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Abstract

Stars with unusual properties can provide a wealth of information about rare stages of stellar evolution and exotic
physics. However, determining the true nature of peculiar stars is often difficult. In this work, we conduct a
systematic search for cool and luminous stars in the Magellanic Clouds with extreme variability, motivated by the
properties of the unusual Small Magellanic Cloud star and Thorne-Zytkow Object (TZO) candidate HV 2112. Using
light curves from ASAS-SN, we identify 38 stars with surface temperatures 7 < 4800K, luminosities
log(L/L.) > 4.3, variability periods >400 days, and variability amplitudes AV > 2.5 mag. Eleven of these stars
possess the distinctive double-peaked light-curve morphology of HV 2112. We use the pulsation properties and
derived occurrence rates for these 12 objects to constrain their nature. From comparisons to stellar populations and
models, we find that one star may be a red supergiant with large-amplitude pulsations. For the other 11 stars, we
derive current masses of ~5-10 M., below the theoretical minimum mass of ~15 M, for TZOs to be stable, casting
doubt on this interpretation. Instead, we find that the temperatures, luminosities, mass-loss rates (MLRs), and periods
of these stars are consistent with predictions for super-asymptotic giant branch (s-AGB) stars that have begun carbon
burning but have not reached the superwind phase. We infer lifetimes in this phase of ~(1-7) x 10% yr, also
consistent with an s-AGB interpretation. If confirmed, these objects would represent the first identified population of
s-AGB stars, illuminating the transition between low- and high-mass stellar evolution.

Unified Astronomy Thesaurus concepts: Massive stars (732); Asymptotic giant branch stars (2100); Variable stars

(1761); Chemically peculiar stars (226); Light curves (918); Photometry (1234)

1. Introduction

The vast majority of stars fall into well-established and
understood categories. Smaller populations of stars with
unusual properties may be difficult to classify, but provide
vital insights into short-lived stages of stellar evolution, exotic
physics, and uncertain final fates. HV 2112, a red and luminous
star in the direction of the Small Magellanic Cloud (SMC), is
one such star that has eluded conclusive classification. In this
work, we explore the photometric and variability properties of
HYV 2112 and establish that there exists a broader population of
stars with similar properties to HV 2112, which may provide
insight into its stellar identity.

HV 2112 recently gained significant notoriety when
identified by Levesque et al. (2014) as a candidate Thorne—
Zytkow Object (TZO), but its true nature has been contro-
versial. While briefly proposed to be a foreground S-type star in
the Milky Way (Maccarone & de Mink 2016), new astrometric
data from the Gaia satellite indicate that HV 2112 is a true
member of the SMC (McMillan & Church 2018). At the
distance of the SMC, two main proposals for the identity of

! Carnegie Fellow.

HV 2112 remain: a TZO or a super-asymptotic giant branch
(s-AGB) star. We introduce these possibilities below.

1.1. Thorne—Zytkow Objects

TZOs are a hypothetical class of stars that contain neutron
stars (NSs) at their cores (Thorne & Zytkow 1975, 1977).
Surrounding the NS and its thin, hot atmosphere is a fully
convective, hydrogen-rich envelope. TZOs can be classified as
either giants or supergiants based on the mass of this envelope.
The giant and supergiant classes of TZOs have different
formation channels, physical properties, and observational
signatures. While giant TZOs are powered predominantly by
accretion onto the central NS, the luminosity (and pressure
support) in supergiant TZOs comes predominantly from
nuclear reactions at the base of the convective envelope.
Notably, there is a predicted luminosity and mass gap between
stable TZO solutions of the giant and supergiant types
(Cannon 1993). In this paper, we focus on the supergiant class
of TZOs, as this class would be required to explain the
luminosity of HV 2112. Henceforth, we refer to supergiant
TZOs as “massive TZOs” or simply “TZ0s.”
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There are two proposed formation channels for massive
TZOs. In one, the TZO is formed by an asymmetric SN kicking
an NS into its red supergiant (RSG) companion (Leonard et al.
1994). In the other, TZOs are hypothesized to be a possible
evolutionary outcome for high-mass X-ray binaries (HMXBs)
with periods less than 100 days (Taam et al. 1978). Here, the
NS is dragged into the companion star when the system
undergoes common envelope evolution but fails to eject the
envelope (Thorne & Zytkow 1975, 1977; Cannon et al. 1992).
In both cases, the NS eventually merges with the core of
the RSG.

The existence of TZOs remains an open question. While the
initial theory papers presented arguments for TZOs being a
stable stellar configuration once formed (Thorne & Zytkow
1977; Cannon 1993), there are some suggestions that TZOs
may be unable to form through the common envelope evolution
channel because the inspiralling NS would eject the envelope
completely (Papish et al. 2015). In addition, Fryer et al. (1996)
argued that TZOs would not be stable at all, with the NS
undergoing enough accretion to collapse into a black hole.

As a result of these uncertainties, the lifetimes and rates of
TZOs are poorly constrained. A massive TZO will become
unstable when nuclear fusion ceases, either due to the depletion
of fusible elements or due to the envelope mass falling below
the minimum (~14 M, which combined with a ~1M, core
gives a total mass of the TZO of ~15M_,) required to maintain
the requisite physical conditions at the base of the convective
region, most likely due to strong mass loss (Cannon 1993;
Podsiadlowski et al. 1995). Based on these considerations,
Cannon (1993) and Biehle (1994) estimate a TZO lifetime of
~10°-10° yr.

Podsiadlowski et al. (1995) estimate a formation rate of
~2 x 107* yr~! in the Galaxy, from which an estimated
20-200 TZOs could populate the Milky Way. However, no
candidates have been identified in the Milky Way to date,
possibly implying a shorter lifetime of the TZO phase.
Understanding the existence or prevalence of TZOs would
clearly inform binary population synthesis models and stability
of the TZO phase.

Searching for TZOs has been historically difficult. Photo-
metrically, TZOs should resemble RSGs with a range of
luminosities (e.g., Figure 3 of Cannon et al. 1992) and
extremely cool temperatures (Thorne & Zytkow 1977). The
spectra of massive TZOs, however, will be enriched with
unusual abundances of isotopes not found in normal RSGs. The
extremely high temperatures in the atmosphere of the NS
facilitate a particular type of nucleosynthesis—the interrupted
rapid proton (irp) process—that can create elements such as
Mo, Rb, Y, and Zr (Biehle 1994). TZOs should also have
enhanced abundances of 'Li due to the ’Be-transport mech-
anism (as in Cameron 1955). These elements will be dredged
up through the fully convective envelope to the surface of the
star (Podsiadlowski et al. 1995).

There have been unsuccessful spectroscopic searches for
TZOs in the past (Vanture et al. 1999; Kuchner et al. 2002),
and to date HV 2112 is the best candidate. Levesque et al.
(2014) found that HV 2112 had a luminosity typical of RSGs
and used a comparative line ratio analysis to argue that it
displayed enhancements in several of the key elements
expected in TZOs: Li, Rb, and Mo. Notably, Smith & Lambert
(1990) had also previously identified HV 2112 as a luminous
AGB star with an excess of lithium. However, the full set of
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abundances of HV 2112, and implications for its origin,
remains under debate. With their analysis, Levesque et al.
(2014) also argued that an unexpected calcium enhancement
was present in HV 2112—which has not explicitly been
predicted from the irp process—while Beasor et al. (2018)
argue that, when compared to the spectra of a different control
sample of stars, HV 2112 does not show enhancements in
either Rb or Ca.

1.2. Super-asymptotic Giant Branch Stars

Whether the properties of HV 2112 are more consistent with
the late evolutionary stages of single stars has also been
explored. In particular, s-AGB stars represent the late
evolutionary stages of intermediate-mass stars that are massive
enough to ignite carbon burning off center, leading to a
degenerate O—Ne core. This is in contrast to normal AGB stars,
which only progress to helium burning. The typical mass range
for s-AGB stars is 6.5-12 M., (Garcia-Berro & Iben 1994),
though at low metallicities, this lower bound can extend to
~5 M, (Girardi et al. 2000; Doherty et al. 2017). These stars
are near the ends of their lives and are undergoing thermal
pulses. s-AGB stars are an important connection between
low-mass and high-mass stellar evolution and may be the
progenitors of electron capture supernovae (Miyaji et al. 1980;
Doherty et al. 2017).

Like TZOs, s-AGB stars are also expected to show
enhancements of lithium (Cameron & Fowler 1971) and heavy
elements such as Mo and Rb (Karakas & Lattanzio 2014). To
date, there have been no confirmed s-AGB stars, though one
strong candidate in the SMC has been identified (Groenewegen
et al. 2009). However, significant work has been done on
modeling the evolution of s-AGB stars through the carbon-
burning phase (Doherty et al. 2010, 2014a, 2014b, 2015;
Siess 2010; Jones et al. 2013). s-AGBs are more luminous than
typical AGB stars and are expected to sit in a similar area of the
Hertzsprung—Russell diagram (HRD) as RSGs, though they
may have colder temperatures. Variability has been posited as a
possible avenue for distinguishing s-AGBs from RSGs, as
s-AGB stars could have much higher variability amplitudes,
similar to the variability observed in some normal AGB stars
(Mira variables; Doherty et al. 2017).

Tout et al. (2014) investigated whether HV 2112 could be an
s-AGB star. While the photometric observations of HV 2112
matched predictions of s-AGB properties, Tout et al. (2014)
determined that the calcium enhancement in the spectrum of
HV 2112 could not be explained by s-AGB nucleosynthesis
processes but could be created during the formation of a TZO.
However, a more recent examination of the spectroscopy of
HYV 2112 by Beasor et al. (2018) suggests that HV 2112 does
not have enhancements of Ca, Rb, or Mo, showing only an
enhancement of Li, and has a luminosity more consistent with
an intermediate-mass AGB star than with a TZO.

1.3. This Work

Should HV 2112 be either a TZO or s-AGB star, it would be
the first confirmed case of either identity. One means to assess
its true nature is to determine whether or not it belongs to a
larger population. In particular, while large-scale spectroscopic
surveys capable of detecting abundance anomalies are still
ongoing, HV 2112 is also distinguished by its variability. Its
light curve has a period of ~600 days and a V-band variability
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amplitude of more than 4 mag (Kochanek et al. 2017). This
level of variability is not standard for its estimated luminosity
of log(L/Ls) ~ 5.0; typical RSG V-band variability is of the
order of 1 mag (Josselin et al. 2000; Levesque et al. 2007;
Soraisam et al. 2018).

In this paper, we characterize the optical variability of HV
2112 in order to carry out a systematic search in the Magellanic
Clouds for more objects at similar luminosities and tempera-
tures that display this type of extreme variability. These objects
will be called “HV 2112-like-objects” (HLOs). We assess the
physical properties of 11 HLOs we identify, as well as 27 other
highly variable, luminous, cool stars to determine their possible
nature.

By conducting a systematic survey for a population of these
objects, we will be able to discuss rate and lifetime expectations
for either a TZO or s-AGB star identity. Additionally, details of
the variability of HV 2112 and the HLOs can provide important
clues to their internal structure. In particular, fundamental-
mode pulsations are sensitive to the mean density of stars and
hence offer a means to probe their current mass if information
on their current radius and stellar structure are known. As
described above, massive TZOs are hypothesized to require
total masses of at least 15 M, to sustain the rapid-p process
needed to provide the pressure support required for a stable
stellar structure, although the precise mass depends on the
convective efficiency (Cannon 1993; Podsiadlowski et al.
1995). Should details of the stellar pulsations indicate that the
current mass of HV 2112 or any of the HLOs is below this
limit, it would cast doubt on a TZO identity.

In Section 2, we describe our selection of the HLOs, and in
Section 3 report the observational data available for them. We
analyze the observed properties of the 11 newly identified
HLOs in Section 4 and constrain their physical properties as
compared to known populations of stars in Section 5. The rates
and lifetime expectations for the HLOs, should they be TZOs
or s-AGB stars, are explored in Section 6. Finally, we discuss
our results in Section 7.

2. Sample Selection

Our goal is to identify a sample of stars with photometric
properties and variability similar to those of HV 2112. Here, we
describe the optical variability of HV 2112 and use this to
define a set of criteria to identify HLOs. For this work, we
focus on the stellar populations of the Large Magellanic Cloud
(LMC) and SMC. The distances to these systems are well
constrained, extinction in the direction of the Clouds is low,
and contamination from foreground dwarfs can be removed
using Gaia astrometry (Gaia Collaboration et al. 2018a). In
addition, the photometric variability of the Clouds has been
monitored for more than 30 yr through projects such as OGLE
(Udalski 2003), ASAS (Pojmanski 2002), MACHO (Alcock
et al. 1997), and the All-Sky Automated Survey for Supernovae
(ASAS-SN; Shappee et al. 2014; Kochanek et al. 2017).

2.1. ASAS-SN Photometry

For the purposes of candidate selection, we use V-band light
curves from ASAS-SN. ASAS-SN consists of 20 telescopes
spread among five four-telescope arrays with coverage in both
the northern and southern hemispheres. Through normal survey
operations, ASAS-SN images the entire night sky to a limiting
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magnitude of m, ~ 18.5 mag with a ~1 day cadence. Each
ASAS-SN camera has a 4.5 deg” field-of-view, 8” pixels, and
typical point-source FWHM of ~2 pixels. With all-sky
coverage, ASAS-SN data have already been used extensively
for the analysis of Milky Way variable stars (Jayasinghe et al.
2018, 2019a, 2019b, 2020a, 2020b, 2020c; Pawlak et al. 2019;
Percy 2019; Shields et al. 2019; Auge et al. 2020).

ASAS-SN imaged the LMC and SMC in the V band for
approximately 4.5 yr with two arrays between 2014 May and
2018 September, with a typical cadence of 1-2 days and a
limiting magnitude of my ~ 17.5 mag. (Beginning in 2017
September ASAS-SN added three g-band arrays and in 2018
September ASAS-SN switched the southern V-band array to g
band.) For our sample selection, we use light curves calculated
over this entire time range. Aperture photometry was extracted
for each epoch as described by Kochanek et al. (2017) using
the IRAF apphot package with a 2 pixel radius aperture.
Photometric errors were recalculated as described by Jayasinghe
et al. (2019b), and the AAVSO Photometric All-Sky Survey
catalog (APASS; Henden et al. 2015) was used for calibration.
On average, there are approximately 910 V-band epochs for each
SMC/LMC star.

While ASAS-SN has large pixels and the Magellanic Clouds
are crowded, as described below, the stars we select are all very
Iuminous. As a result, most dominate the flux at their location,
and the primary effect of blending is to decrease the ASAS-SN
limiting magnitude to ~16.5—17 mag. This will not impact our
results. We use the aperture photometry light curves for this
selection process. Image subtraction light curves (described in
Section 3.1) are used for the more substantial analysis of
the HLOs.

2.2. Variability of HV 2112

HV 2112 has been identified as optically variable for more
than 50 yr, appearing in the Harvard Variable catalog (Payne-
Gaposchkin & Gaposchkin 1966) with an amplitude of
4.8 mag and a ~600 day period. Modern observations of its
variability were performed with OGLE and ASAS, which
yield variability amplitudes of ~2.2 mag and >2.1 mag in the
I band and V band, respectively (light curves from these
surveys are shown in Appendix A). Mid-infrared variability
was also observed by Glass (1979), with HV 2112 showing
amplitudes of at least 0.87, 1.02, and 0.95 mag in the J, H, and
K bands, respectively.

