. Theoretical models
of single stars predict very few, if any, AGB stars brighter than
the TRGB at these ages, while the data seem to suggest their
presence at levels between 20 and 5 x 10-° M_'. The stars
observed could be the progeny of close binaries evolved
through the blue straggler phase, but their numbers appear
definitely too high considering that the most massive globular
clusters in the MW present just a handful of blue stragglers,
which become much less likely to be observed after evolving
into the AGB. Instead, the problem could be in the
uncertainties we already mentioned throughout this paper,
which become more serious at the limit of old ages. Indeed, the
data for old ages depend on a handful of very massive clusters,
with My, = 10°M,, (see top-left panel in Figure 12), including
some of the objects which probably have the most serious
problems with crowding.

To explore if crowding can really be a serious issue for the
oldest clusters, Figure 15 presents the F160W Iuminosity
functions of candidate AGB stars in the clusters, compared to
the luminosity function of the background sample, separated in
four wide age intervals. As can be noticed, the properties of the
background stars are more or less the same in all age bins, and
they are concentrated at F1I60W > 17 mag. For the stars likely
to be cluster members (i.e., for the difference between the “in”
and “out” histograms in the figure), there is a clear trend of
younger age bins having brighter AGB candidates, as expected.
They appear as an excess of stars with 16 < F1I60W < 17.5 in
the 8 < log(¢/yr) < 8.5 age bin, and as an excess at
16.5 < F160W < 17.5 in the 8.5 < log(t/yr) < 9 age bin.
For the oldest age bins, instead, the distributions are clearly
concentrated at the faintest luminosities. Although a peak at the
faintest magnitudes (F160W ~ 18 mag) appears for all age
bins, this peak is especially remarkable in the oldest age bin,
with log(¢/yr) > 9.5. This serves as a warning that crowding
of bright RGB stars could be, for these old clusters, an issue
more serious than previously inferred in our previous
Section 2.5. Alternatively, we could be witnessing an
unexpected excess of AGB stars in M31 old clusters, or very
serious errors in their ages.

Finally, the right-hand panel in Figure 14 plots the quantity
LESOW /Mo 1t is presented here primarily as proxy for the
contribution of AGB stars to the NIR light of stellar
populations (see e.g., Melbourne et al. 2012). The interpreta-
tion of this latter plot is not so obvious. Leaving the
discrepancies at very young ages aside, and concentrating on
the age interval that corresponds to AGB stars (log(z/yr) > 8),
we notice the following: first, it is evident that the models
reproduce the correct level of LESOW /M in the initial
8.0 < log(t/yr) < 8.5 interval, but for later ages they either
underestimate or overestimate the observed luminosities by
factors often in excess of 2. These discrepancies partially reflect
the discrepancies already noticed in the Nygpe /Mot plot. The
discrepancy seems particularly dramatic as we approach ages
log(t/yr) > 10—where the model values fall to zero, since no
stars above the TRGB are predicted at those ages.

To conclude, we invite the readers to appreciate the general
level of agreement between the data and the behavior expected
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Figure 14. Numbers and luminosities of bright red giants per unit mass of stellar populations, at varying age, as derived from our data and compared to stellar
population models. The left panel shows the numbers of AGB candidates observed in every age bin, divided by the total mass of all the clusters in the same bin
(orange line). Age bins have a fixed width of 0.3 dex in log(age), and are allowed to move over the interval from very young to very old cluster ages at steps of 0.05
dex. The continuous red, green, and blue lines show the same quantity, derived from the PARSEC-COLIBRI model isochrones, for three values of initial metallicity,
and again averaged over 0.3 dex wide age intervals. The dashed lines refer to the stars in the TP-AGB section of the isochrones only. The vertical gray line at
log(7/yr) = 8 separates the broad age ranges where the star counts are expected to be free of AGB stars, and dominated by AGB stars. The right panel shows, for the
same data and sets of models, the total stellar luminosity of bright red giants in the F160W filter, relative to the solar luminosity in the same filter, and per unit mass of
stellar populations. In both panels, the filled areas indicate the approximate (and probably underestimated) 1o errors of the data.

from models, over the very wide age interval under considera-
tion, rather than focusing on the localized discrepancies. Given
the all sort of limitations we already mentioned—such as the
high level of field contamination, the great uncertainties
possibly affecting cluster ages and aperture radii, the lack of
more extensive simulations of effects of crowding, etc.—this
overall agreement was not expected beforehand. It indicates the
great potential of these data to offer quantitative constraints to
stellar evolution models.

