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Abstract

Fast yellow pulsating supergiants (FYPS) are a recently discovered class of evolved massive pulsators. As candidate
supergiant objects, and one of the few classes of pulsating evolved massive stars, these objects have incredible potential to
change our understanding of the structure and evolution of massive stars. Here we examine the lightcurves of a sample of
126 cool supergiants in the Magellanic Clouds observed by the Transiting Exoplanet Survey Satellite in order to identify
pulsating stars. After making quality cuts and filtering out contaminant objects, we examine the distribution of pulsating
stars in the Hertzprung—Russel (HR) diagram, and find that FYPS occupy a region above logL/L. = 5.0. This
luminosity boundary corresponds to stars with initial masses of ~18-20 M., consistent with the most massive red
supergiant progenitors of supernovae (SNe) II-P, as well as the observed properties of SNe IIb progenitors. This threshold
is in agreement with the picture that FYPS are post-RSG stars. Finally, we characterize the behavior of FYPS pulsations
as a function of their location in the HR diagram. We find low-frequency pulsations at higher effective temperatures, and
higher-frequency pulsations at lower temperatures, with a transition between the two behaviors at intermediate
temperatures. The observed properties of FYPS make them fascinating objects for future theoretical study.

Unified Astronomy Thesaurus concepts: Massive stars (732); Stellar evolution (1599); Asteroseismology (73);
Stellar pulsations (1625); Stellar mass loss (1613); Type II supernovae (1731); Red supergiant stars (1375); Late-
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type supergiant stars (910); Yellow hypergiant stars (1828); Hertzsprung Russell diagram (725)

Supporting material: extended figure

1. Introduction

In the standard evolutionary scenario (Conti 1975), massive
stars with initial masses between 8 and 25 M, end their lives as
red supergiants (RSG), which explode as type II-P or II-L
supernovae (SNe). In this picture, more massive stars partially
or completely lose their envelopes through stellar winds. They
then end their lives as yellow or blue supergiants in “stripped-
envelope” SNe (SESNe) of types IIb, Ib, and Ic (e.g.,
Filippenko 1997), with the progression through these subtypes
indicating the degree of envelope stripping.

While RSGs with initial masses up to ~25 M, are observed
around the Local Group (e.g., Levesque et al. 2005), actual
observations of SNe II-P progenitors with pre-explosion
imaging have revealed a dearth of high-mass RSG progenitors
of type II SNe (Smartt et al. 2009; Smartt 2015). This red
supergiant problem has continued to worsen since its
discovery: the latest Bayesian analyses conclude that SNe II-
P can only be produced by massive stars with initial masses
beneath a limit M, that is somewhere in the vicinity of 20 M, at
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the highest (Kochanek 2020), and the low X-ray luminosities of
SNe II-P are inconsistent with the high mass-loss rates
observed in high-mass RSGs (Dwarkadas 2014). One proposed
solution to the RSG problem is that the RSGs with initial
masses M; > M), lose enough of their envelopes through mass
loss or interactions with a binary companion to evolve
blueward in the HR diagram before exploding (e.g., Ekstrom
et al. 2012; Neugent et al. 2020), possibly as SESNe. Indeed,
such enhanced mass-loss rates are observed in massive RSGs
(Humphreys et al. 2020), and may also be necessary to explain
the observed diversity of SNe II (Martinez et al. 2022).

Validating this scenario requires compiling a sample of post-
red supergiant objects (post-RSGs) large enough to determine
the minimum luminosity (and thus minimum initial mass) star
that produces a post-RSG. There is a rich history of work
identifying the most luminous post-RSGs via their circum-
stellar material (e.g., Jones et al. 1993; Humphreys et al.
1997, 2002; Shenoy et al. 2016), photometric variability
induced by dynamical instabilities (e.g., Nieuwenhuijzen & de
Jager 1995; Stothers & Chin 2001) or spectroscopic signatures
(e.g., Humphreys et al. 2013; Gordon et al. 2016; Kourniotis
et al. 2022). However, less-luminous post-RSGs are quite
difficult to distinguish from their pre-RSG counterparts with
otherwise identical temperatures and luminosities.

The Transiting Exoplanet Survey Satellite (TESS; Ricker
et al. 2015) has opened a new window into understanding
massive stars. By observing at 2 minute cadence from space,