In Figure 1 we show the ASAS-SN V-band light curve of HV
2112. It has a peak-to-trough variability amplitude of ~4 mag and
a peak-to-peak period of ~600 days. This level of variability is
unusual for stars with luminosities of log L/L, ~ 5, as estimated
for HV 2112 (Glass 1979; Levesque et al. 2014; Beasor et al.
2018). Instead, it is more typical of Mira variables, pulsating
AGB stars, defined in the General Catalog of Variable Stars
(GCVS; Samus’ et al. 2017) as having visual amplitudes greater
than 2.5 mag and periods ranging from 100 to 1000 days
(though periods between 200 and 500 days are more typical).
However, AGB stars have a maximum luminosity of log(L/
Le) = 4.74 (Paczyniski 1970).

The light-curve morphology of HV 2112 is also unusual; it
displays a prominent “double-peak™ feature during the rising
phase, as highlighted in Figure 1. Unfortunately, there was a
seasonal gap in the observations around 7500 days, so it is
unclear if this feature is present in every pulsation cycle. There
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Figure 1. ASAS-SN V-band light curve of HV 2112. The color corresponds to
the approximate phase of the light curve—red at the peaks and green/blue in
the troughs. We have highlighted the double-peak feature mentioned in the text
with gray vertical shading and indicated the mean V-band magnitude.

is also some cycle-to-cycle variation in the peak V-band
magnitude.

This morphology is atypical for both RSGs, whose light
curves tend to be complex and only semiregular, and Mira
variables, which tend to be regular and symmetric. However, we
note that Lebzelter (2011) find that approximately ~30% of
Mira variables deviate from a strictly sinusoidal morphology. In
addition, a double-peak feature has been observed in some Mira
variables and other large-amplitude pulsators (Ludendorff 1928;
Keenan et al. 1974; Vardya 1988; Marsakova & Andronov 2007)
and has been attributed to shocks propagating through the stellar
atmosphere (Kudashkina & Rudnitskij 1994).

2.3. Criteria for Identification as an HLO

Using the photometric and variability properties of HV 2112
as a baseline, we define a set of selection criteria to identify
luminous, cool, and highly variable stars in the SMC/LMC.
Our goal is to select stars with physical properties as similar to
HV 2112 as possible.

To be considered an HLO, a star must:

1. be a luminous and red star (Section 2.4) with astrometry
consistent with membership in the LMC or SMC
(Section 2.5);

2. be confirmed as a variable star within the sensitivity
limits of ASAS-SN (Section 2.7);

3. have a variability amplitude >2.5 mag in the V band
(Section 2.8); and

4. have a light-curve morphology similar to that of HV 2112
(Section 2.9).

In the sections below, we describe each of these criteria in
more detail. In Table 1 we summarize the number of star that
pass each successive cut.

2.4. Selection of Luminous and Cool Stars

To construct a sample of cool and luminous stars in the
Magellanic Clouds, we first select all sources in the 2 Micron All-
Sky Survey (2MASS; Skrutskie et al. 2000) in the direction of the
Clouds. Sources were taken in a 4°5 radius centered at o =
80.89417, 6 = —69.75611 (J2000) for the LMC and a 1275 radius
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Table 1
Sample Construction

Criterion SMC LMC
2MASS Sources 207,074 1,312,804
Color—Magnitude Cuts 917 3307
Gaia Astrometry Cut 633 2897
High Variability 12 37
HAVs 3 24
HLOs 7 5

Note. Each row displays the number of stars remaining after applying each
selection criteria for defining HLOs. Note that the number of HAVs does not
include the HLOs.

centered at v = 13.15833, 6 = —72.80028 (J2000) for the SMC.
This initial sample contained 1,312,804 sources in the LMC and
207,074 sources in the SMC.

Subsequently, we use the ATLASY9 model atmospheres
(Castelli & Kurucz 2004) to define a set of color and magnitude
cuts. Our goal was to identify stars with T < 4800 K and
luminosities greater than log(L/Ly) ~ 4.2. These criteria are
designed to include the TZO models of Cannon et al. (1992)
and the RSG branch at a range of metallicities, while excluding
most lower-mass AGB stars. In the end, we select LMC stars
with (J — K;) > 0.9 mag and K, < 10.2mag and SMC stars
with (J — K;) > 0.587 mag and K, < 10.6 mag.

We choose to adopt flat K-band cuts because for stars in our
temperature range of interest, the K, band is near the peak of
their spectral energy distribution and is hence a reasonable
proxy for luminosity. We estimate that we are complete down
to a luminosity of log(L/L) ~ 4.2 and ~4.3 in the LMC and
SMC, respectively, for stars with 4800 K > T, > 3200 K.
These cutoffs also roughly correspond to the ASAS-SN V-band
limit of ~17 mag for stars in this temperature range. The
possibility of a population of cooler or heavily dust-enshrouded
stars will be discussed below. These cuts select 3307 and 917
cool and luminous stars in the direction of the LMC and SMC,
respectively.

2.5. Removal of Foreground Sources with Gaia DR2

In order to minimize contamination from foreground dwarfs,
we filtered our sample based on proper motion (i, ts) and
parallax (7) measurements from Gaia Data Release 2 (DR2;
Gaia Collaboration et al. 2018a). We follow a procedure
modeled closely on that described by Gaia Collaboration et al.
(2018b). We define a three-dimensional filter in ., s, and 7
based on a sample of highly probable SMC/LMC members.
This filter is then applied to all 4224 luminous and red stars,
except for 86 stars, which did not have matches in the Gaia
database, in order to assess their consistency with the observed
kinematics of the SMC/LMC.

To define the filter, we first select all Gaia DR2 sources
within 4° and 3°1 of the LMC and SMC centers defined above,
respectively, with Gaia G > 18 mag. We then exclude all
sources with /0, > 4 and 0.7 mag < (Gpp, — G;p) < 1.1 mag
to eliminate likely foreground dwarfs. The latter criterion
removes the yellow region of the color-magnitude diagram,
which has been shown to be heavily contaminated by
foreground dwarfs (e.g., Neugent et al. 2012). We subsequently
determine the median proper motions and parallaxes for the
remaining stars and further exclude any sources with
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parameters that deviate by more than four times the robust
scatter estimate in j,, s, or m.'>

After applying these cuts, we are left with 906,367 and 190,594
highly probable members of the LMC and SMC, respectively.
These samples have median proper motions of (i, ts) = (1.82,
0.29) and (0.71, —1.22) mas yr ', respectively, which agree well
with the center-of-mass proper motions of (4., is) = (1.89, 0.31)
and (0.69, —1.23) mas yr ', respectively, from Gaia Collaboration
et al. (2018b). We use these samples to define a covariance matrix
o for the variables pt = (i, s, ™) for each galaxy. We remove
objects with ;7o "ju > 12.8 as probable foreground dwarfs. This
filter identifies stars that fall outside the region that contains 99.5%
of likely SMC/LMC members. The effect of choosing this
particular threshold on the purity and completeness of our final
sample is discussed in Section 2.11. After removing all likely
foreground dwarfs from our sample, we are left with 2897 and 633
luminous and cool stars in the LMC and SMC, respectively, for a
combined total of 3530 stars.

2.6. Determination of Basic Variability Properties

In order to assess which luminous and red stars in the
Clouds have variability properties similar to HV 2112,
we begin by using the ASAS-SN aperture photometry
light curves to determine basic variability properties for the
entire sample. We calculate the mean and median V-band
magnitude, rms light-curve variation, and peak-to-peak
amplitude AV over the ~4.5 yr of ASAS-SN V-band
coverage. All properties were calculated after removing
points with magnitude errors >0.3 mag. Variability ampli-
tudes were calculated using only ASAS-SN detections, not
upper limits, and we performed sigma clipping—removing
points more than four standard deviations away from the
mean—to mitigate incorrect amplitudes due to outliers. The
top panel of Figure 2 shows the mean magnitude versus the
V-band variability amplitude AV for the complete sample.
HV 2112 is highlighted in blue and is clearly separated from
almost all other sources.

For 242 sources in our sample, >90% of the ASAS-SN
light-curve points yield nondetections, precluding a detailed
assessment of their variability. These stars still passed our
initial color and magnitude cuts, indicating they are likely very
red, possibly self-extincted. We remove these sources from
further consideration, leaving 2670 in the LMC and 618 in the
SMC for a total of 3288 sources. The impact of this on sample
completeness is discussed in Section 2.11.

2.7. ASAS-SN Sensitivity to Intrinsic Variability

The sensitivity of ASAS-SN photometry to intrinsic
variability as a function of magnitude for point sources within
crowded regions—such as in the Magellanic Clouds—has not
previously been explored. The impact of this sensitivity is
evident in Figure 2 where some bright stars ((my) ~ 10 mag)
have measured variability amplitudes of <0.2 mag, while no
star with (my) ~ 15 mag has a measured amplitude less than
0.65 mag. This effect may partially be caused by selection
effects, but it is important to ascertain whether the measured
amplitudes are real. In order to determine whether the

12 This follows the procedures of Gaia Collaboration et al. (2018b). The robust
scatter estimate (RSE) is defined as RSE ~ 0.39 x (Pyy — P19) where Poj and
P are the 90th and 10th percentile values of the distribution, respectively. If
the distribution is Gaussian, then the RSE is equal to the standard deviation.
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Figure 2. Mean V-band magnitude vs. variability amplitude AV. Red and
luminous stars are shown as gray circles, and HV 2112 is highlighted as a blue
diamond. Top: the top panel illustrates which stars have reduced x> > 10 as
pink circles and those which also have amplitudes AV > 2.5 mag as red
diamonds. Bottom: the final division between HAVs (teal circles) and HLOs
(gold diamonds). Anomalous sources are shown as brown squares. The only
other star with a variability amplitude >4 mag is the star we refer to as LMC-2.

variability observed in our sample represents intrinsic source
variability, we calculate the reduced x* that results from fitting
a flat line to each ASAS-SN light curve at the mean magnitude
of the star. A low x* will result either from an ASAS-SN light
curve with low rms variability or with a higher measured
scatter, but accompanied by larger error bars. In order to select
only stars with intrinsic variability, we restrict our sample to
those with reduced x* values of 10 or greater. These sources
are pink circles in the top panel of Figure 2.

2.8. Selection of High-amplitude Variables

As can be seen in Figure 2, HV 2112 is an extreme
outlier in having a large variability amplitude for its mean
magnitude. In fact, HV 2112 possesses the largest variability
amplitude of all 3288 luminous and red stars in the SMC/
LMC. Therefore, in order to select HLOs, we restrict our
search to sources with variability amplitudes >2.5 mag in the
Vband. This threshold was selected because it is the canonical
dividing line between semiregular and high-amplitude Mira
variables in the General Catalog of Variable Stars (Samus’
et al. 2017). Sources that pass both this amplitude cut and the
reduced x” cut are shown as red diamonds in the top panel of
Figure 2. These cuts leave 49 objects, with 12 in the SMC and
37 in the LMC.
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Figure 3. Locations of the HLOs (yellow circles) and HAVs (green diamonds) in the SMC (left) and LMC (right). HV 2112 is a cyan circle. North is up and east is left
in both photos, and a scale is provided. Photographs taken by Anna O’Grady at Las Campanas Observatory in 2019 December. Coordinates provided by Astrometry.

net (Lang et al. 2010).

2.9. Selection Based on Light-curve Morphology

Finally, we visually examined the ASAS-SN light curves of
these 49 stars to determine their morphological similarity to that
of HV 2112. We separate the sources into three categories. We
classify stars that show smooth and asymmetric light curves with
secondary maximum features during the rising phase as HLOs.
Any additional stars that strongly resemble the overall asym-
metric morphology of HV 2112, but lack an observed double-
peak feature, we call high-amplitude variables (HAVs). Finally,
any remaining stars with morphologies extremely unlike that of
HV 2112 are classified as “anomalous.”

In total, we identify 11 additional stars (5 in the LMC and 6
in the SMC) with light-curve morphologies similar to that of
HV 2112—including the double-peak feature. Thus, including
HV 2112, there are 12 HLOs in the Magellanic Clouds.
Ascertaining the nature of these stars, highlighted as gold
diamonds in the lower panel of Figure 2, will be the primary
focus of the rest of this paper. In addition, we classify 27 stars
(24 in the LMC and 3 in the SMC) as HAVs—these stars
appear similar to HV 2112 but lack a double-peak feature in
their light curves. In the sections below, the possibility that
some HAVs have the same physical origin as the HLOs will be
discussed. The HAVs are shown as teal circles in the lower
panel of Figure 2.

Finally, we classify 10 stars (8 in the LMC and 2 in the
SMC) as “anomalous.” In general these stars barely pass the
2.5 mag variability threshold and possess either complex light
curves with variability on short timescales or very symmetric or
triangular light curves unlike that of HV 2112. Some examples
of these light curves are shown in Appendix B. These stars are
discarded for the rest of this paper and are shown as brown
squares in the lower panel of Figure 2.

2.10. Final Sample Summary

In Table 1 we show the progression of our selection criteria
to identify luminous (log(L/Le) = 4.2) and cool (Te <
4800K) stars in the Magellanic Clouds with variability
amplitudes and light-curve morphologies similar to HV 2112.
The locations of the 12 HLOs and 27 HAVs within the SMC
and LMC are shown in Figure 3. The ASAS-SN light curves of
the 12 HLOs are shown in Figure 4. Light curves and

photometric information for the HAVs are included in
Appendix C.

Throughout the paper, we refer to individual HLOs with
sequential numbers according to the Magellanic Cloud in
which they are located. In Table 2 we list the coordinates of
each star alongside these names. HV 2112 will continue to be
referred to as such. Table 2 also provides the variability
amplitudes and periods of the HLOs, as well as previous
classifications retrieved from SIMBAD (Wenger et al. 2000).

Essentially all of the HLOs have been previously classified
as either Mira variables or AGB stars. Most are photometric
classifications from the OGLE (Soszynski et al. 2011;
Ulaczyk et al. 2013) or SAGE (Vijh et al. 2009) surveys,
based primarily on their red colors and variability. HV 2112,
SMC-1, and SMC-4 were also identified as likely AGB stars
by Wood et al. (1983) due to a combination of their absolute
magnitudes and periods. We note that Frith et al. (2013)
classified LMC-4 as a foreground M dwarf, based on a high
proper motion measurement of (u,, ps) = (28.9 + 14,
—74.4 + 14) masyr '. However, after querying Gaia DR2,
we find that no star within 30” of the position of LMC-4 has a
proper motion greater than ~6 mas yr '. Hence, we suspect
that this association is spurious, and LMC-4 is a true member
of the LMC.

We note that the second TZO candidate identified in Beasor
et al. (2018), HV 11417, is not contained in our final sample.
While it was identified as one of the original luminous and red
stars overlapping with the SMC (Section 2.4), its Gaia DR2
proper motions are inconsistent with other likely SMC sources
based on our analysis in Section 2.5, indicating it may be a
foreground halo star. However, even if it is a true member of
the SMC (the Gaia proper motion errors are large), we note that
it likely would have been filtered from our sample in
Section 2.8—its V-band variability amplitude during the time
period observed by ASAS-SN is only ~1.25 mag. It also does
not display a double-peak structure in its light curve.