4. Closing Remarks

In this paper, we present a list of candidate AGB stars in
M31 star clusters, derived from PHAT NIR photometry added
to the AP cluster catalogs built (mainly) from PHAT optical
photometry.

The entire data is made available as a High Level Science
Product at the MAST.? It includes a table with all data used in

26 http:/ /archive.stsci.edu /hlsp /phatagb
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this paper, and “finding charts” for all clusters with AGB
candidates, as those illustrated in Figures 4—6. The tabulated
data comprise all the quantities already described in Williams
et al. (2014) for the photometry of individual stars, together
with the cluster data from the AP catalog from Johnson et al.
(2015), and their age and mass estimates computed as in
Fouesneau et al. (2014) and Beerman (2015). To all these data,
we add just a few quantities derived in this paper, like the
distance of stars from the cluster center (Ry.; Section 2.4), a flag
to point stars potentially misclassified by crowding, and the
RGB density (Section 2.5). We also add the spectral
classification (Sections 2.6 and 2.7) and a variability flag
(Section 2.8), for the stars for which this information is
available.

Out of an initial list of 937 candidates, nearly half (467) are
likely field stars appearing by chance within the cluster aperture
radius (Section 2). Moreover, out of the 791 candidates with
valid cluster ages, 295 belong to clusters that are too young to
host an AGB population. These stars are probably not AGB
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functions of the stars effectively used as the background sample (“out,” for 1/12 of the luminosity function of the sample with 2R, < Ry < 4Ryp).

stars but younger “RSGs” of different kinds (Section 3). Taking
these fractions into consideration, our catalog contains ~294
stars which are very likely AGB members of star clusters in
M31. This number exceeds by a factor of ~2 any other list of
AGB stars in clusters, including those for the MCs which have
driven so much progress in our understanding of this
evolutionary phase.

Therefore, the present sample of candidate AGB stars might
be a treasure trove for future studies of stellar evolution. For
instance, they might help to set clearer constraints on the mass
and age intervals that allow for the formation of C and S stars,
and their luminosities, and allow a more direct assessment of
their evolutionary lifetimes. These constraints are badly needed
at the high metallicities that characterize M31 and the MW
galaxy. Similar studies in the MW clusters do not appear that
promising, given the small samples of stellar clusters available
in optical surveys (from where ages are better determined), and
their small masses. Although Gaia, the Rubin Observatory
Legacy Survey of Space and Time, and future wide-area high-
resolution NIR surveys (e.g., with the Nancy Grace Roman
Space Telescope) might improve this situation, having a
sample of clusters observed from outside, and with a good
understanding of their contaminating foreground/background
like in M31, will certainly help.

Many of the population studies enabled by the present
catalog will, however, require follow-up observations of some
kind, and more evidently: (1) spectroscopy to determine the
spectral types of the TP-AGB candidates (broadly speaking,
into M, C, S, dust-obscured, and CN-weak subtypes, see e.g.,
Hamren et al. (2015) and the examples in Section 2.7), and
hopefully their radial velocities compared to the clusters for
membership probabilities; or alternatively (2) narrow/medium-
band photometry for a more efficient C/M classification (see
Boyer et al. 2013, 2019, and Section 2.6); (3) time series
photometry to identify long-period variables (as in Section 2.8)
and to determine their pulsation periods and modes, either with
adaptive optics or with future space-based NIR facilities like
the James Webb and Roman space telescopes; (4) higher
resolution, deeper optical photometry for improving cluster age
determinations. The present catalogs are released especially to
motivate such follow-up efforts.

However, it is also clear that the M31 sample, as a whole,
will be much more affected by the problems of field
contamination and age uncertainties than the AGB star samples
already studied in the MCs clusters. They will therefore require
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careful analysis of membership probabilities and simulations of
measurement errors in the stellar photometry, and in the cluster
ages and masses. These aspects will be more thoroughly
discussed in a forthcoming paper, where the M31 sample will
be compared with a similar sample from M33 (HST-GO-
14610, PI: Dalcanton).

This research is based on observations made with the
NASA/ESA Hubble Space Telescope obtained from the Space
Telescope Science Institute, which is operated by the Associa-
tion of Universities for Research in Astronomy, Inc., under
NASA contract NAS 5-26555. These observations are
associated with HST programs GO-12055 and GO-14072.
We acknowledge the support from the ERC Consolidator Grant
funding scheme (project STARKEY, G.A. n. 615604). We
thank the anonymous referee for the detailed report and useful
suggestions.
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