https://orcid.org/0000-0003-3601-3180
https://orcid.org/0000-0003-3601-3180
https://orcid.org/0000-0003-3601-3180
https://orcid.org/0000-0003-2184-1581
https://orcid.org/0000-0003-2184-1581
https://orcid.org/0000-0003-2184-1581
https://orcid.org/0000-0002-0637-835X
https://orcid.org/0000-0002-0637-835X
https://orcid.org/0000-0002-0637-835X
https://orcid.org/0000-0002-5787-138X
https://orcid.org/0000-0002-5787-138X
https://orcid.org/0000-0002-5787-138X
https://orcid.org/0000-0003-2528-3409
https://orcid.org/0000-0003-2528-3409
https://orcid.org/0000-0003-2528-3409
https://orcid.org/0000-0002-4924-444X
https://orcid.org/0000-0002-4924-444X
https://orcid.org/0000-0002-4924-444X
mailto:tdorn-wallenstein@carnegiescience.edu
http://astrothesaurus.org/uat/732
http://astrothesaurus.org/uat/1599
http://astrothesaurus.org/uat/73
http://astrothesaurus.org/uat/1625
http://astrothesaurus.org/uat/1613
http://astrothesaurus.org/uat/1731
http://astrothesaurus.org/uat/1375
http://astrothesaurus.org/uat/910
http://astrothesaurus.org/uat/910
http://astrothesaurus.org/uat/1828
http://astrothesaurus.org/uat/725
https://doi.org/10.3847/1538-4357/ac79b2
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac79b2&domain=pdf&date_stamp=2022-11-16
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac79b2&domain=pdf&date_stamp=2022-11-16
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 940:27 (24pp), 2022 November 20

TESS has revealed multiple modes of high-frequency varia-
bility in evolved massive stars that cannot be detected from
ground-based surveys. An exciting new result has been the
discovery of a new class of evolved massive pulsator: fast
yellow pulsating supergiants (FYPS; Dorn-Wallenstein et al.
2020). Massive stars are not expected to pulsate as they first
cross the HR diagram; however, post-RSGs may pulsate after a
sufficient amount of their envelope has been lost (e.g., Saio
et al. 2013). With a large enough sample of FYPS, the
evolutionary status of this new class of pulsators can be
confirmed, and their properties studied. Finally, using FYPS
pulsations to probe the interior of an evolved massive star via
asteroseismology would be a unique and incredibly powerful
constraint on the late stages of stellar evolution, and we wish to
infer the feasibility of performing such an analysis.

In this paper we search for pulsations in the TESS lightcurves
of a sample of 201 cool supergiants in the Magellanic Clouds.
We describe our sample selection procedure as well as how we
identify new FYPS in Section 2. We explore the distribution of
pulsators in the upper HR diagram in Section 3, and discuss the
evolutionary status of FYPS as well as their suitability for
asteroseismic studies in Section 4. When then summarize our key
results and conclude in Section 5.

2. Methodology
2.1. Sample Selection

As in Dorn-Wallenstein et al. (2020), we use the sample of
yellow supergiants (YSGs) from Neugent et al. (2010, 2012),
who used spectra obtained with the Hydra multiobject
spectrograph on the Cerro Tololo 4 m telescope to confirm
the membership of a large sample of YSGs and RSGs in the
Large Magellanic Cloud (LMC) and Small Magellanic Cloud
(SMC), along with updated formulae derived from Kurucz
(Kurucz 1992) and MARCS (Gustafsson et al. 2008) to obtain
effective temperatures (log 7eer) and luminosities (log L/L)
from near-infrared photometry. These measurements have a
typical precision of 0.015 dex and 0.10 dex in log To¢ and
log L/L, respectively. While other, more complete catalogs of
Magellanic Cloud supergiants exist (e.g., Yang et al.
2019, 2021), this is the only sample of YSGs with both
temperature and luminosity measurements. After excluding
stars with log L/L, < 4 to avoid contamination by lower-mass
evolved stars (see, for example, Levesque 2017), we cross-
matched this sample to the latest version of the TESS Input
Catalog (TIC, Stassun et al. 2018) available on the Mikulski
Archive for Space Telescopes (MAST), and selected all stars
with a TESS magnitude fainter than 7=4 (above which
TESS begins to saturate), and brighter than 7= 12 (i.e., bright
enough to detect sub-ppt-level variability in YSGs, see Dorn-
Wallenstein et al. 2019, 2020).

We selected all stars that had been observed by TESS at a
2 minute cadence in the southern hemisphere using target lists
for TESS Sectors 1—13 and 27-39.° This resulted in a total of
219 stars. However, Neugent et al. (2010, 2012) determined
membership in the Magellanic Clouds via radial velocities. In
the intervening years, the Gaia mission (Gaia Collaboration
et al. 2016) has provided us with extremely high-quality
astrometry which can be used to further refine our sample. We
crossmatched our sample with the catalog of Magellanic Cloud

® TESS target lists are available online at https://tess.mit.edu/observations/

target-lists/.
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Table 1
Names, TIC Numbers, Parallaxes, and Uncertainties for the Stars Discarded
after Crossmatching with Gaia Collaboration et al. (2018b)

Common Name TIC Number w [
(mas) (mas)
LMC
2MASS J05172733-6902538 179210681 0.1557 0.0310
MACHO 3.6848.668 179636847 0.2390 0.0223
2MASS J04521129-7148341 30035351 0.4251 0.0192