In the sections below, we reassess the nature of the HLOs.
We focus on a comparison of their physical and pulsation
properties to modern models of stellar structure and the
implications of the total number of HLOs for their rates and
lifetimes.
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Figure 4. ASAS-SN and NEOWISE light curves of the HLOs and HV 2112 . Blue squares are ASAS-SN V-band, green diamonds are ASAS-SN g-band, orange
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2.11. Sample Completeness and Purity

In order to use the number of identified HLOs to estimate
the intrinsic rate/lifetime of their evolutionary state, it is
critical that the completeness and purity of the sample is
understood. The initial color cuts described in Section 2.4 were
designed to be complete for stars with temperatures between
4800 and 3200K and log(L/Ls) > 4.2 (in the LMC) or
log(L/Ly) > 4.3 (in the SMC). However, there are a number
of factors that may impact this.

First, our initial color cuts were performed using single-epoch
data from the 2MASS survey. Yet, HV 2112 has a historical
variability of ~1 mag in the near-infrared (NIR) bands
(Glass 1979). Additionally, the HLOs have variability in the
NEOWISE bands of AW1 ~ 0.7 mag and AW2 ~ 0.5 mag (see

Section 3.2). Thus, if a star with a mean K-band magnitude (and
hence luminosity) only slightly above our cutoff were to exhibit
similar levels of NIR variability, it could have been excluded
from our sample if it were in the low point of its light curve when
the 2MASS data were taken. To quantify this, we examine the
number of highly variable stars in our sample with K -band
magnitudes within 0.5 mag of our adopted cutoffs. While all of
the identified HL.Os are brighter than this cutoff in the NIR, 7 out
of 27 HAVs (all in the LMC) have K -band magnitudes within
0.5 mag of our limit. If we assume that roughly half of these stars
were observed above their mean K -band magnitudes, then we
estimate that <3 highly variable stars with mean K band
magnitudes above our threshold may have been excluded due to
the timing of the 2MASS observations. However, we emphasize



Table 2

Basic Properties of HLOs and HV 2112
R.A. Decl. 2MASS Name Period® AV® Mean V¢ 2MASS Gaia SIMBAD References®
J2000 J2000 Name in Paper K,-band® x* Value® Class
(deg) (deg) (days) (mag) (mag) (mag)
17.515856 —72.614603 JO1100385—7236526 HV 2112 600 4.0 +£0.13 —4.80 + 1.02 —10.33 £ 0.02 4.23 Mira 1), 2)
11.703220 —72.763824 J00464877—7245497 SMC-1 510 3.7 £0.17 —3.71 £0.76 —9.13 £ 0.03 2.34 Mira (1)
13.036803 —71.606606 J00520884—7136240 SMC-2 530 >3.3 —-3.96 £ 0.71 —9.52 + 0.02 0.60 Mira 2), 3)
13.909812 —73.194845 J00553821—-7311410 SMC-3 660 >4.1 —3.73 £ 0.94 —9.62 + 0.02 4.64 Mira 1), 4)
15.402500 —72.744762 J01013681—7244411 SMC-4 590 >3.8 —3.30 + 0.89 —9.85 + 0.02 10.55 Mira )
15.903689 —73.560525 J01033691—-7333377 SMC-5 520 29 £+ 0.15 —-3.79 £ 0.72 —9.36 + 0.02 2.22 Mira 1), 2)
17.612562 —72.596670 J01102693—7235486 SMC-6 570 >3.7 —4.24 +0.83 -9.97 + 0.02 2.39 Mira )
80.824095 —66.952095 J05231778—6657073 LMC-1 690 32 +0.14 —3.82 £ 0.96 —10.30 £+ 0.02 1.93 AGB 5)
81.567365 —66.116348 J05261606—6606589 LMC-2 550 43 +0.14 —5.65 £ 0.96 —10.50 £+ 0.03 1.29 AGB 5)
84.986223 —69.589014 J05395683—6935210 LMC-3 400 >3.7 —2.56 £ 0.82 —8.92 + 0.02 0.37 LPV 6)
86.709478 —67.246312 J05465030—6714468 LMC-4 560 3.7 +0.15 —3.31 £ 091 —9.52 + 0.02 1.48 HPM' @)
88.116079 —69.236122 J05522785—-6914100 LMC-5 590 3.8 +£0.16 —2.59 £ 091 —9.33 +£0.03 11.85 AGB 5)
Notes.

4 The determination of periods is detailed in Section 4.1. Values in this table have been rounded to the nearest 10 days because we see cycle-to-cycle variations in the period on the order of &30 days.

° The determination of amplitudes is detailed in Section 2.8. “>" designates a lower limit. Errors are statistical, not systematic.

© Absolute 2MASS M, magnitudes, corrected for extinction (see Section 3.4).

9 Gaia x? is a measure of how consistent the proper motion and parallax of the source are with the distribution of parameters found for likely SMC /LMC members (see Section 2.5). A value of x> < 4.11,7.81,and 12.8

indicates that a star falls within the region that encompasses 75%, 95%, and 99.5% of the “highly likely” SMC/LMC members based on their Gaia parallaxes and proper motions.

e_ References for SIMBAD classifications: (1) Soszynski et al. (2011), (2) Wood et al. (1983), (3) Samus’ et al. (2017), (4) Ruffle et al. (2015), (5) Vijh et al. (2009), (6) Ulaczyk et al. (2013), (7) Frith et al. (2013).
T While Frith et al. (2013) classify LMC-4 as a high proper motion star, no sources with proper motions >6 mas yr~ ' are found within a 30” radius of these coordinates in Gaia DR2. Hence, we regard this classification

as spurious.
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that these would be among the lowest luminosity stars in our
sample and may not exhibit the double-peaked morphology of
HV 2112.

Second, because we assessed variability using ASAS-SN
V-band light curves—with a limiting magnitude of ~17 mag—
our sample is not sensitive to some stars with (V—Kj) >
6.5 mag. While a star with a similar V — K color to HV 2112
(V—K; ~ 5.5 mag) or a temperature of ~3200 K would be
easily detected in ASAS-SN over the full range of K-band
magnitudes considered, some cool stars are heavily dust
enshrouded, leading to extreme V — K colors (e.g., van Loon
et al. 2005). Indeed, 242 out of the 3530 red and luminous stars
were not recovered in ASAS-SN—90% of their photometric
points were upper limits—despite passing the 2MASS color
cuts. The impact of our insensitivity to heavily dust-enshrouded
stars on our physical interpretation of the HLOs will be
discussed in Section 7.

Finally, our sample composition is influenced by our
threshold for classifying stars as likely foreground stars based
on their Gaia astrometry in Section 2.5. To err on the side of
sample completeness, we chose a generous threshold, only
eliminating stars with kinematics outside the region occupied
by 99.5% of likely SMC/LMC members. However, to assess
whether this threshold could have eliminated any additional
HLOs with unusual kinematics, we also examine the variability
of all stars with 12.8 < p”o 'y < 50. Two additional stars
exhibit variability amplitudes >2.5 mag. One shows a
symmetric light curve characteristic of a Mira variable, while
the other may have been classified as an HAV if not eliminated
based on kinematics.

Conversely, we also investigate whether this generous thresh-
old may have impacted our sample purity by failing to remove
some bona fide foreground stars. To do so, we select a control
field with a radius of 10° centered on (o, 6) (J2000) =
(22:13:28.17, —63:06:55.92). This field was chosen to be at a
similar Galactic latitude to the Clouds. We identify 1168 stars in
this field that pass the color and magnitude cuts of Section 2.4
and cross-match them with Gaia DR2. Only five stars would have
passed the kinematic filters applied in Section 2.5 (three for the
LMC, two for the SMC). Given that Galactic kinematics may be
slightly different in the direction of the Clouds than in the control
field, we examine the light curves for all 73 control field stars that
have p”o~ ' < 50 when compared to the kinematics of either
the LMC or SMC. No HAVs are identified.

Thus, we conclude that our sample should be complete to
within ~a few stars, and while it is not impossible for an
individual star in our sample to be a foreground dwarf,
contamination should be minimal. The impact of these small
uncertainties on our implied rates and lifetimes will be
addressed in Section 6.

3. Photometric Observations of HLOs

To assess the nature of the 12 HLOs, we gathered additional
multi-wavelength photometric data and light curves from a
number of surveys.

3.1. ASAS-SN Image Subtraction Light Curves

We extract image subtraction light curves of the 12 HLOs
from ASAS-SN. Light curves are produced for both the V band
(2014 May to 2018 September) and g band (2017 September
onwards). There is one year of overlap where both V and g
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bands are available. Light curves were produced as described
by Jayasinghe et al. (2018) using the ISIS image subtraction
software (Alard & Lupton 1998; Alard 2000) and subsequently
performing aperture photometry on the subtracted images with
a 2 pixel radius aperture. Image subtraction is performed on a
coadd of the ~2-3 images taken on each night, thus achieving
a deeper limiting magnitude than the aperture photometry light
curves used for sample selection. This allows for a more
accurate measurement of the full variability amplitude of the
HLOs. Photometric errors were recalculated as described by
Jayasinghe et al. (2019b), and the zero-point offsets between the
different cameras were corrected as described by Jayasinghe et al.
(2018). Calibration was performed using stars from APASS
(Henden et al. 2015). The resulting light curves are shown in
Figure 4.

3.2. NEOWISE Light Curves

We utilize infrared light curves for the 12 HLOs from the
2019 data release of the NEOWISE mission (Mainzer et al.
2011), retrieved from the Infrared Science Archive (IRSA).
Since 2013, the WISE satellite has repeatedly surveyed the
entire sky in the W1 (3.4 um) and W2 (4.6 um) bands,
primarily searching for near-Earth objects. NEOWISE takes a
new exposure every 11 s and, due to its survey strategy, the
Magellanic Clouds are imaged repeatedly over a ~2 day period
every ~180 days. We consider each of these ~2 day
observation periods as an individual epoch.

For each epoch, we average all the observations, after
clipping at 40 around the mean and removing any points with a
quality flag less than 10. The standard deviation of the sigma-
clipped magnitudes is included in our final photometric errors
for each epoch. The resulting light curves are shown in
Figure 4. All HLOs show variability of <1 mag in these mid-
IR bands. It is unclear if the IR light curves exhibit a similar
double-peaked morphology to the visible due to the low
cadence of the NEOWISE observations. For each star, there are
between six and nine epochs with contemporaneous NEO-
WISE and ASAS-SN data.

3.3. Additional Archival Photometry

In addition to the contemporaneous light curves from ASAS-
SN and NEOWISE, we make use of single-epoch photometry
from a variety of surveys to compare the HLOs to known
classes of stars. We use photometry from 2MASS (J, H, and K
bands; Skrutskie et al. 2006), the WISE All-Sky Survey (3.4,
4.6, 12, and 22 pm; Wright et al. 2010), and the Spitzer SAGE
survey (3.6, 4.5, 5.8, 8.0, and 70 um; Meixner et al. 2006).

3.4. Distance and Reddening

Throughout this paper, we adopt distances to the SMC and
LMC of 61 kpc (Hilditch et al. 2005) and 50 kpc (Pietrzyniski
et al. 2013), respectively. We correct the photometry for
reddening in both the Galaxy and the Magellanic Clouds.
Extinction curves for the Magellanic Clouds were obtained
from Gordon et al. (2003), and the reddening was estimated
using the Zaritsky MCPS extinction maps for cool stars
(Zaritsky et al. 2002, 2004). For comparison samples of
Galactic sources, extinctions were estimated using the Schlafly
& Finkbeiner (2011) reddening map, obtained through the
IRSA database.
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Figure 5. Magnitudes, periods, and amplitudes of the HLOs, HAVs, and other luminous red variable stars. HLOs are shown as gold circles with HV 2112 in blue,
other high-amplitude variables as light green diamonds, spectroscopically confirmed RSGs as dark magenta squares, photometrically selected RSGs as violet triangles,
and Mira variables as smaller red circles. The contours surrounding the Mira distribution represent the 10, 20, and 30 levels of the density distribution of Mira sources.
Top left: absolute mean V magnitude vs. period. Top right: mean V-band magnitude vs. V-band amplitude. Bottom left: absolute 2MASS Kj-band magnitude vs.
period. The PLR for Mira variables (Feast et al. 1989) is included as a dashed violet line. Bottom right: absolute 2MASS K,-band magnitude vs. V-band Amplitude.

4. Observed Properties

Here we outline the observed properties of our HLOs, such
as variability, color, and magnitude, and compare them to other
classes of red and luminous stars to determine whether the
HLOs appear to be a unique class.

4.1. Period Determination

We estimate the periods of the 39 HLOs and HAVs using
Lomb-Scargle periodograms (Lomb 1976; Scargle 1982),
calculated with the LombScargle feature in the astropy
Python package (Astropy Collaboration et al. 2018). Periods
were estimated for each HAV by selecting the frequency of
maximum power after excluding frequency peaks caused by
aliasing. Alias peaks were identified by running the period-
ogram on a flat light curve with the cadence of ASAS-SN
observations. Periods for all HLOs are listed in Table 2. While
period was not included as a selection criteria, no HLO has an
observed period less than 400 days.

We emphasize that these periods are estimates. For stars with
periods on the order of HV 2112’s ~600 days, the ASAS-SN
light curves cover only two or three cycles, and the cycle-to-
cycle periodicity of these stars can vary slightly. This behavior
has also been observed in other long-period variables such as
Miras (Zijlstra & Bedding 2002; Neilson et al. 2016). All light
curves were visually inspected to ensure that the estimates from
the Lomb-Scargle periodograms were reasonable, and we
apply a systematic error of +30 days to our final values.

10

4.2. Comparison to Known Stellar Classes: Variability

In Figure 5, we show the absolute V-band and K-band
magnitudes versus variability amplitude and period for the
HLOs (gold circles) and HAVs (green diamonds) in compar-
ison to a sample of 132 RSGs (magenta squares and violet
triangles) and 593 Mira variables (red circles).

The comparison sample of RSGs plotted in Figure 5 are all
members of the Magellanic Clouds and are pulled from
multiple sources to ensure both purity and completeness.
First, we take the spectroscopically confirmed RSGs from
Massey & Olsen (2003) and Davies et al. (2018) that were in
our original sample of luminous and cool stars and have
measured periods from the ASAS-SN catalog of variable stars
(Jayasinghe et al. 2019a). These 112 stars are plotted as
magenta squares. Second, we identify an additional 20 stars
(violet triangles) that were photometrically selected as RSGs
based on their IR colors in Yang & Jiang (2011, 2012) and are
not contained in the other samples. While this photometric
sample avoids potential bias in the spectral types selected for
spectroscopic follow-up, we note that some contamination is
also possible. Indeed, nine photometric RSGs from Yang &
Jiang (2011, 2012) were identified as HLOs or HAVs in our
sample. Other than these cases, the photometric RSG sample
occupies a similar portion of phase space as the spectro-
scopically confirmed RSGs.

The comparison sample of Mira variables plotted in Figure 5
are Galactic stars with variability properties retrieved from the
ASAS-SN Variable Star Database (Jayasinghe et al. 2019a).
The full ASAS-SN sample of Galactic Mira variables was
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Figure 6. / — K vs. K; color—magnitude diagrams for the SMC (left) and LMC (right). HLOs are highlighted as gold, and HV 2112 in cyan. HAVs are green
diamonds. The circles show RSGs (red), O-rich AGB (blue), C-rich AGB (green), “anomalous” AGB (yellow), extreme IR AGB (orange), and far-IR objects (dark
brown), based on the classification of Boyer et al. (2011). The gap of 0.05 mag between the RSG and O-rich AGB branch was included by Boyer et al. (2011) to avoid
contamination between the classes. The solid gray lines indicate the photometry color cuts described in Section 2.4, while the dashed blue lines indicate the location of
the O-rich AGB branch in the SMC (on both plots). These magnitudes are not extinction corrected, but the corrections will be small.

restricted to stars with a classification probability greater than
99.7%, Gaia parallax uncertainty <20%, and in a direction with
total Galactic V-band extinction less than 1.0 mag.

Some highly variable sources drop below the ASAS-SN
detection limit for part of their variability cycle, and hence the
V-band amplitudes will be underestimated and mean magni-
tudes overestimated. To characterize the effect of the latter, we
compare the median magnitudes for all stars, including upper
limits from nondetections, to the mean magnitudes. For stars
with no upper limits, the difference between median and mean
magnitudes are <0.2mag. For the HLOs, the average
difference between median and mean V-band magnitudes is
0.6 mag and the maximum is 1.4 mag.

The K,-band magnitudes are all single-epoch 2MASS
observations. While the HLOs, HAVs, and Miras may show
K, -band variability of up to ~1 mag, which may impact the
location of individual stars on these plots, we do not expect a
systematic shift between classes of objects. All magnitudes are
extinction corrected.

From Figure 5, we see that most HLOs and HAVs have
properties that are inconsistent with the bulk of the RSG and
Mira populations. While their V-band variability amplitudes are
similar to those of Mira variables, they are completely disjoint
from the RSGs (which all have AV < 2.5 mag). Conversely,
the HLOs and HAVs have periods similar to the RSGs (300
days < P < 900 days), but significantly longer periods than
typical Mira variables: 92% (74%) of the HLOs (HAVs) have
periods greater than 500 days, whereas only 2% of Mira
variables have periods this long.

In mean V-band magnitude, the HLOs and HAVs lie between
the Mira variables and the RSGs, with only LMC-2 overlapping
with the bulk of the RSG population. In the K band, the HLOs
and the HAVs lie on the extreme bright end of Mira variables
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and show a distinct period—luminosity relationship (PLR). The
longest period HLOs and HAVs begin to overlap with the
distribution of RSGs. In the lower-left panel of Figure 5, we also
plot the PLR for O-type Mira variables in the LMC from Feast
et al. (1989); the slope and zero point of this PLR are invariant
with metallicity within uncertainties, as determined by Feast
(2004). Once again, LMC-2 is an outlier, showing a K;-band
magnitude more consistent with RSGs of a similar period rather
than the HLOs/HAVs. The HLOs/HAV:s follow a similar slope
but are offset to higher luminosities. Notably, Whitelock (2003)
find that high-amplitude pulsating AGB stars with strong lithium
lines (HV 2112 also has strong lithium features) often have
luminosities higher than predicted by the Mira PLR.

Overall, the HAVs show broadly similar properties to the
HLOs. However, on average they possess lower magnitudes for a
given period and smaller variability amplitudes. After constructing
a four-dimensional distribution based on the parameters plotted in
Figure 5, we find that all HLOs and all but two HAVs are >30
outliers compared to the population of Galactic Mira variables.
This extreme inconsistency is driven in large part by the high
V-band magnitudes of the HLOs/HAVs. When constructing
either a three-dimensional distribution (Mg —period—amplitude) or
two-dimensional distribution (Mg —period), we find that 92% of
HLOs and 74% of HAVs are still >20 outliers (i.e., lying outside
the parameter space occupied by 95% of Mira variables). A single
HLO (ILMC-3) and seven HAVs, those with the lowest
luminosities and shortest periods, more closely overlap with the
luminous end of the Mira distribution. Below we consider
whether the physical properties of these objects are consistent with
an intrinsically rare, high-luminosity extension of Mira variables
and the implications if the HAVs are members of the same
physical class as the HLOs.



THE ASTROPHYSICAL JOURNAL, 901:135 (32pp), 2020 October 1

O’Grady et al.

¢ HV2112
—12 A 4
(o)
> o
©
£ 11- o ]
= 4a” o
o /\
g i’ © 0.03
s 7107 Red-+Lum \_/“ o 025
2 RSG ® 058
9 Carbon @ 0.64
AGB o 0.72
Mira o 0.87
SMC-3 SMC-6
_12 - .
°
£
< -1 © 0.09 1
= =T o~ o 0.12 AR © 0.08
2 ? %o o 034 PR A © O 024
E —10 0. % o 0.36 ] w © 0.46
o \/ @ 0.58 @ 0.55
o] @ 061 | o 0.79
o 0.83 o 085
© 085 © 094
2 4 6 8 10 2 4 6 8 10
V-W1 (mag) V-W1 (mag)

Figure 7. V — W1 vs. W1 (WISE 3.4 ym) color-magnitude diagrams. The V magnitudes are the mean values from the ASAS-SN light curves, and the W1 magnitude
comes from the WISE survey. The magnitudes in these plots are not extinction corrected. Top left: the gray points are the ~3500 Iuminous red stars toward the LMC
and SMC from our initial selection. These were cross-matched to SIMBAD, and some relevant classifications are shown. Spectroscopically verified RSGs are red
diamonds, AGB stars are blue circles, carbon stars are green upward-pointing triangles, and Mira variables are yellow squares. The RSGs largely occupy the blue
“arm” of the diagram, with the Mira, carbon, and AGB stars occupying the red “arm.” Top right: V — W1 vs. W1 color—magnitude diagram, with the same red and
luminous stars from the top-left panel in gray. The colored points correspond to times when we had photometry from both ASAS-SN in V and NEOWISE in W1 for
the star HV 2112. The points are colored by their phase, with the same coloring as in Figure 1. The peak of the light curve (phase = 0) appears in the left arm of the
diagram, while the phase corresponding to the trough (phase = 1/2) lies in the right arm. Arrows show the overall motion. Bottom left: the same, but for SMC-3.

Bottom right: the same, but for SMC-6.

4.3. Comparison to Known Stellar Classes: Color

In Figure 6, we show a 2MASS color—magnitude diagram to
compare HLOs and HAVs to the sample of nearly 150,000
(440,000) red stars in the SMC (LMC) from Boyer et al.
(2011). Using data from the Spitzer SAGE survey and color
cuts from Cioni et al. (2006), Boyer et al. (2011) differentiated
between RSGs, red giant branch stars, and various types of
AGB stars (see Boyer et al. 2011, 2015 for more information).
All of these data are based on single-epoch surveys.

In the SMC, all of the HLOs lie within the region of color—
magnitude space occupied by the most-luminous oxygen-rich
AGB stars. In the LMC, the situation is more complex. While
LMC-1 also falls in the high-luminosity end of the O-rich AGB
branch, LMC-2, -3, and -4 all lie in the region of color—
magnitude space occupied by RSGs. LMC-5 did not have a
counterpart in the SAGE survey. However, we note that the
location of the RSG and AGB branches are metallicity
dependent, and all LMC HLOs other than LMC-3 are located
in the outskirts of the LMC (Figure 3). The outer portions of
the LMC tend to have lower metallicity, with some regions
possessing [Fe/H] < —0.67 (Choudhury et al. 2016), more
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typical of the SMC. Dashed blue lines designating the edges of
the SMC O-rich AGB branch are also shown in the right panel
of Figure 6. Based on these cuts LMC-3 would also be
classified as an O-rich AGB star in the SMC, and LMC+4 is
extremely close to this boundary. LMC-2 occupies the RSG
portion of color-magnitude space regardless of metallicity.

All of the HAVs lie in the O-rich AGB branch, with the
exception of one SMC HAV.

4.4. Color and Magnitude Evolution

In order to assess how the colors of the HLOs vary
throughout their pulsation periods, we have constructed “phase
motion” color—-magnitude diagram using contemporaneous
ASAS-SN V-band and NEOWISE WIl-band observations. In
Figure 7 we show the V— W1 versus W1 color-magnitude
diagrams for the 3288 luminous and red stars identified in
Section 2. In the upper-left panel, we color-code these sources
based on their SIMBAD classifications. We distinguish
between RSGs, AGB stars, carbon stars, and Mira variables.
As above, RSGs are well separated from the various types of
AGB stars in color-magnitude space.
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In the remaining panels of Figure 7, we again show this full
sample—whose magnitudes were derived from single-epoch
surveys—in gray and overlay the contemporaneous ASAS-SN
and NEOWISE observations of HV 2112, SMC-3, and SMC-6.
Points are color-coded as in Figure 1 such that the peak of the
V-band light curve is colored red and the trough is green-blue.
We include arrows to illustrate the movement of the stars in color—
magnitude space as they vary. During their light-curve peaks,
HLOs occupy the same region of color—magnitude space as RSGs,
while at minimum they occupy a similar region to the cool AGB
stars, changing by >3 mag in V— W1. This indicates that the
HLOs are likely undergoing substantial temperature and radius
variations throughout their pulsation cycle. We quantify this in
Section 5.

5. Derived Physical Properties
5.1. Temperatures and Luminosities

In order to constrain how the temperatures and luminosities
of the HLOs vary, we model their spectral energy distributions
(SEDs) at multiple epochs through their pulsation cycles. These
results are then compared to the temperatures and luminosities
of control samples of stars and theoretical models.

5.1.1. Spectral Energy Distribution Construction

We construct SEDs for the HLOs at multiple points through
their pulsation cycles using the contemporaneous ASAS-SN
and NEOWISE data described above. We consider only epochs
with both ASAS-SN and NEOWISE data, as together they
sample both sides of the SED peak, allowing for better
temperature constraints.

In addition, we supplement the ASAS-SN/NEOWISE g-, V-,
W1-, and W2-band observations with the W3-band (12 pm) data
from the WISE All-Sky Survey. Observations at these wave-
lengths provide stronger constraints on the quantity of dust/mass
loss surrounding cool and massive stars. In order to account for
possible low-level variability in the mid-IR and the nonsimulta-
neous nature of the W3 observations, we apply a systematic error
of 20% to the W3 fluxes. Following Adams et al. (2017b), we also
adopt a minimum flux error of 10% in all other observed bands. In
total, we construct SEDs at four to eight phases for each HLO,
with four to five data points per phase.

5.1.2. SED Modeling with MARCS and DUSTY

To estimate temperatures and luminosities for the HLOs, we
use a Markov Chain Monte Carlo (MCMC) wrapper (Adams
et al. 2017b) that combines MARCS stellar atmosphere models
(Gustafsson et al. 2008) with the DUSTY radiative transfer
code (Nenkova et al. 2000). We reprocess the MARCS model
spectra through DUSTY because luminous and cool stars—
such as RSGs and thermally pulsing AGBs—can be dust
enshrouded due to mass loss (e.g., van Loon et al. 2005).

We use MARCS stellar atmosphere models with tempera-
tures that range from 2600 to 4600 K, have solar composition, a
surface gravity log(g) = —0.5, and a mictroturbulent velocity
of 5kms™'. Additionally, we assume a density distribution
approximating a steady-state wind, and set the thickness of the
dust shell (the ratio of the outer to inner boundary) to 5
(varying the thickness parameter has been shown not to have a
large affect on other model properties; Adams et al. 2017b). We
assume a silicate dust composition (Draine & Lee 1984)
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Figure 8. Model spectral energy distributions of one phase of the light curve
for HV 2112 (top) and LMC-2 (bottom). The best-fit model SED obtained from
DUSTY is shown as a violet solid line; the observed photometry for that phase

is shown as orange circles. The phase, reduced XZ of the fit, the model
temperature, luminosity, and 7y values are in the upper-left corner each panel.

because the HLOs are most consistent with O-rich AGB stars
(Figure 6), and a standard Mathis, Rumpl, & Nordsieck (MRN)
grain-size distribution (Mathis et al. 1977). The remaining free
parameters within the MCMC wrapper are the effective
temperature of the star, the dust temperature at the inner
boundary of the dust shell, and dust opacity at the V band, 7.

The MCMC wrapper requires an initial guess of these free
parameters. We perform the fitting in a two-step process. We
first execute a short MCMC run with large step sizes. The best-
fit stellar temperature from this run is then the input as the
initial guess for a longer MCMC run. At each MCMC step, the
x> value between the observed photometry and synthetic
photometry on the model spectrum is computed. Final best-fit
values and errors for stellar T, log(L/L-), and Ty are based on
4000 accepted MCMC trials. The luminosity log(L/L.) is
calculated by integrating under the output model SED from
DUSTY. Best-fit models for one phase of HV 2112 and LMC-
2 are shown in Figure 8 to illustrate the contribution to the SED
from absorbed emission, scattered emission, and dust. The
slopes of the SEDs going into the mid-IR are not consistent
with Rayleigh—Jeans tails and thus require dust.

5.1.3. Model Fitting Results

In Appendix D, we present the full results of the MCMC
fitting with DUSTY and MARCS, as well as an example of the
posterior distributions for the fits to one of the phases of HV
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Figure 9. Multiepoch spectral energy distribution of two HLOs. The best-fit
model is plotted as a line, and the observed photometry as circles. Each model
is fit to a different phase, and the colors indicate the phase with the same color
map as Figure 1. A phase of 0 corresponds to the peak of the light curve and is
red. The photometric point at 12 pm (WISE W3) is not contemporaneous with
the rest of the ASAS-SN and NEOWISE data.

2112. Overall, we find temperatures that range from 3250 to
3600 K and luminosities that range from log(L/L.) ~ 4.15 to
5.15. Throughout their pulsation cycles, HLOs exhibit larger
fractional variations in their luminosities than in their
temperatures. We find temperature variations of ~6%-9%
and luminosity variations of ~60%—-95%. This is highlighted in
Figure 9 where we show the multiepoch SEDs and best-fit
models for HV 2112 and LMC-2.

5.2. Hertzsprung—Russell Diagrams

Next we examine the relationship between the temperature
and luminosity estimates of the HLOs in HRDs. First we
examine how these properties change as the stars vary, as we
did for their colors in Section 4.4. In Figure 10, we show the
best-fit model temperature and luminosity for each available
phase of HV 2112, and we see a cyclical motion through the
luminosity—temperature space, with the peak of the V-band
light curve on the left and the trough on the right. This
displays the same behavior as the V — W1 color in Figure 7

(upper right).
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Figure 10. Hertzsprung—Russell diagram with HV 2112 and stellar evolution
tracks. The colored tracks represent different masses of MESA evolutionary
tracks at the metallicity of the host galaxy, with their masses printed beside the
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highest mass AGB model (6.5 M) has evolved through the carbon-burning
phase. The large, half-colored circles indicate the phases, with the colors of
each point corresponding to the phase as in Figure 9. Arrows indicate overall
motion.

5.2.1. Comparison to Stellar Evolution Models

Figure 10 also displays theoretical predictions for RSGs and
AGBs of various masses based on stellar evolution models
from MESA (version 10398, Paxton et al. 2011, 2015,
2018, 2019). Our MESA models for pulsating RSGs were
constructed following the methods described in Soraisam et al.
(2018). These models employ the calibrations of Chun et al.
(2018) to reproduce average HRD positions of RSGs in the
LMC and SMC. In particular, we adopt a metallicity-dependent
mixing length parameter of appr = 2.0 with metallicity
Z =0.007 in the LMC and appr = 2.2 with metallicity
Z=0.004 in the SMC. For more details on MESA
evolutionary models for RSGs, see Soraisam et al. (2018)
and Chun et al. (2018). Our RSG models include masses
ranging from 12 to 24 M, for both the LMC and SMC.