2MASS J05022839-7209032
2MASS J04462599-6950186
2MASS J04530398-6937285
MACHO 8.9024.14

2MASS J04463462-6704279
HD 268943

140831368 0.0548 0.0257
294868316 0.0921 0.0208
30032006 0.0850 0.0273
277028154 0.3320 0.0270
294872402 0.4372 0.0348
30931288 0.2189 0.0491

SMC

UCAC2 791862

UCAC2 1077812

Flo 739

UCAC2 1249286

[M2002] SMC 73541

Gaia DR2 4686397459879956992
[M2002] SMC 76389

UCAC2 856760

Gaia DR2 4686415425725954944

182517311 0.3403 0.0206
267496747 0.2534 0.0259
183799843 0.5495 0.0207
52014238 0.1500 0.0242
183306212 0.6740 0.0244
426012845 0.6944 0.0295
183495292 0.5260 0.0213
182734686 0.3906 0.0265
426012941 0.2676 0.0262

stars from Gaia Collaboration et al. (2018b), which uses data
from Gaia DR2 (Gaia Collaboration et al. 2018a). This allows
us to discard a further 18 stars in our sample as being likely
foreground objects. We list the names, TIC numbers, and Gaia
DR2 parallaxes and uncertainties (to compare with Gaia
Collaboration et al. 2018b) for LMC stars discarded at this
step in Table 1. The only LMC star in this list with a spectral
type available in the literature is HD 268943 (evolved AO
supergiant; Cannon 1936). Three SMC stars have literature
spectral types—UCAC2 1077812 (G6lab; Gonzélez-Fernandez
et al. 2015), Flo 739 (F7I; Florsch 1972), and UCAC2 1249286
(GSI; Neugent et al. 2010)—all of which appear to have been
assigned an incorrect luminosity class. All stars have parallax
values of the order 0.1 mas, well above the median LMC/SMC
parallax of —19/—0.9 pas respectively from Gaia Collabora-
tion et al. (2018b), confirming that these stars are all likely
foreground objects.

After discarding these objects, the sample contains a total of
201 stars. However, upon inspection of the spectral types
available in the literature for these stars, we found that 75 of
them are actually B-type stars. While Neugent et al. did
deliberately include these stars in their sample, they were not
listed as B supergiants at the time, and, because of the near-
infrared excess in these stars caused by free—free emission in
their winds, the derived temperatures from J — K photometry
were sensible for AFG supergiants. While TESS is sensitive to
a number of interesting physical processes in B supergiants,
none of them are the focus of this work, and so we discard all
such objects. This leaves us with a sample of 126 stars—101 in
the LMC, and 25 in the SMC—which nearly doubles the size
of the sample in Dorn-Wallenstein et al. (2020), and extends
our work to the SMC for the first time.

Using the Python package astroquery, we then queried
MAST and downloaded all available 2 minute cadence
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Figure 1. Hertzprung—Russel diagram showing the effective temperatures and
luminosities of the 126 stars in our sample. Stars in the LMC are shown as blue
circles, and stars in the SMC as purple squares. The five FYPS identified in
Dorn-Wallenstein et al. (2020) are shown as red stars. Black lines show rotating
evolution models at LMC metallicity (solid line; Eggenberger et al. 2021) and
SMC metallicity (dashed line; Georgy et al. 2013), with their initial masses
indicated.

lightcurves for each target. As in Dorn-Wallenstein et al.
(2020), we used the PDCSAP_FLUX lightcurves that have been
corrected for systematic trends, and stitched together light-
curves from different TESS sectors'® by dividing each sector’s
data by the median flux in each sector. Due to the location
of the LMC in the TESS southern continuous viewing zone,
many of the LMC stars in our sample were observed for
approximately 1 yr during either the first or third year of
TESS operations, or for upwards of 2 yr in some cases with a
year-long gap in observations during which TESS observed the
northern ecliptic hemisphere. Even the least observed LMC
stars still have TESS lightcurves spanning ~190 days (seven
sectors) of observations. Because the SMC was in the
TESS field of view for less time, SMC stars have at most
~55 days (two sectors) of TESS observations.

Figure 1 shows the distribution of stars in our sample in the
Hertzprung—Russell (HR) diagram. Stars located in the LMC
are shown as blue circles, while stars in the SMC are indicated
with purple squares. Red stars show the location of the five
LMC stars identified as FYPS by Dorn-Wallenstein et al.
(2020). Evolutionary tracks from the Geneva group are shown
as black lines with their initial masses indicated. Solid lines
correspond to rotating Z = 0.006 (LMC metallicity) tracks from
Eggenberger et al. (2021), while dashed lines are rotating
Z=0.002 (SMC metallicity) tracks from Georgy et al. (2013).
We note that these tracks incorporate “standard” recipes for
RSG mass loss, and that all tracks shown finish their evolution
as RSGs. This includes the 32 M. Z=0.006 track, which
undergoes blueward evolution while losing ~half of its
envelope mass, but then evolves redward during the final few
thousand years of its life.