We also employ similar MESA settings to evolve lower-
mass stars to the AGB. Our MESA AGB models follow the
settings of Fuller et al. (2019), except that rotation is turned off
because we are not concerned with angular momentum
transport in the core, and we adopt the calibrated mixing
length parameters described above for consistency with RSGs
in the LMC and SMC. We run these models either until AGB
winds have removed half of the initial mass of the star or until
the carbon-burning phase for the higher mass models where
degenerate carbon ignition occurs. The carbon-burning phase
requires small time steps that become computationally expensive,
so we only evolve our highest mass models all the way through
this phase (6.5 M, for the SMC and 7 M., for the LMC). The
difficulty in running higher mass model tracks is also why we do
not include tracks for AGB stars with initial masses of 8-10 M.

Figure 11 (top panels) shows HRDs for the SMC and LMC.
Each open circle is the temperature and luminosity from one
contemporaneous ASAS-SN and NEOWISE observation of an
HLO, with each HLO represented by a single color. Colored
ovals are overlaid on the open circles to show the overall
range of the temperatures and luminosities of each HLO.
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Figure 11. Hertzsprung—Russell diagrams for the SMC (left) and LMC (right), with the same MESA evolutionary models described in Figure 10 for the SMC. In the
LMC, the AGB models range from 4 to 7 M., and the highest mass track (7 M) has been evolved through the carbon-burning phase. The small circles correspond to
different phases of HLOs, and an oval is overlaid to indicate the overall area occupied by individual stars—each HLO is represented by a single color. The systematic
errors are estimated to be +50 K and log(L/L.,) £ 0.05, indicated by the example error bar in the top right of each panel. For the log scaling, the red bar corresponds
to a 50 K error on a temperature of ~3150 K, and the blue bar to ~3800 K. Bottom: the same as the top panels, but with a selection of spectroscopically confirmed
RSGs (red points) and several HAVs (blue points). An HAV with a K-band magnitude lower than LMC-3 is also included (black triangles). The HLOs are grayed out

for clarity.

Evolutionary tracks for RSGs (12-24 M.) and AGB stars
(4-6.5 or 7 M) are also shown. We find that the properties
derived above for the HLOs are inconsistent with the RSG
evolutionary models—they are all much cooler than expected
for RSGs of similar luminosities—but are mostly consistent
with the more massive AGB tracks. A possible exception is
LMC-2, which is the closest HLO to any RSG track.

5.2.2. Comparison to Observed RSGs

While our results in Section 5.2.1 show the HLOs do not
match with evolutionary models of RSGs, Levesque et al.
(2007) demonstrated that some late-type RSGs in the
Magellanic Clouds appear to be colder than evolutionary
models suggest is possible. These RSGs are also variable,
although with significantly smaller amplitudes than the HLOs.
Additionally, it has been shown that the calculated tempera-
tures of RSGs depend on the method used. In particular, while
our temperatures are not derived from performing spectral
fitting of the TiO absorption bands, these bands do impact the
overall V-band flux. It is therefore possible that the effective
temperatures found above are somewhat lower than would be
found by other methods (Davies et al. 2013). Finally, systematic
uncertainties exist within all stellar models and not every
evolutionary code predicts the same temperature for the RSG
branch. Thus, to assess whether the HLOs are truly cooler than
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RSGs, we apply the same SED fitting method to a control sample
of RSGs.

From the spectroscopically confirmed RSGs of Massey &
Olsen (2003) described in Section 4.2, we fit the SEDs of
10 stars (5 in each Cloud) using exactly the same procedures.
Because the V-band variability of these RSGs is small
(<1 mag), only two points on each light curve were fit, as
close to the peak and trough as possible. Plotted on HRDs
(Figure 11, bottom panels) as red open circles, most of these
RSGs are slightly colder than the MESA evolutionary tracks.
However, the HLOs are even colder than this control sample,
showing that they are indeed cooler than observed RSGs, even
if the derived temperatures are systematically underestimated.

5.2.3. Comparison of HLOs and HAVs

We also want to assess whether the presence of the double-
peak feature in the light curve of the HLOs is indicative of
distinct physical properties from other stars that lack a double
peak but otherwise resemble HV 2112. Taking our sample of
27 HAVs that are not HLOs, we select 7 stars—3 in each of the
Clouds with K -band luminosities similar to that of the HLOs,
and 1 LMC source with a K-band luminosity lower than that of
LMC-3 (the lowest luminosity HLO). As with the RSGs, we
followed the same procedure as in Section 5.1.2. Due to the
high variability amplitudes, we sampled as many phases as
possible along their light curves. The results are shown in the
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Figure 12. Period—luminosity diagrams for the SMC (left) and the LMC (right). The evolutionary tracks are the same as in Figure 11, as are the colors for individual
HLOs. The oval along the luminosity axis represents the range of luminosity values of the HLOs as they pulsate. The example error bar has errors of log(L/L.) = +0.05
and £30 days in period. The red bar corresponds to the scaling at ~630 days and the blue at ~400 days. In the bottom panels, a sample of HAVs and RSGs in the Clouds

is also shown.

bottom panels of Figure 11 as blue open circles (black open
triangles) for the more (less) luminous HAVs. Unlike the RSG
control sample, the more luminous HAVs overlap the same
region occupied by most of the HLOs. This suggests that the
double-peak feature may not indicate a physically distinct class.

5.3. Luminosity—Period Diagrams

In both RSGs and variable AGB stars, variability is driven by
pulsations. To investigate whether the HLOs are consistent with
the pulsational variability expected from these stellar structures,
we compare the measured periods and luminosities of the HLOs
to evolutionary models. We use GYRE (Townsend & Teitler
2013), a stellar oscillation code designed to couple with MESA to
obtain pulsation frequencies at every time step for the RSG and
AGB evolutionary tracks described above. We restrict our
analysis to the frequencies of radial fundamental modes, which
are both the lowest frequency and the expected modes for large-
amplitude pulsators.

Figure 12 compares the luminosity and period of the HLOs
and selected HAVs to RSG and AGB evolutionary tracks in
luminosity and period space. With one exception, all of the
HLOs are inconsistent with the MESA+GYRE RSG models.
The periods are far too long for their luminosities if these stars
had the typical mass and structure of RSGs. Notably, the one
star that is consistent with the RSG models in this phase space
is LMC-2, which is dissimilar to the other HLOs in numerous
characteristics (see Section 7.1.3). The other HLOs are again
consistent with the highest mass AGB tracks.
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The control samples described in Sections 5.2.2-5.2.3 are
also shown in the bottom panels of Figure 12. Here we see that
the RSG control sample agrees with the RSG evolutionary
tracks and that the HAV sample generally overlaps with the
location of the HLOs. From these results, we can see that the
HLOs are inconsistent in more than just their pulsation
amplitude with the properties of typical RSGs. Their variability
period in relation to their luminosity and their placement on the
HRD are also inconsistent. In contrast, their pulsation proper-
ties appear to be consistent with AGB models for stars with
initial masses of 26 M.,

5.4. Constraints on Current Mass

The MESA models in Figures 11-12 show the evolution of
single stars with a range of initial masses. There are no TZO
models where we can make a direct comparison. However,
constraints on the current mass of the HLOs could provide a
critical differentiation between their nature as TZOs or s-AGB
stars. In particular, s-AGB stars should be exclusively <11 M.,
while massive TZOs are predicted to be a stable stellar
configuration only for masses =15 M., (a ~14 M., envelope
minimum plus a ~1 M NS core). Below this mass, nuclear
fusion to support the TZO will cease (Cannon 1993).
Fortunately, fundamental radial mode pulsations are sensitive
to the mean density of a star and hence can be used to probe its
current stellar mass, M, if information on the current radius,
R, and internal structure are known. In particular, the period of
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Figure 13. Period—radius diagrams for the SMC (left) and the LMC (right). Lines of constant mass from 5 to 25 M, (in increments of 5 M) are shown as lines from
orange to dark violet. The shaded blue region represents masses above 15 M., the hypothesized minimum mass for TZOs to continue nuclear fusion (Cannon 1993).
Lines of constant mass within this region are dashed, while lines of constant mass lower than 15M, are solid. For each HLO, the radii calculated from the SED models
as a function of phase are shown at their estimated periods, with the same color scheme as Figures 11 and 12.

the fundamental mode, P, can be generally described as

R (@)f
GMOt p{) '
where (p) is the average density of star, p, is an arbitrary
reference density, and v and (3 are normalizing constants that
are determined by the structure of the star. This equation is a
modification of the standard pulsation constant formalism
which postulates that the fundamental-mode period is propor-
tional to the sound-crossing time. For a given structure, « and (3
should be constant, and we expect  to be a small number.

While the results above indicate the HLOs are inconsistent
with RSGs with initial masses >15 M, the internal structures
of TZOs are very different from RSGs. While we lack TZO
models to calculate these directly, the structure of a TZO can
roughly be described by a dense, ~1 M, degenerate core and a
large, fully convective, envelope. Broadly, this is the same
stellar structure that describes AGB stars.

If we assume that TZOs and AGB stars can be coarsely
described by the same stellar structure, we can use the MESA
AGB models introduced in Section 5.2.1 to calculate appro-
priate values for o and (3 in Equation (1). These models directly
provide values of period, current mass, and radius as a function
of time, from which average density can be computed. We then
fit Equation (1) to these tracks in order to determine the
constants v and 3. From fitting the 6 M., SMC track, we find
values of & = 5.47 and 8 = —0.210, given a reference density
of p, =53 x 10® g cm . The difference in results from
fitting the evolutionary tracks with different masses and/or
metallicities was small, with o and (3 varying by less than 10%.
The effect of such changes are negligible: for a fixed stellar
mass, the radius associated with a given period varies by only
~1.7% (at P = 400 days) to ~2.6% (at P = 700 days).

With these values of « and (3, we can place lines of constant
mass in the plane of period versus radius (Figure 13). Using
L = 47R%c , we then calculate the radii of the HLOs using
the results from the SED fitting. These are also plotted in
Figure 13 using the same color scheme as in Figures 11-12.
Vertical ovals correspond to the range of radii observed for the
HLOs throughout their pulsation periods, as we do not directly

P=u« ey
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constrain the unperturbed radius. LMC-2 is not plotted, as we
believe it to be more consistent with an RSG (see Section 7),
and therefore, the stellar structure assumed to calculate the lines
of constant mass would not be appropriate.

Figure 13 shows that for this stellar structure, the pulsation
properties of the HLOs imply current masses between ~5 and
10 M. Exceptions include LMC-3, which is below 5 M, and
HV 2112, whose mean radius implies a mass slightly above
10 M.. We note that these precise masses depend on the
absolute value of our derived temperatures, which have some
systematic uncertainty, as discussed in Section 5.2.2. To
estimate the maximal impact this could have on our final
masses we also carry out this calculation assuming the HLOs
have temperatures 400 K warmer than found with the
MARCS/DUSTY modeling above. This leads to an ~20%
decrease in the inferred stellar radii, which results in current
mass estimates approximately a factor of 2 smaller than the
values shown in Figure 13. The implication of these masses for
the possible TZO nature of these sources, in light of the
proposed ~15 M., minimum mass for massive TZOs, will be
discussed in Section 7.2.4, below.

5.5. Mass-loss Rates and Dust

The MCMLC fits (Section 5.1.3) also provided an estimate of
the V-band dust opacity, 7y, for each HLO. Following the
method of Adams et al. (2016), for a constant velocity wind,
the MLR is

47TV, Fin Ti rin )
M: me(li) , (2)

Ry Yout

where the wind velocity vy, is taken to be 15km s, a typical
value for the circumstellar envelope around AGB stars (Hofner
& Olofsson 2018), and r;, and 7, are the inner and outer radii
of the dust shell. xy, the V-band opacity, is related to the gas to
dust ratio ryq, the grain size a, bulk grain density p, absorption
coefficient Q, by

_ 3ngQ
y = —-.

o 3)
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Table 3
Estimates of Dust Mass-loss Rates Using MCMC Fitted 7y Values (Column 3) and Empirical Relations (Columns 4-6)
1 2 3 4 5 6
Star Mean Inferred M (107 "M, yr ")
Ty Methods Used
7v MLR K, — [8] K, — [24] [3.6] — [8.0]
HV 2112 0257304 3.8702 2.7 +£0.23 0.38 + 0.03 N/A
SMC-1 0.149%4 3.5 2.8 4023 0.64 + 0.06 N/A
SMC-2 0.23+993 1.9493 N/A 0.25 + 0.03 N/A
SMC-3 0.1979%3 42443 8.8 & 0.44 1.2 + 0.07 N/A
SMC-4 0.161593 16493 N/A 0.25 & 0.02 N/A
SMC-5 0.28087 3140 N/A N/A N/A
SMC-6 0.28087 41798 2.6 + 0.21 0.22 + 0.03 N/A
LMC-1 0.307007 41540 294023 0.8 + 0.05 N/A
LMC-2 0717383 37.6°1Y7 5.4 4038 17 + 0.53 10+ 1.4
LMC-3 0.6279%7 8.7+23 N/A N/A N/A
LMC-4 0.22+3:94 3.5508 N/A 1.3 £ 0.08 N/A
LMC-5 0217393 6.4739 4.1+ 034 1.9 +0.11 N/A

Note. 7y values are the mean of all fitted phases for each star. See Hofner & Olofsson (2018) for empirical relation references.

For rgq = 0.01, a ~0.1 um, and p=33 ¢ cm73, as are
appropriate for silicate grains (Draine & Lee 1984), ky =~
50 cm? g~ '. Our adopted value of a ~0.1 um corresponds to
the mass-weighted average of the MRN grain-size distribu-
tion, assuming dpi, = 0.025 um and a.x = 0.25 um, as
appropriate for silicate grains (Mathis et al. 1977). In
addition, we note that MLRs calculated using the full range
of possible silicate grain sizes listed above would vary from
our quoted values by less than a factor of 3.3.

We calculate the posterior distribution of M for each phase
by drawing from the full posterior distribution for ry,, L, and 7y,
and average the results across all phases for each HLO. In
Table 3, we show the resulting estimates of M. The MLRs of
the HLOs are all on the order of 10~ 'M. yr ', except for
LMC-2, which is an order of magnitude higher.

In addition to estimating the MLR from the SED fits, we can
estimate the MLR of the HLOs using their photometric colors.
Hofner & Olofsson (2018) aggregated a number of color
estimation methods. We use the estimates for O-rich AGB stars
and RSGs in the Magellanic Clouds, as all HLOs have the
infrared colors of one of these source types (Figure 6). In Table 3,
we give the result for each HLO (columns 4-6). These results are
mostly consistent with the estimates from the SED fitting, though
the K; — [24] estimate is around an order of magnitude lower. If
an entry is “N/A,” the colors for that particular estimate were
outside the bounds described in Hofner & Olofsson (2018). We
note that all of the photometry used here is single epoch, so these
results do not take the variability of the HLOs into account.

AGB stars in the thermally pulsing phase have typical MLRs
ranging from 10~ to 10 "M, yr ' (Hofner & Olofsson 2018).
Groenewegen et al. (2009) found that MLRs for O-rich AGB
stars were all <10~ °M_, yr—'. RSGs display MLRs of 10" to
107*M., yr~' (Mauron & Josselin 2011). Thus, the estimated
MLRs for the HLOs are comparable to both those of O-rich
TP-AGB stars and RSGs, and none show signs of extremely
enhanced or “superwind” (~1 O_4M@ yr~ ') MLRs. This may be
a selection effect, as stars with significantly high MLRs would
be so visually obscured as to not appear in the ASAS-SN data.
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6. Stellar Lifetime Implications

Here, we assess the evolutionary lifetime implied by the size
of our HLO sample. We consider both s-AGB stars and TZOs,
in turn, and discuss whether the resulting lifetimes can form a
self-consistent physical picture with the assumed origin.