2.2. Identifying FYPS

Throughout their lifetimes, massive stars display stochastic
low-frequency (SLF) variability. This variability is manifested
in the periodograms of massive star lightcurves as a rising trend
toward lower frequencies, similar in morphology to the

10 Each TESS sector is the length of two TESS orbits around Earth,
approximately 27 days.

Dorn-Wallenstein et al.

signature of granulation in Sun-like and red giant stars. SLF
variability was discovered in OB stars by Blomme et al. (2011),
and Bowman et al. (2019b) demonstrated that it is a ubiquitous
trait of hot stars. This SLF variability has been attributed either
to internal gravity waves (Bowman et al. 2019a, 2020),
subsurface convection (Cantiello et al. 2021), or wind-driven
processes (Krticka & Feldmeier 2021). SLF variability in cool
supergiants is a recent discovery (Dorn-Wallenstein et al.
2020), and its driving mechanism (and whether or not it is
linked with the SLF variability seen in hot stars) is still
unknown. However, it is found in all of the stars that we
consider in this work, is significant over the instrumental
background across the entire frequency range where FYPS
pulsations appear, and has an amplitude comparable with the
pulsations exhibited by FYPS.

This means that identifying FYPS and measuring their
oscillation frequencies with high precision is a unique
challenge compared to other varieties of pulsators in which
the oscillations have higher amplitudes, the background is
uncorrelated (i.e., white noise), or the correlation timescale of
the background is significantly different than the pulsation
periods of interest (e.g., many solar-like oscillators). In Dorn-
Wallenstein et al. (2020), we first fit the amplitude spectrum
(calculated as the square root of the periodograms derived from
the TESS lightcurve) for each star in our sample with a quasi-
Lorentzian function:

&%)

“= 1 + Q77ehar )Y "

Q. ey

Here fis the frequency, «y is the amplitude as f— 0, T, 1S @
characteristic timescale on which the noise is correlated, ~y sets
the slope of the red noise, and «,, corresponds to the white
noise floor at the highest frequencies. This is identical to the
function adopted by Bowman et al. (2019b), who instead use a
characteristic frequency, Venar = (27 Tenar) |- After fitting the
amplitude spectra, we divided the periodogram by the square of
the best-fit function in order to identify strong peaks in the
residual power spectrum. We then performed a prewhitening
procedure, modeling the lightcurve as a sum of sinusoids with
frequencies inferred from the residual power spectrum, iteratively
adding periodic components to the model until a minimum in the
Bayesian Information Content (BIC, Schwarz 1978) was
reached. If a model with at least one frequency was preferred (
i.e., had a lower BIC) over a constant model, then we inferred
that the recovered frequencies were actually present in the data.

While this method was suitable for discovering FYPS, this
method used a Xz—like metric to assess the likelihood function,
which assumes that each data point is independent. Due to the
SLF variability in our sample, this is not true; the data are
correlated by definition! Furthermore, we are concerned that
the pulsation frequencies (and associated uncertainties) mea-
sured with our prewhitening method could have been biased by
the SLF variability, which we did not account for.

For these reasons, we developed a method that uses
Gaussian processes (GPs; see Rasmussen & Williams 2006
for a comprehensive overview) to simultaneously model the
coherent and SLF variability in the time domain. GPs are a
flexible class of methods that is capable of characterizing the
SLF variability parameters rapidly and with high precision,
even in the limit where instrumental white noise is significant
(Bowman & Dorn-Wallenstein 2022). Following the notation
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Figure 2. Example of the Gaussian process-based approach to identifying FYPS. The data in blue is a section of the TESS lightcurve of the FYPS HD 269953, with a
30 minute Gaussian smoothing applied for clarity. The orange line shows the maximum-likelihood GP fit. The individual components are shown in green (periodic

mean function) and red (SLF variability), with offsets applied for clarity.

of Foreman-Mackey et al. (2017), the GP log-likelihood
function can be written (to within a constant) as:

1 B 1
log £(8, @) = =~y - pol "K'y — 1l — 7 log detKa
()

where K, is the covariance matrix of the stochastic variability
(whose components we assume can be modeled by some
function with hyperparameter vector ), and [y — pg] is a
vector of residuals between the data y and a model for the mean
flux, pe with parameter vector @ whose entries we are
interested in. By optimizing this likelihood simultaneously
with respect to a and 6, we account for any covariances
between the two sets of parameters that would otherwise be
ignored if we simply prewhitened the data before characterizing
the SLF variability.