We assume that all HLOs come from the same physical class,
with the exceptions of LMC-2 (which we believe is consistent
with being a highly variable RSG; see Section 7.1.3) and
LMC-3 (which is more consistent with a lower mass—M <
5 M.—AGB star). In addition, as detailed in Section 5.2.3, it
appears that some of the luminous HAVs display the same
physical properties as the HLOs, lacking only the double-peak
feature in their light curves. In particular, while 7 of the HAVs
have K -band magnitudes dimmer than LMC-3 (and are thus
likely also lower-mass AGB stars; see Figures 11-12), 20 overlap
in bulk properties with the HLOs. To account for the possibility
that these 20 HAVs are of the same class as the HLOs, we
estimate the lifetimes assuming either that the total population
consists only of the 10 remaining HLOs (7 in the SMC, 3 in the
LMC), or that the total population consists of 30 stars (10 HLOs
+ 20 HAVs; 10 in the SMC, 20 in the LMC).

6.1. Super-AGB Stars

First, we calculate the lifetime of the HLO evolutionary
phase assuming that the HLOs come from stars with initial
masses between 6.5 and 10 M, stars (as expected for s-AGB
stars). We do this by comparing the number of sources in our
population to the total number of known AGB stars in the
Clouds, taking into account both the lifetimes of the AGB
phase from stellar models and the initial mass function (IMF).

Assuming continuous star formation, we can relate the total
number of stars, N, in an evolutionary state to the lifetime of
that phase and the IMF as

M,

N x 4

miT,dm,
M,

where I' is the slope of the IMF (taken here to be —1.35;
Salpeter 1955), and 7, is the lifetime of a star of mass m in that
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Figure 14. Examples of color—magnitude evolution for 3 and 6 M., LMC
tracks with the Cioni et al. (2006) RSG-AGB color-cut line as a solid black line
and the K-band cuts described in the text as dashed dark gray lines. AGB stars
classified in Boyer et al. (2011) are shown as green circles. Also noted is the
post-AGB section of the track.

evolutionary state. For the HLOs, we are interested in assessing
the average lifetime of the phase, (7)o, given the number of
observed objects and can thus remove 7, from the integral. We
can then express this mean lifetime in terms of the number of
known AGB stars in the Clouds as

M, 10 —1
f miTagedm f mtdm| .
M, 6.5

In order to complete this calculation, we require a region of the
color-magnitude diagram where (a) a complete sample of AGB
stars is known and (b) the time that AGB stars of various
masses spend in this region is also known.

For the observed population of AGB stars in the Clouds, we
use the sample of Boyer et al. (2011), which is claimed to be
complete. Within the region that we conducted our search for
HLOs (Section 2.4), there are 4799 AGB stars in the SMC and
23,519 in the LMC. This sample uses a color cut from Cioni
et al. (2006) to differentiate AGB stars from RSGs as a function
of K-band luminosity. This line, as well as the observed
population of AGB stars in the LMC, is shown in Figure 14
(see also Figure 6).

For the AGB lifetimes, we use the MIST stellar evolutionary
tracks (Choi et al. 2016; Dotter 2016), which include synthetic
photometry based on the ATLAS12 model atmospheres (Kurucz
1993). Metallicities of [Fe/H] = —0.37 and [Fe/H] = —0.95
were used for the LMC and SMC, respectively (Choudhury et al.
2016, 2018). For each stellar track between 0.7 M., to 1 M., (step
size of 0.1 M.) and 1 M, to 10 M., (step size of 1 M), we
calculate the lifetime spent within the region of color—-magnitude
space from which the observed sample of AGB stars was selected
(Figure 14).

We calculate the AGB lifetimes based on a series of flat
K-band cuts (dashed lines in Figure 14) and variations of the
Cioni et al. (2006) RSG/AGB line, which we shift redward by
up to 0.2 mag in J — K. These lifetimes, combined with the
number of AGB stars satisfying the same limits, are then input
into Equation (5) to give a range of possible mean lifetimes for
the HLO evolutionary stage. These ranges account for possible
discrepancies between the model and observed colors as well
as effects due to variations in the star formation rate of the

Nuro

)

<7' >HLO =
Nags
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SMC/LMC of approximately a factor of 5 over the ~5 Gyr
lifetime of a 1 M, star (Harris & Zaritsky 2004, 2009).

For M > 6 M, in the SMC and M > 7 M., in the LMC, the
MIST tracks terminate either before entering or in the region of
interest due to issues with model convergence during the
thermally pulsing AGB phase (Dotter 2016). In order to
investigate the impact that this uncertainty has on our final
HLO lifetime estimates, we test three different methods for
quantifying the AGB lifetime for these high-mass tracks: (i)
setting them to O yr, (ii) setting them equal to the lifetime of the
last successfully converged mass track, and (iii) determining a
linear relationship between mass and lifetime for the converged
tracks and extrapolating to higher masses. All three choices
have negligible results on our final HLO lifetime estimate due
to the steepness of the IMF.

Putting all of these components together we calculate a mean
lifetime for the HLO evolutionary phase, if they are produced
by 6.5-10 M, stars, of ~(0.5-7.0) x 10* yr in the SMC and
~(0.3-0.8) x 10* yr in the LMC, if the 10 HLOs represent the
full population. If we also include the 20 high-luminosity HAVs
described above, these numbers increase to ~(0.8-9.9) x 10* yr
for the SMC and ~(1.7-5.8) x 10* yr for the LMC.

Overall, these numbers are consistent with the expected
lifetimes of the s-AGB phase. Doherty et al. (2017) estimate the
lifetime of the thermally pulsing phase to be ~10*-10° yr.
However, if the 10 HLOs are the full population of stars of this
class, then the lifetime estimated from the LMC is approxi-
mately an order of magnitude lower than this prediction,
possibly indicating that the formation or lifetime of the HLO
class favors lower metallicity. This may also be due to a
selection effect or to the star formation history of the LMC. In
contrast, if the high-luminosity HAVs are also included, we
find similar lifetimes between the galaxies.

6.2. Thorne—Zytkow Objects

Next we investigate implications for the implied rate and
lifetime of the TZO phase if all the HLOs are of this origin. The
only current estimate for the number of TZOs visible in the
Magellanic Clouds was completed by Tout et al. (2014). Using
the binary population synthesis code BSE and a rough estimate
for the stellar mass in clusters with ages of ~10’ yr, they
estimate a 10% probability of finding one TZO in the SMC. At
face value, this would make the probability of all 10 HLOs
(and 20 high-luminosity HAVs) being of a TZO origin very
small.

However, both the TZO birth rate and subsequent lifetime of
the TZO phase are uncertain. The birth rate critically depends
on uncertain outcomes of the common envelope phase, while
the lifetime is typically estimated based on expectations for
when the TZO would exhaust its rp-process seed elements or
undergo enough mass loss to reduce the envelope mass below
the minimum required for fusion. These inferred lifetimes
range from 10° to 10° yr for standard RSG winds (Cannon
1993; Biehle 1994) down to 10* yr if TZOs enter an AGB-like
super-wind phase (Tout et al. 2014). In order to investigate
whether the uncertainties in these parameters are large enough
to accommodate a TZO origin for the HLOs, we perform an
independent estimate for the birth rate of TZOs in the
Magellanic Clouds via both the common envelope evolution
and SN kick formation channels. We update the methodology
of Podsiadlowski et al. (1995) for the Magellanic Clouds. The
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inferred number of TZOs is then simply the estimated birth rate
multiplied by an average TZO lifetime, (7).

For the common envelope channel, we follow Podsiadlowski
et al. (1995) and Taam et al. (1978), who estimate that all
HMXBs with periods <100 days will eventually enter a
common envelope phase but fail to eject the envelope, thus
producing a TZO. We use recent X-ray binary catalogs to find
the approximate number of HMXBs in the Magellanic Clouds.
Haberl & Sturm (2016) find 148 HMXBs in the SMC, of which
53 have reported orbital periods and 38 (72%) of those have
periods <100 days. In the LMC, Antoniou & Zezas (2016) find
42 HMXBs, 13 with a reported period, and 10 (78%) with
periods <100 days. We make no assumptions about the ratio of
long- to short-period HMXBs over the entire population, as
period measurements may be biased toward short-period
systems. Instead, we calculate a minimum formation rate
(assuming all P < 100 days HMXBs form TZOs) based on
38 HMXBs in the SMC and 10 HMXBs in the LMC. These
numbers are combined with an estimate for the lifetime of the
HMXB phase of ~10° yr (Podsiadlowski et al. 1995) to give a
TZO birth rate for the common envelope channel of >4 x
107* yr " in the SMC and >1 x 10~* yr ! in the LMC.

For SN kick formation, we adopt the binary system and
geometric assumptions of Podsiadlowski et al. (1995): that
~25% of NSs are born in close binaries, that 25% of those
systems survive their SN as a bound system, that ~25% of
those will receive a kick such that they spiral into the
companion, and that ~50% of those will have a massive
enough companion envelope to form a stable TZO configura-
tion. These are then combined with an SN rate for the
Magellanic Clouds to yield a TZO birth rate. Assuming that all
stars with M > 8 M., will explode as an SN, we adopt the
number of core-collapse SN per unit stellar mass to be O.OlMgl
(Maoz & Badenes 2010). Note that this is conservative, as
10%-30% of core collapses result in failed SN (Adams et al.
2017a). This is combined with average current star formation
rates of 0.06 M, yr~' in the SMC and 0.25 M, yr ' in the
LMC (Chandar et al. 2015). Together, these yield a TZO birth
rate from SN kicks of ~5 x 10°° yr~' in the SMC and
~2 x 107° yr " in the LMC.

Based on these assumptions, we find that the common envelope
formation channel dominates over the SN kick route in the
Magellanic Clouds. This is in contrast to Podsiadlowski et al.
(1995), who estimated that the two channels were comparable in
the Milky Way. This discrepancy is due to the lower SN rates in
the Clouds, coupled with the large number of observed HMXBs.
Taking the combined birth rates of TZOs in the Magellanic Clouds
(4.1 x 107* yr " in the SMC; >1.2 x 10 * yr ' in the LMC),
we estimate maximum lifetimes for the TZO phase of <1.7 x
10* yr and <2.5 x 10* yr for the SMC and LMC, respectively, if
the 10 HLOs represents the full population. If we also include the
20 high-luminosity HAVs, these maximum lifetimes increase to
<24 x 10* yr (SMC) and <1.7 x 10° yr (LMC). Conversely, if
we also include all HMXBs without reported periods when
calculating the TZO birth rate, we find minimum lifetimes for the
TZO phase of 5.3 x 10° yr (SMC) and 7.2 x 10° yr (LMC).

These results are on the extreme low end of previous
theoretical TZO lifetime calculations. Adopting our updated
Magellanic Cloud TZO birth rates and the “canonical” lifetimes
of ~10° to 10° yr would yield a prediction of 40-400 TZOs in
the SMC and 12-120 TZOs in the LMC, even more numerous
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than our current population of HLOs and HAVs. Thus,
although our sample of HLOs and HAVs is much larger than
some previous estimates for the number of TZOs that should be
present in the Clouds (Tout et al. 2014), we find that the
number of HLOs cannot be used to exclude a TZO origin as a
possibility. This is a direct result of the large numbers of
HMXBs in the Clouds, coupled with uncertainties associated
with common envelope evolution and mass loss in cool and
luminous stars.

7. Discussion

The goal of this work was to determine whether there is a
population of objects with properties like that of HV 2112 in
the Magellanic Clouds and to assess the nature of such a
population. Our criteria of red, luminous stars with high
amplitudes and double-peak features in their light curves
identified 11 candidate stars from the original ASAS-SN
sample of over a million stars in the Magellanic Clouds.

We will now discuss the HLOs as a class, highlight
individual sources of note, and assess the implications of
possible stellar identities.

7.1. HLOs as a Class

We defined as criteria for the HLOs that they must have
similar variability properties to HV 2112—specifically a high
amplitude and a double-peaked light-curve shape. Through our
photometric analysis in Sections 4 and 5, we have shown that
the physical properties of the HLOs are broadly consistent with
each other, with two exceptions (LMC-2, see Section 7.1.3, and
LMC-3, see Section 7.1.1). All of the remaining HLOs have
periods longer than 500 days. They are clustered in all of their
photometric properties (Figure 5). Their mid-IR properties
place most at the tip of the O-rich AGB branch (Figure 6), and
the HLOs all exhibit similar color evolution (Figure 7). There is
no evidence for superwinds in any of the HLOs (Section 5.5).
Finally, these stars are clustered together on the HRD in
Figure 11 and the period—luminosity diagram in Figure 12.
Therefore, these stars all appear belong to the same broad class.

7.1.1. Inclusion of HAVs in this Class

As seen in the phase-space diagram (Figure 5), the HRDs
(Figure 11), and the luminosity—period diagrams (Figure 12),
some of the HAVs display similar physical properties to the
HLOs. The 20 HAVs with higher luminosities and longer
periods likely belong to the same class as the HLOs. This
would imply that the double-peak feature observed in the
HLOs, sometimes attributed to shocks propagating through the
stellar atmosphere (Kudashkina & Rudnitskij 1994), may not
be an indication of a unique evolutionary state. Additionally,
we note that some of the HAVs may have double-peak features
below the ASAS-SN detection limit. The seven remaining, less
luminous, and shorter period HAVs are likely standard Mira
variables. LMC-3 likely also falls into this category, as it
overlaps with the evolutionary tracks of AGB stars with initial
masses of 5 M, or less.

7.1.2. HV 2112

Compared to the other HLOs (excluding LMC-2), HV 2112
displays extreme properties. It has the highest V-band
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Table 4
A Summary of Whether Various Properties are Consistent with AGB Stars, Super-AGB Stars, RSGs, or TZOs

Property Sections HLOs + High L., HAVs LMC-2 LMC-3 + Low L. HAVs
AGB s-AGB RSG TZ0 AGB s-AGB RSG TZ0 AGB s-AGB RSG TZ0
Variability 4.2 v v X ? v v v ? v v X ?
Mean V-magnitude 4.2 X ? X ? X ? v ? X ? X ?
K -magnitude 4.2 v v v v v v v v v v X X
J — K, Colors 43 v v by v X X v v v v X° v
Position on HRD 5.2 X v X v X X v v v X X X
Position on LPD 53 X v X ? X X v ? v X X ?
Pulsation Mass 54 X v X X N/A N/A N/A N/A v X X X
Dust MLR? 5.5 v Ve Ve e Ve v v e Ve v ve Ve
Lifetime/Rates 6 N/A vE N/A Ve N/A N/A N/A N/A N/A N/A N/A N/A

Notes. LMC-2 is separated from all other HLOs as it consistently displays different properties, and LMC-3 is included with the low-luminosity HAVs. Any divergent
behavior among the rest of the HLOs is footnoted. A horizontal line separates observed properties from inferred properties.
 Large amplitude growth possible in RSGs, see Section 7.1.3 and Yoon & Cantiello (2010).

® LMC-4 has J — K colors more consistent with RSGs.
¢ LMC-3 has J — K, colors more consistent with RSGs.
4 Dust MLRs are not calculated for HAVs.