The flexibility in the choice of pg in Equation (2) allows us
to cast the task of identifying pulsating stars as a model
selection problem: is a given lightcurve modeled better as SLF
variability plus some sum of sinusoids, or as just SLF
variability superimposed on a constant flux? To determine
which model best fits the observations with the minimum
number of free parameters, we calculate the BIC:

BIC = —2log L + mInN 3)

where m is the number of free parameters, and N is the number
of observations in the lightcurve. To calculate the GP log-
likelihood, we use CELERITE2 (Foreman-Mackey et al. 2017;
Foreman-Mackey 2018), and model the SLF variability using
the SHOTerm kernel following Bowman & Dorn-Wallenstein
(2022). This kernel has also been used successfully to model
granulation in Sun-like stars (e.g., Pereira et al. 2019). To
maximize the log-likelihood, we use PYMC3 (Salvatier et al.
2016), which is compatible with CELERITE2, and adopt either a

constant mean function, or some sum of sinusoids with trial
frequencies, amplitudes, and phases extracted from the light-
curve via the iterative prewhitening procedure from Dorn-
Wallenstein et al. (2020). We describe the various steps that we
use in detail in Appendix A. Figure 2 shows an example of this
process applied to the FYPS HD 269953. The data are a
100 days cutout of the TESS lightcurve with a 30 minute
Gaussian smooth applied. The orange shows the maximum-
likelihood GP fit with the minimum BIC model, and the red/
green lines show the stochastic/periodic components of the fit,
with offsets applied for clarity. The mean function contains 10
independent frequencies.

This procedure recovers a total of 91 stars that exhibit
periodic variability. For the majority of our sample, the
coherent variability is at relatively high frequencies (0.2-10
dayfl); as discussed in Dorn-Wallenstein et al. (2019, 2020),
these timescales are too fast to be attributed to surface rotation
or orbital modulation in a binary system, making pulsations the
most likely culprit.

2.3. Removing Contaminants
2.3.1. Contamination by Nearby Variable Stars

All of our targets are located in the Magellanic Clouds, and
each TESS pixel is 217 on a side (~17 ly at the distance of the
LMC). Therefore, crowding and contamination are significant
issues. In Dorn-Wallenstein et al. (2020) we used a statistical
argument to show that the clustering in the HR diagram of the
five stars we identified as FYPS ruled out contamination either
by a pulsating binary companion or by a nearby pulsating star
in the TESS aperture. Our current sample is much larger, and
we now suspiciously find “pulsating” stars throughout the HR
diagram, a fact that leads us to conclude that contamination is
likely affecting our sample.
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To directly assess the impact of contamination from nearby
variable stars on a star-by-star and frequency-by-frequency
basis, we turned to the publicly available archive of the Optical
Gravitational Lensing Experiment (OGLE; Udalski et al.
2015). For each star, we query the OGLE catalog'' for all
stars brighter than /=17 within 150", and all OGLE periods
shorter than 15 days. For each frequency recovered from the
TESS data (frgss) and each frequency observed in a nearby
OGLE lightcurve (fogLg), we can compute the fractional
difference in frequency,

o = |/rEss — @ocLel (4)
Jress

where a is either an integer or the inverse of an integer. We
then consider the probability that a frequency drawn randomly
from a uniform distribution spanning Alogf = 4 orders of
magnitude in log-space (approximately the range of frequen-
cies that we recover) would be found within ¢f of a frequency
found within the set of OGLE frequencies (i.e., the probability
of a false positive), which is

__2NN§f )

Pfalse
Alogf In10

where N is the number of OGLE stars considered and N, is the
number of values for a that we consider (six in total, using
a=1,2,4,1/2,1/3, and 1/4). We also consider combinations
of two OGLE frequencies (i.e., foLE =focLE.1 £ foGLE. 2), In
which case the factor of N in Equation (5) becomes N(N — 1).12
We then reject all frequencies with Ppyee < 10%. After
performing this process, we are left with a total of 57 stars
with at least one frequency remaining.

2.3.2. Contamination by Pulsating Binary Companions

We next turn our attention to the possibility that the
lightcurves have been contaminated by a pulsating binary
companion. Massive stars are preferentially born into binary
systems (Sana et al. 2012, 2014; Duchéne & Kraus 2013;
Eldridge et al. 2017), and from evolutionary modeling, the
most likely companion of an evolved supergiant is likely to be
a B-type star (or possibly a late O star), as less massive
companions are unable to form fast enough to reach the main
sequence by the time a massive star completes its evolution
(e.g., Neugent et al. 2018, 2019)."® Both 3 Cepheid variables of
spectral types O and B as well as Slowly Pulsating B (SPB)
stars exhibit pulsations on similar timescales as we observe in
our sample with amplitudes ranging from approximately 1-10
ppt (Balona & Ozuyar 2020).

To deduce which lightcurves are potentially contaminated by
a B-type companion, we can pose the following thought
experiment. Say we observe a star with magnitude 7 that
appears to vary with amplitude Y (or, in magnitude units,
2.5log1 + Y). Imagine this star is actually constant, and bright

1 https: //ogledb.astrouw.edu.pl/~ogle/OCVS /catalog_query.php
12 There are N(N — 1)/2 combinations of two stars, and factor of 1/2 is
canceled by testing both the sum and difference of the two OGLE frequencies.
Due to the fact that a star only spends a small fraction of its life as a post-
main-sequence object, a binary system composed of two evolved supergiants is
exceedingly unlikely. If any of these stars were actually in such a system, we
would expect their Hydra spectra from Neugent et al. (2012) to show signs of
binarity, which they do not.
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Figure 3. Amplitude in magnitudes of a companion star as a function of the
companion star’s TESS magnitude that would appear as 100 ppm variability
when blended with a nonvariable 7' = 12 primary. The red box corresponds to
the typical brightness and amplitude range of a 5 Cepheid star in the LMC. The
blue line intersects the red box, which indicates that the observed variability in
this toy example is consistent with contamination by a pulsating B-type
companion.

Companion Amplitude [mag]

enough that it is the dominant source of light in the
TESS bandpass, but is contaminated by a companion that is
AT ma%nitudes fainter (corresponding to a flux ratio of
R=10"27/23), pulsating at an intrinsic amplitude X > Y. In
order for us to mistakenly determine that the primary star is
variable with an amplitude Y, the true amplitude must be X = ¥/
R, (or in magnitude units, —2.5log(1 + Y /R)). Figure 3 shows
a toy example, in which a T= 12 primary is contaminated by a
secondary whose TESS magnitude is shown on the x-axis. This
imaginary system is observed to vary with an amplitude of
100 ppm (0.1 mmag); the blue line shows the intrinsic amplitude
of the companion that would result in the observed amplitude.
We can compare this result with the typical TESS magnitude
and pulsation amplitude of a 3 Cepheid variable. To do this, we
use PYSYNPHOT (STScl Development Team 2013), along with
synthetic stellar spectra from Kurucz (1993) and the publicly
available TESS bandpass'* to calculate synthetic TESS
photometry of a BOV and B9V star in both the SMC and
LMC, using the parameters for these stars from Silaj et al.
(2014), distance moduli from Kovacs (2000a, 2000b), and
typical extinction for the Clouds from Gordon et al. (2003),
assuming Ry, =2.74/3.41 in the SMC/LMC respectively.
Typical 3 Cepheid amplitudes in the TESS bandpass are taken
from Balona & Ozuyar (2020). The red box in Figure 3 shows
the result of our synthetic photometry, bounding the region in
this parameter space in which a typical pulsating B star in the
LMC resides. The blue line intersects with the red box,
indicating that in this toy example, the observed variability
is consistent with the star’s lightcurve being contaminated by a
(B Cepheid companion. We perform this process for every
remaining star in our sample with at least one frequency,
using the star’s TESS magnitude to determine whether the
star’s variability could be due to contamination from a
pulsating B-type companion. We use the properties of a
B-type star in the LMC or SMC depending on the star’s host
galaxy, and remove a star if all of its frequencies are

!4 hitps:/ /heasarc.gsfc.nasa.gov /docs /tess/data /tess-response-function-v2.
0.csv
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consistent with such contamination (21 stars in total). We
note that this argument also applies in the case of chance
spatial alignment between a star in our sample and a single B
star in its host galaxy.

3. Results
3.1. Pulsating Stars in the Upper HR Diagram

From the list of the 91 pulsating stars recovered by the GP
procedure described above, we discard all frequencies that are
likely to be contaminants from nearby stars, and all objects
whose lightcurves could be contaminated by a pulsating B star
(21 objects). This results in a sample of 36 bona fide pulsators.
Using the luminosity and temperature estimates from Neugent
et al. (2010, 2012), we now wish to visualize the location of
these pulsating stars in the HR diagram.

To do this, we use kernel density estimation, a technique that
replaces each point in the HR diagram with a two-dimensional
Gaussian kernel of a given width to estimate the distribution of
objects in the HR diagram. Because the dynamic range of the
luminosity and temperature measurements are slightly differ-
ent, and most implementations of kernel density estimates
(KDEs) use a symmetric kernel for multidimensional density
estimation (i.e., the kernel width is the same in all dimensions),
we first use SCIKIT LEARN (Pedregosa et al. 2011) to scale the
data such that the transformed log 7o and log L/ L., measure-
ments each have a mean of 0, and a standard deviation of 1. We
then use SCIKIT LEARN to fit the transformed logL/L. and
log To¢r measurements of the entire sample using a KDE with a
kernel size of 0.5 (corresponding to half the standard deviation
of the sample in log Tosr and log L /L, when transformed back
into the observed HR diagram). We also fit just the subsample
of 58 confirmed pulsating stars. We compute both density
estimates on a grid of 100 x 100 points in the transformed
variables, before transforming this grid back into the observed
HR diagram. From these results, we can compute the fraction
of stars that pulsate, fyuise, as a function of position in the HR
diagram as:

KDE,; Na

Jouise 108 Tegr, log L/ L) = ©)

where the subscripts “pulse” and “all” correspond to the sample
of pulsators and the entire sample, and N is the number of stars
in each subset.