¢ Consistent with the lower end of the MLR range for RSGs and pre-superwind AGBs.

If we assume TZO MLRs are similar to RSG rates.

€ Lifetimes are more consistent with theory and SMC/LMC population if high-luminosity HAVs are also included.
h Despite the large number of HLOs+HAVs compared to previous estimates, given the uncertainty in the CE phase and the number of HMXBs, this number cannot

exclude a TZO origin (see Section 6.2).

variability amplitude, the brightest mean V-band and 2MASS
K-band magnitudes, the highest mean luminosity, and the
highest estimated current mass. It is the only HLO with an
estimated mass of 210 M. Through our systematic analysis,
we have demonstrated that there is no other star with as
extreme properties in this regard in the SMC/LMC. Thus,
while we believe that the overall conclusions on the nature of
the HLO class (see Section 7.2) also apply to HV 2112, it is
clearly an extreme member.

Previous debate over the identity of HV 2112 has included
whether its luminosity was too high to be consistent with an
AGB origin. Levesque et al. (2014) found a luminosity of
log(L/L.) = 5.02 through spectroscopic fitting, while Beasor
et al. (2018) integrated under an optical to IR SED and estimated
a luminosity of 4.70 < log(L/L.) < 4.91. Through our fitting
of contemporaneous SEDs, we have shown that the luminosity
of HV 2112 oscillates over 4.68 < log(L/Ls) < 5.00 over its
pulsation cycle, broadly consistent with both previous estimates.

The maximum luminosity for AGB stars is very model
dependent. From Paczyriski (1970), the maximum bolometric
luminosity for an AGB star is My, ~ —7.1 mag, which
corresponds to log(L/Ls) = 4.74. The maximum luminosity
of HV 2112 is above this limit. More recently, however,
Eldridge & Stanway (2009) predicted that AGB stars can be as
luminous as log(L/Ly) =~ 5 (Mpo ~ —8.2 mag). Additionally,
s-AGB stars are predicted to be more luminous than classical
AGB limits. Lower metallicity models, in particular, can reach
>10°L, (Doherty et al. 2017). Therefore, the luminosity of HV
2112 does not rule out an s-AGB origin. Further discussion of
s-AGB stars as a plausible identity for the HLOs will follow in
Section 7.2.3.

7.1.3. LMC-2

LMC-2 has been the odd star out in several of our analyses.
It is the most luminous star in our sample, with log(L/L.) =
4.95-5.15, which would rule out an AGB identity. It is the only
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star to agree with RSG evolutionary tracks in the luminosity—
period diagram (Figure 12), and at its highest luminosity and
temperature, LMC-2 lies close to the RSG tracks in the HRD
(Figure 11). It is also the HLO with the highest MLR and far-IR
flux excess. It was classified as a “far-IR” object by Boyer et al.
(2011). LMC-2 sits in the area of the color—magnitude diagram
(Figure 6) occupied by RSGs, so we posit that it would have
been classified as an RSG if not for its dust.

Finally, the light curve of this object has been slowly
becoming less similar to our HLO criteria over time. While it
initially appeared to have an exaggerated double-peak light-
curve structure, the variability pattern of LMC-2 has changed
in the more recent g-band photometry (see LMC-2 in Figure 4),
something not seen in the other HLOs. We conclude that LMC-
2 likely does not belong in the HLO class, and it will not be
included in the following discussion. LMC-2 could be an
example of a late-stage RSG undergoing large-amplitude
pulsations, which has been theorized to occur in RSGs with
large luminosity-to-mass ratios (Heger et al. 1997; Yoon &
Cantiello 2010).

7.2. Nature of Sources

We now discuss the possible nature of the HLOs. In Table 4,
we tabulate various properties that we have analyzed through-
out this paper, both observed and inferred. LMC-2 is separated
due to its consistently different properties. LMC-3 and the low-
luminosity HAVs are also separate. Any other differences
between individual HLOs are noted in the table. Columns
correspond to possible origins for the HLOs: AGB stars,
s-AGB stars, RSGs, and TZOs. In each cell, we indicate
whether the HLOs (or LMC-2 or LMC-3) are consistent with
each stellar class, with a check mark (v') for a consistent result
and an X for an inconsistent result. A question mark (?)
indicates where there is uncertainty. These are mostly due to
the lack of theoretical TZO model predictions. Below, we
discuss the HLOs’ relation to these classes in more detail.
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7.2.1. Red Supergiants

The properties of the HLOs are largely inconsistent with
both the observed properties (e.g., variability and colors; see
Figures 5 and 6, respectively) and theoretical predictions
(Figures 11 and 12) for RSGs. While the overall luminosities
and MLRs (Table 3) are consistent with observations of RSGs,
we find that the HLOs diverge significantly from both
theoretical predictions of RSG evolution and control samples
of RSGs in the Magellanic Clouds. Therefore, despite being
very luminous and red stars, it is clear that the HLOs likely
have a different physical origin.

7.2.2. Asymptotic Giant Branch Stars

In terms of observed properties, such as variability and
infrared colors (Figures 5 and 6), the HLOs are broadly similar
to pulsating red giant stars (Mira variables). In particular, LMC-3
appears to be consistent with thermally pulsing AGB properties.
Its position on the HRD (Figure 11), luminosity—period diagram
(Figure 12) and period-radius diagram (Figure 13) are all
consistent with an AGB star with initial mass of ~4-5 M. In
addition, seven of the HAVs have both K-band magnitudes and
periods similar to LMC-3. The characteristics of these stars
conform with expectations for normal AGB stars (e.g., see the
“Low-L HAV” in Figures 11-12).

However, LMC-3 exhibited the lowest luminosity and
shortest period of the HLOs. For the other 10 HLOs and 20
more luminous HAVs, their properties differ from many of the
properties of normal AGB stars. With maximum luminosities
ranging over 4.58 < log(L/Ls) < 5.00 and estimated current
masses ~6—11 M, almost all HLOs have luminosities and
masses greater than the classical AGB limit.

7.2.3. Super-asymptotic Giant Branch Stars

The high luminosities and inferred masses of the HLOs are,
however, consistent with predictions for s-AGB stars (e.g.,
Siess 2010; Doherty et al. 2015). This interpretation is further
bolstered by the location of the HLOs on the HRD and period—
luminosity diagram. We have shown that their placement can
be reproduced by MESA models of intermediate-mass (Z6M..)
stars that have entered the carbon-burning phase. This off-
center carbon burning is the evolutionary characteristic that
distinguishes s-AGB from normal AGB stars (M < 6M_,). The
latter only progress to helium burning and cannot produce the
combination of high luminosities and long periods observed in
the HLOs (Figure 12).

We note that the late stages of s-AGB evolution are typically
associated with very high MLRs or “superwinds” with M >
1075M@ yr~ ! (Doherty et al. 2015). This is not observed in
the HLOs, which instead exhibit MLRs on the order of
107*-10""M_, yr'. However, multiple observations, including
the identification of O-rich AGB stars with long periods (=750
days) that are not self-extincted due to strong mass loss, have
been used to argue for a delayed onset of the superwind phase
(Vassiliadis & Wood 1993).

Indeed, Doherty et al. (2014a) implement a pair of criteria
for the onset of a superwind phase: an s-AGB star must either
have a period longer than 850 days or a period longer than
500 days and a C/O ratio greater than 1. The latter accounts for
the fact that higher MLRs are expected when the atmosphere of
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a s-AGB star becomes carbon rich, due to a change in opacity
(Marigo 2002; Cristallo et al. 2007). Given that the HLOs all
have periods <850 days and have IR colors consistent with an
oxygen-rich atmosphere, we suggest that they may be the
population of s-AGB stars that have begun carbon burning but
have not yet reached the superwind phase. Prior to this phase,
mass loss should be on the order of 1077M@ yrf1 (Doherty
et al. 2015), consistent with the HLOs (Table 3).

Both the current mass and lifetime estimates for the HLOs
are consistent with this scenario. Doherty et al. (2015) find that
s-AGB stars of masses 6-10 M, should lose only ~0.1-0.5 M,
prior to the onset of the thermally pulsing or superwind phase.
The initial masses of the stars would be therefore be close to the
current masses we derive in Section 5.4 and within the broad
range expected for s-AGB stars. Similarly, the lifetime
calculated in Section 6.1 overlaps with the lower end of the
predicted s-AGB lifetime (2-20 x 10* yr; Doherty et al. 2015).
This is consistent with expectations if the HLOs (and possibly
luminous HAVs) represent the population of s-AGB stars only
in the pre-superwind evolutionary phase.

In this picture, the HLOs would subsequently evolve into
heavily dust obscured stars, before ending their lives as either
O-Ne white dwarfs or exploding as electron capture (EC) SNe
(Miyaji et al. 1980; Poelarends et al. 2008). Critically, while we
do not directly constrain unperturbed radii and significant
spread exists, the mean radii of four HLOs imply current
masses =8 M., at which point various models predict an EC
SNe or even subsequent evolution to a core-collapse SN may
be possible. In particular, with an estimated current mass of
~10-11 M, HV 2112 falls within the regime where neon may
ignite off center under degenerate conditions (Doherty et al.
2015, a “hyper-AGB” star), and its existence would put strong
constraints on s-AGB models. In the case of an explosive fate,
the HLOs may represent direct evolutionary precursors to the
dust-enshrouded progenitors of two peculiar low-luminosity
transients discussed by Thompson et al. (2009).

Thus, we find that the HLOs are consistent with predictions
for s-AGB stars, so long as they are in the pre-superwind
carbon-burning phase. If these HLOs are s-AGB stars, it would
significantly increase the population of known objects, as only
one strong candidate has been identified to date (Groenewegen
et al. 2009).

7.2.4. Thorne—Zytkow Objects

Our initial criteria used to define the HLOs were based on
the variability of HV 2112, which is considered the strongest
TZO candidate to date (Levesque et al. 2014). While
spectroscopy /abundances have often been a key discriminant,
here we discuss constraints that the photometric properties and
variability of the HLOs can put on a possible TZO origin.

The temperatures, luminosities, and MLRs of the HLOs are
broadly consistent with expectations for TZOs, which are
predicted to be among the coolest RSGs (Thorne & Zytkow
1977) and to have luminosities of log(L/L) ~ 4.8-5.5 (Cannon
et al. 1992). The location of the HLOs on the HRD (Figure 11)
confirm that they are cooler than most RSGs, and while they are
distinctly on the faint end of the distribution, most have peak
observed luminosities that overlap with the range predicted by
Cannon et al. (1992). In addition, although van Paradijs et al.
(1995) suggest that TZOs may be dust enshrouded due to strong
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winds—which is not observed in this sample—the HLOs do
have MLRs consistent with RSGs of similar luminosities.

However, one major prediction from TZO theory is
seemingly at odds with observations of the HLOs: that a
minimum mass of ~15M,, is required for a TZO to be a stable
stellar structure (e.g., Cannon 1993). By combining tempera-
tures, luminosities, and periods of the HLOs with pulsation
models, we estimate current masses of ~6-11 M, distinctly
below this limit. While there are stable “giant” TZO models
with total masses of ~3.5-8.5 M., (Cannon 1993), there is a
predicted mass gap between these solutions (which are
supported by accretion onto the NS) and the massive TZO
solutions (which are supported primarily by the irp process at
the base of the convective envelope). When a massive TZO—
as required to produce the abundance anomalies in HV 2112—
falls below the minimum mass to sustain nuclear fusion, it will
undergo neutrino runaway and destabilize (e.g., Podsiadlowski
et al. 1995). Thus, three options exist: (i) the lower mass limit
for TZOs needs to be modified, (ii) our current masses are
underestimated, or (iii) the HLOs are not TZOs.

The mass lower limit for TZOs is derived from the
requirement that the temperature at the base of the convective
envelope is 2-3 x 10° K and that the envelope is able to
remain completely convective (Cannon 1993). As a result, this
limit depends sensitively on the convective efficiency, mixing
length (MLT) parameters, and the mass of the NS (which
influences the radiative temperature gradient). In the context
of this model, either increasing the MLT parameter, «, or
decreasing the NS mass will decrease the TZO mass limit.
Cannon (1993) finds that assuming Mys = 1.4 M., a = 1.5,
and standard MLT convective velocities, the TZO mass limit
can be lowered to ~10-11 M. In contrast, for o = 1, the
minimum envelope mass is 220 M. Thus while reconciliation
with the mass of HV 2112 may be possible, explaining the
population of HLOs as a whole would require significant
modifications to the model for convection. We also note that if
the minimum TZO mass is lowered, then the predicted lifetime
for this phase would increase, exacerbating the tension with the
lifetime of the HLO phase estimated in Section 6.2.

We emphasize that no direct model predictions for the
variability or pulsation periods of TZOs have yet been
produced. Our mass estimates relied on s-AGB models to
determine the normalizing constants in Equation (1). However,
the pulsation period should be primarily dependent on the mean
density in the envelope and the HLOs also appear consistent
with the location of the Hayashi track for low-metallicity,
intermediate-mass, stars (Figure 11). Similarly, while there are
uncertainties in our derived physical properties, systematically
shifting all HLOs to be >15 M., would require our measured
luminosities to be systematically underestimated by a factor of
2, temperatures to be overestimated by <500 K, or periods to
be overestimated by more than a factor of 2, all inconsistent
with the observational constraints. Thus, we conclude that for
TZOs to remain a viable origin for the HLOs, new TZO models
are required that either yield a lower minimum mass or have
detailed stellar structures that are capable of producing long
pulsation periods (>500 days) at intermediate luminosities
4.5 <log(L/Ly) < 5.1).
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8. Summary and Conclusions

The search. We have performed a systematic search for cool,
luminous, and highly variable stars in the Magellanic Clouds.
From among ~1.5 million objects, we identify 11 additional
stars with photometric and variability characteristics extremely
similar to that of the TZO candidate HV 2112, which we
designate HV 2112-like objects (HLOs), and 27 additional
HAVs which are similar but lack a distinctive double-peak
feature in the rising phase of their light curves.

Basic  properties. The HLOs have V-band amplitudes
>2.5 mag, periods >400 days, mean absolute V-band magnitudes
between —2.5 and —5 mag, and absolute K -band magnitudes
between —8 and —10 mag, properties which make them outliers in
comparison to both RSGs and Mira variables (Figure 5). Their
NIR colors are mostly consistent with O-rich AGB stars (Figure 6),
although they oscillate between the RSG and AGB branches of the
optical-IR CMD throughout their pulsation cycle (Figure 7).

Physical properties. Through fitting contemporaneous optical-
to-IR SEDs, we find the HLOs have temperatures, luminosities,
and MLRs of 3250K < T < 3600K, 4.15 < log(L/Ly) <
515, and 1 x 107'M, yr ' <M <4 x 10" °M_, yr'. Through-
out their pulsation periods, the temperatures of the HLOs
vary by ~200400K, luminosities by ~60%-95%, and radii
by ~25%-50%. Combining these physical properties with
theoretical pulsation models, we estimate current masses for the
HLOs of ~5-11 M.,

Lifetimes. By considering the HLOs as descendants of either
~6.5-10 M, stars or high-mass X-ray binaries (as expected for
s-AGB stars and TZOs, respectively), we derive lifetimes for
the HLO phase of a few x 10 yr. This is consistent with
expectations for the s-AGB phase and approximately an order
of magnitude lower than previous estimates for TZOs.