The top-left panel of Figure 4 shows the result of this
calculation. The value of fy, is indicated by the color, with
blue corresponding to lower values and yellow corresponding
to higher values. To highlight the range of values in the plot,
we limit the color bar to correspond to the range
0.25 < fpuise < 0.6. The gray-shaded region in the outer
boundary of the plot corresponds to where KDE,;; < 0.015 as
an ad hoc way of showing where the density of stars in the HR
diagram is too low to make meaningful interpretations. The
nonpulsating stars in our sample are shown as small white
squares, and pulsating stars are shown as slightly larger blue
stars with black outlines. The typical uncertainties on log Z¢
and log L/L, are shown as an error bar in the top-left corner of
the plot. The figure itself is quite detailed, so we pause here to
note a critical takeaway: we detect a high fraction of pulsators
at luminosities above logL/L; = 5.0.

Now, examining the figure in detail, in the lower right we
find a pronounced paucity of pulsators. For comparison, we
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show the theoretical Cepheid instability strip computed at
Z=0.006 (i.e., the metallicity of the LMC) from Anderson
et al. (2016), which we plot as a cross-hatched shaded region
with the cool/warm edge of the instability strip indicated in
red/blue, respectively. We infer that

1. Our sample is largely insensitive to Cepheid variables, or
contamination by nearby Cepheids (which we addressed
in Section 2.3.1). This is unsurprising as typical Cepheid
variability occurs at high amplitudes on long timescales,
which we expect to be mostly removed by the
TESS SPOC processing of the PDCSAP lightcurves.
The exception to this is the three lowest luminosity stars
in this quadrant of the figure; at this luminosity,
TESS does become sensitive to the typical periods for
Cepheids in the LMC/SMC (e.g., Soszyiiski et al. 2018).

2. The variability that we detect really does occur at the
observed frequencies; we are not seeing low-frequency
variability that is modulated into a higher-frequency band
by systematic or instrumental effects. Otherwise, we
would expect to recover luminous Cepheids, which we
do not.

The remainder of the plot shows two clumps of high fs; one
occurs at high temperature (log To¢r 2 3.8) and low luminosity
(logL/Ls < 4.8), and the other above logL/Ls 2 5.0,
especially for temperatures above log Togy < 3.7. Between the
terminal age main sequence (TAMS) and the red supergiant
phase, massive stars evolve across the HR diagram at
approximately constant luminosity. As a result, the separation
that we show as a dotted goldenrod line at logL/L. = 5.0
corresponds to a boundary in initial mass. This boundary itself is
quite interesting, as it roughly corresponds to stars with initial
masses of ~18-20 M., and marks the transition to significantly
higher RSG mass-loss rates observed by Humphreys et al.
(2020). For this reason, we follow our previous work and
associate the lower luminosity clump (which we circle in
Figure 4 with a periwinkle ellipse) with the o« Cygni variables.
These pulsating B and A supergiants (blue supergiants, BSGs) are
thought to be post-RSG objects (Saio et al. 2013; Georgy et al.
2021). Georgy et al. (2021) compare their models with a number
of o Cyg variables that span a wide range in luminosity, including
relatively low-luminosity stars down to log L/L., > 4.5; we also
recover o Cyg variables at comparably low luminosity. Our work
suggests a division between these lower luminosity objects and the
higher luminosity stars that we discuss further below. While
estimates on the minimum-mass star that should experience a post-
RSG phase through single-star evolution vary, it would be quite
surprising to find post-RSGs at such low luminosity. These lower
luminosity « Cyg variables may therefore be the result of binary
interactions. Quite interestingly, two studies of the SN Ib
PTF13bvn identify the progenitor as a stripped star in a binary
system whose properties are consistent with the o Cyg stars in our
sample (Bersten et al. 2014; Eldridge et al. 2015). As these stars
are not the focus of the present work, we leave further speculation
to other authors.