Nature of the sources. We consider four possible origins for
the HLOs and HAVs through comparison with theoretical
models: RSGs, AGBs, s-AGBs, and TZOs. A majority of
HLOs are inconsistent with an RSG origin: appearing at cooler
temperatures and, critically, displaying significantly longer
periods than predicted for RSG-like stellar structures at these
luminosities. However, one star, LMC-2 does have physical
and pulsation properties consistent with an RSG origin. In this
case, LMC-2 is one of the highest-amplitude pulsing RSGs
discovered to date, possibly consistent with late-stage ampl-
itude growth (Yoon & Cantiello 2010).

In addition, while one HLO (LMC-3) and seven lower-
luminosity HAVs are consistent with expectations for normal
AGB stars (M < 5 M), the remaining 10 HLOs and 20 high-
luminosity HAVs are also inconsistent with this origin. Instead,
we find that the luminosities, temperatures, pulsation periods,
MLRs, current mass estimates, and inferred lifetimes of these
are stars are all consistent with expectations for s-AGB stars,
provided that they have begun carbon burning but have not yet
entered a superwind phase. This would be the first confirmed
population of s-AGB stars.

A detailed comparison to predictions for TZOs is somewhat
hampered by a lack of models describing their pulsation
properties. However, one major theoretical prediction for TZOs
is in apparent conflict with our observations: all of the HLOs
have current mass estimates that are below the estimated
minimum mass of ~15M, for a TZO to be a stable stellar
structure. While this mass limit is strongly dependent on the
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treatment of convection, in order for TZOs to remain a viable
origin for the HLOs, new TZO models are required that either
have a lower minimum mass or otherwise have a stellar
structure capable of producing long (>500 days) pulsation
periods at intermediate luminosities.

HV 2112 remains the most extreme member of the HLO
class. It displays the highest variability amplitude, highest
luminosity, and largest current mass estimate at ~10-11 M.
There are no other stars as extreme in this regard in the SMC/
LMC. Future spectroscopic observations of the HLOs will
further elucidate their nature and connection to HV 2112.
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Appendix A
Additional Light Curves of HV 2112

Figure Al shows several light curves of HV 2112.

11
i :
A
12 ‘i 1‘\ J
013 % r
2 @
c 14 @ ° §
g |0 &, gg’
= 151" ?
-~ N
= :
(0]
=16
o
o
<17 _ i i _
18l & AsAsv & ASAS-SNV
I OGLEI § ASAS-SN g ]
1975600 2500 3000 3500 4000 4500 7000 7500 8000 8500
JD - 2450000

Figure Al. Light curves of HV 2112, including ASAS V band (left panel, teal circles) OGLE i band (left panel, red triangles), ASAS-SN V band (right panel, blue
squares), and ASAS-SN g band (right panel, green diamonds). Gray dashed lines indicate the placement of the light-curve peaks with a period of 596 days, as derived
in Section 4.1. While some variation is evident, the period is relatively stable over this 6000 day time period.
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Appendix B

Example of Anomalous Light Curves

Figure B1 shows examples of anomalous light curves.
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Figure B1. Examples of anomalous light curves.
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Appendix C

HAYV Data and Light Curves

Figures C1 and C2 show the light curves of the HAVs, and
Table C1 contains their photometric information.
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Figure C1. Light curves of high-amplitude variables. The properties of these stars are outline in Table C1.
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Figure C2. HAV light curves continued.
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Table C1
Basic Properties of HAVs
RA. Decl. 2MASS Period® AV Mean V* 2MASS
J2000 J2000 Name K-band®
(days) (mag) (mag) (mag)

00:41:21.43 —72:50:15.6" J00412143—-7250156 640.0 2.6 £0.27 15.62 + 0.76 9.95 + 0.02
00:57:14.48 —73:01:21.3" J00571448—7301213 520.0 >3.5 14.59 4+ 0.99 9.90 £+ 0.02
00:58:50.17 —72:18:35.6" J00585016—7218355 750.0 >2.8 14.34 £ 0.71 8.61 £ 0.02
04:35:57.34 —70:59:50.6 J04355734—7059505 450.0 >2.7 15.71 £ 0.56 9.77 £+ 0.02
04:40:26.01 —71:39:42.4 J04402601—7139423 500.0 >3.6 14.98 + 0.83 10.07 £+ 0.02
04:53:44.86 —68:57:59.3 J04534486—6857593 920.0 3.1 +£0.29 15.92 + 0.68 8.86 + 0.02
04:57:28.85 —70:27:29.5 J04572884—7027294 610.0 29 +0.29 16.02 + 0.71 8.75 £ 0.02
04:58:55.65 —66:45:41.5" J04585565—6645414 620.0 >3.6 15.15 + 1.02 8.57 £ 0.02
05:01:23.99 —70:05:53.7 J05012399—-7005536 620.0 >2.7 1531 £ 0.75 9.30 £+ 0.02
05:06:04.24 —70:16:51.3 J05060423—7016513 840.0 2.6 + 0.30 15.51 + 0.64 8.50 + 0.02
05:06:27.68 —68:12:03.7 J05062768—6812036 590.0 >2.7 15.19 + 0.57 9.11 £ 0.02
05:06:39.48 —71:35:56.5 J05063948—7135564 400.0 >3.1 15.36 + 0.77 10.10 + 0.02
05:07:38.30 —69:44:09.0 J05073830—6944089 630.0 2.6 £ 0.35 15.34 + 0.56 8.98 £+ 0.02
05:11:59.87 —71:36:24.8 JO5115987—7136248 750.0 >34 15.18 + 0.80 8.98 + 0.02
05:15:40.84 —66:04:57.8" J05154084—6604577 540.0 3.6 £0.30 15.62 + 1.02 9.33 £ 0.02
05:19:10.46 —70:58:21.2 J05191045—7058211 420.0 3.0 £0.30 15.55 + 0.74 9.95 £+ 0.02
05:20:01.57 —67:34:42.2 J05200157—-6734421 590.0 3.7 +£0.26 15.82 + 0.84 9.36 £+ 0.02
05:23:10.15 —67:50:06.2 J05231014—6750062 730.0 >2.7 15.54 + 0.65 8.44 £+ 0.02
05:24:22.20 —66:06:37.3" J05242219—-6606372 500.0 >3.2 1549 + 0.79 9.12 + 0.02
05:24:33.13 —70:42:36.1 J05243313—-7042361 600.0 >2.5 14.88 + 0.69 9.43 £+ 0.02
05:29:17.70 —67:02:34.6 J05291769—6702345 680.0 >3.2 15.28 + 0.80 8.79 £ 0.02
05:32:59.92 —70:41:23.6 J05325992—7041235 330.0 >2.7 15.14 + 0.70 10.05 £ 0.02
05:40:41.71 —66:14:46.8" J05404170—6614467 330.0 >2.9 15.94 + 0.69 10.03 £+ 0.02
05:49:13.36 —70:42:40.7 J05491335—7042406 680.0 >3.1 15.07 £ 0.91 9.45 £+ 0.02
05:51:55.25 —71:04:43.1 J05515524—7104431 640.0 2.7 £0.26 15.15 + 0.67 8.79 £ 0.02
05:58:44.33 —68:26:49.8 J05584433—-6826497 480.0 >3.8 14.97 £+ 1.02 9.83 + 0.02
06:05:09.76 —72:40:35.2 J06050976—7240352 540.0 >3.7 15.55 + 0.98 9.43 £+ 0.02

ey

Notes. Stars marked with a in their decl. column are included in Figures 11-12.

# Determination of periods is detailed in Section 4.1. Values in this table have been rounded to the nearest tenth; the periods are approximate, as we see cycle-to-cycle
variations of the period on the order of ~=£15 days.

® Determination of amplitudes is detailed in Section 2.8. “>" designates a lower limit. Errors are statistical from the data points, not systematic.

¢ Apparent magnitudes, not corrected for extinction.

28



THE ASTROPHYSICAL JOURNAL, 901:135 (32pp), 2020 October 1 O’Grady et al.

Appendix D
Results of MCMC Fitting

Figure D1 shows an example corner plot from an MCMC
fitting of one phase of HV 2112’s variability cycle, and
Table D1 shows the full results from the MCMC fittings.

Temperature (K) = 3405.48+1-81

log(L/Lo) = 4.83*+3:93

log(L/Lo)
o %,

— +0.13
T\/ - 061_011
1

Ty

log(rl) = 14.06*332

log(rl)
)

<

%VQQ %&Q ’b“‘bp 'b“‘bg @00 &'i” &@0 bﬁg\%
Temperature (K) log(L/Le) Ty log(rl)

Figure D1. Example corner plot from the MCMC fitting of one phase of HV 2112’s variability cycle. The phase is indicated in Table D1 with a double asterisk (*).
The posterior distributions of the HLOs generally look the same; this particular phase of HV 2112 was randomly chosen. The text above each 1D histogram shows the
median value and 1o uncertainties for each parameter. There is some degree of degeneracy between the luminosity and temperature parameters, but due to the small
magnitudes of the statistical errors resulting from the MCMC fitting, this does not impact our conclusions.
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Table D1
Results of SED Fitting for the HLOs
Best Fit Median

Star Phase Tegr (K) log(L/L) Ty X Tt (K) log(L/L) Ty

HV 2112 0.05 3659 5.00 0.06 118 3650139 4991001 0.1179%¢
” 0.25"* 3394 4.86 0.42 7.0 3400+ 4831093 0.61°913
” 0.35 3379 4.86 0.34 8.1 3380119 486709 0.2279%¢
” 0.65 3350 4.67 0.48 15.7 3340+ 468700 0.317%; gg
” 0.74 3526 4.86 0.39 13.0 3520+39 487759 0167943
» 0.86" 3593 4.83 0.21 13.2 3590439 4831093 0.12%9%8
SMC-1 0.29 3320 4.53 0.12 8.4 331039 45390 0.08+5%¢
” 0.39" 3365 4.49 0.32 18.0 3360719 4.5040:92 0.155540
” 0.69 3399 4.48 0.27 12.8 34102 4474092 0.17:00%8
” 0.99 3633 4.66 0.09 10.2 364030 4.66+991 0.16:097
SMC-2 0.10 3519 4.77 0.01 43 3530139 475798 0.2679%
” 0.13 3445 4.68 0.17 7.7 3450+39 468739 0.11+992
” 0.18 3400 4.74 0.01 52 3420139 4735501 0.0579%
” 0.50" 3360 4.43 0.71 153 335019 443750 0.46f86§
” 0.79 3504 4.53 0.42 12.8 3490439 454759 0.14%924
” 0.81 3515 4.60 0.29 11.7 3520139 4.59%001 036159
SMC-3 0.19 3578 4.86 0.28 6.7 3570+39 487759 0.13+3:98
” 0.29 3390 4.88 0.16 9.4 339019 4.89+09! 0.075004
” 0.92 3455 4.65 0.52 193 3450139 4.661001 0.3870%
SMC-4 0.13* 3454 4.75 0.14 10.6 3460139 4.7475% 0287997
” 0.30 3264 4.64 0.39 9.7 3250730 4641001 0.15591
” 0.91 3390 453 0.23 16.5 3390+1) 45540 8% 0.10t8_8g
” 0.99 3635 4.75 0.09 12.0 36407139 4757901 0.11753:98
SMC-5 0.24 3396 4.58 0.17 32 34003 4.56 00 0.143003
” 0.54 3364 4.37 0.30 125 3360119 438500 0.1970%
» 0.64" 3394 437 0.27 133 339019 4384092 0217988
» 0.94 3606 4.40 0.80 7.0 3620739 4.40+09! 0.57:03
SMC-6 0.08* 3579 4.87 0.15 73 358010 4884092 0.09+0:02
” 0.17 3482 4.80 0.47 6.4 349035 4794391 0.487017
” 0.44 3267 4.70 0.31 10.4 325039 4724981 0.123033
” 0.50 3308 4.62 0.31 11.7 330013 4.64+901 0.1559%7
» 0.81 3419 4.72 0.46 133 344039 471799 0.50%931
” 0.86 3443 4.62 0.48 13.8 3430739 4.634001 0.3290
LMC-1 0.18 3381 4.87 0.31 10.0 338019 487409 0.22:3%
” 0.45 3286 4.69 0.45 15.0 3270435 471509 0.30:0%
” 0.50" 3360 4.61 0.34 55.7 3350*19 4.625%2 0.205943
» 0.92 3426 477 0.46 16.1 344039 4764991 0.45929
” 0.97 3559 4.82 0.56 14.5 3530139 4.8275% 0.38%012
LMC-2 0.11 3623 5.11 0.83 5.9 3630139 511758 0.88193
” 0.11" 3569 5.04 0.85 12.9 357039 5.04+0%3 0.92:312
” 0.13 3566 5.17 0.37 72 3560139 5181591 0.3179%4
” 0.45 3330 4.98 0.69 11.2 3320+39 499790 05893
” 0.45 3407 4.95 1.83 3.8 3390139 5.0010:03 0.9479%9
” 0.76 3631 5.07 0.78 11.9 3620139 5.087902 0.53t8}8
” 0.79 3633 4.98 1.01 7.9 3620139 5.00105% 0.81793¢
LMC-3 0.08 3622 4.47 0.60 6.9 3630139 4471001 0.547512
» 0.77* 3422 426 1.15 12.4 3420138 4.26t8_8} 0.84t8_§%
” 0.88 3394 421 0.73 127 3390710 4.2350%2 0.56+03
” 0.97 3427 4.18 0.86 16.4 3420139 4.19799! 0.547044
LMC-4 0.16" 3387 4.79 0.13 5.5 3390119 480709 0.0759%2
” 0.22 3280 4.70 0.22 6.4 3260139 4727991 0.07+5:9¢
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Table D1
(Continued)
Best Fit Median

Star Phase Tetr (K) log(L/Ls) Ty X’ Teir (K) log(L/Ls) Ty
» 0.51 3335 451 0.67 16.5 332039 4524092 0.44+5%
” 0.54 3336 4.59 0.18 163 3330439 4.59005 0.17:008
” 0.87 3398 4.55 0.66 109 340028 4.5450:03 0.40:018
» 0.90 3520 4.69 0.38 83 351039 4704092 0.23+5%
” 0.94 3524 4.68 0.45 10.2 3510433 4.69700) 0.16-98
LMC-5 0.00* 3557 4.83 0.20 23.0 3550139 4854092 0.104:04
” 0.08 3481 4.72 0.23 127 3460435 4747501 0.1235:08
” 0.15 3383 4.80 0.29 8.5 3380719 4.815002 0.1870%
» 0.31 3249 477 0.54 12.9 323039 4784091 0.32+0.44
” 0.70 3250 4.64 0.39 19.6 3240739 4.65799 0.25-0.0¢8
” 0.77 3331 4.61 0.32 18.1 3320438 4.62+092 0.267008

Note. The temperature, luminosity, 7y, and XZ from the best run (lowest Xz) are shown, as well as the median values of the temperature, luminosity, and 7y
distributions with statistical errors encompassing 68% (10) of the distribution. Median temperatures are rounded to the nearest tenth. We discard the first 1000 runs as
a burn-in region, leaving 3000 runs in the distributions. For the best-fit values of temperature and luminosity, we assume systematic uncertainties of £50 K and
+0.05 dex, respectively. Phases that include ASAS-SN g-band photometry are marked with as * in the phase column. The phase of HV 2112 marked with two
asterisks (™) has its posterior distributions shown in a corner plot in Figure DI.
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