We associate the high-luminosity pulsators with the recently
discovered fast yellow pulsating supergiants (FYPS), and we
highlight the thirteen pulsating stars in this part of the HR
diagram with red star-shaped markers. We pause here to note
two important details. First, of the five stars identified as FYPS
by Dorn-Wallenstein et al. (2020), only three of them are
identified as such here (HD 269953, HD 268687, and HD
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Figure 4. Left panels: the pulsator fraction f;,1c shown as a function of location in the HR diagram, with f,,s. increasing from blue to yellow. The stars in our sample
are shown as white squares, with confirmed pulsators shown as blue stars with black outlines, FYPS (pulsators with logL/L., > 5.0) shown as red stars, and the
original five FYPS discovered by Dorn-Wallenstein et al. (2020) shown as red stars with black outlines. The typical uncertainty in log 7o and log L/L, is shown as
the black error bar in the top-left corner, and the region where our sample is incomplete is shown as the dark gray outline. The log L/L, > 5.0 is shown as a dotted
goldenrod line, the Cepheid instability strip is shown as a hatched, shaded region, and the region containing low-luminosity o Cygni variables is indicated by the
periwinkle ellipse. Right panels: an estimate of the statistical significance of the structures seen in the left panels. The fraction of simulated fj15c values drawn from
10,000 bootstrap simulations whose value is less than the true value of fyyise f<fpu1se’ with f_ frue increasing from red to blue. Regions in dark blue/red are statistically
significant under/overdensities of pulsators. For comparison, we overplot Z = 0.006 evolutionary tracks from Eggenberger et al. (2021), the minimum FYPS
luminosity at log L/L, > 5.0 in goldenrod, and the maximum luminosity of a 17 and 21.3 M, star calculated using the relationship presented in Kochanek (2020) in
dark and light blue respectively. The top panels show the results of this computation for the entire sample, with the middle and bottom panels showing the results
restricted to the stars in the LMC and SMC, respectively.
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269840). All of the frequencies recovered from the other two
stars, HD 269110 and HD 269902, were rejected as being
contaminants from nearby stars. Second, there are a number of
stars immediately below the goldenrod line in the figure.
Indeed, if we lower the threshold to logL/L, = 4.95 (i.e.,
approximately half of the typical error on the luminosity
measurement), an additional four pulsating stars are selected.
We consider it reasonably likely that these stars are associated
with the higher luminosity pulsators, and therefore include
them in the discussion of FYPS going forward (while
continuing to refer to the boundary at logL/L; = 5).
However, we note that further work is needed to determine
exactly where the minimum FYPS luminosity boundary should
be located.

All told, we identify 17 stars as FYPS, increasing the number
of known FYPS by almost a factor of four. We tabulate all of
the stars identified as FYPS in Tables B1 and B2, and show
their TESS lightcurves and periodograms (after normalizing by
the shape of the SLF variability) in Figures 1 and 2. In these
figures, we indicate which frequencies are attributable to
nearby variables, and which we attribute to the star itself.
Pulsating stars not identified as FYPS are listed in Tables B3
and B4, and the remaining nonpulsating stars at all luminosities
are listed in Tables B5 and B6.

We now return to the increase in f,use at high luminosities
around log T¢¢r ~ 3.8-3.9 (~6300-7950 K). This temperature
regime corresponds to the transition between stellar atmo-
spheres with electron scattering as the main source of opacity,
and those where H™ opacity dominates—and where efficient
surface convection begins to develop.' Therefore, we expect a
transition in the pulsational properties of FYPS at this
temperature. Indeed, that is precisely what we observe, as we
discuss in Section 4.2. However, we note that the stars we
identify as FYPS are fairly evenly distributed across the upper
HR diagram and the transition in pulsational properties that we
discuss below is a smooth one. Therefore, this may just be a
result of how well the HR diagram is sampled in this region.

Finally, the middle-left and bottom-left panels of Figure 4
show the results of computing f,us €xclusively on the stars
residing in the LMC and SMC, respectively. These panels
largely illustrate the effects of our sampling—e.g., most of the
signal seen in the upper-left panel is driven by the behavior of
stars in the LMC—and the limitations of the KDE when
extrapolated beyond the sample coverage, especially in the
SMC. However, the key features of the plot—a transition point
at logL/L, = 5.0, and the lack of low-temperature, low-
luminosity pulsators exist irrespective of the host galaxy.
Interestingly, the high-luminosity pulsators in the SMC appear
to be found preferentially at lower temperatures, but with so
few stars, we cannot make any conclusions about possible
metallicity effects.

3.1.1. A Note on o Cygni Variables and Nomenclature

It is now apparent that the “Y” (for yellow) in FYPS is now
somewhat inaccurate; FYPS are found among both FG
supergiants and higher-temperature A supergiants as well. As
a result, there is now considerable overlap between the
properties of the warmer FYPS and the properties of o Cygni

15 Similar physics are responsible for the “Kraft break,” a transition in the
observed rotation rates in low-mass main-sequence dwarfs across this
temperature boundary (Kraft 1967).
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variables. Indeed, measurements from Schiller & Przybilla
(2008) place Deneb, the o Cygni prototype, squarely in the
upper-left quadrant of the left panel of Figure 4. Of course, the
precise definition of an a Cygni variable in the literature is
somewhat unclear; early catalogs of variable stars define «
Cygni variables as luminous B and A supergiants that display
~0.1 mag variability (Kholopov et al. 1985). That definition
then grew to encompass a broad swath of supergiants of nearly
all spectral types, on the assumption that these stars form a
smooth evolutionary sequence (e.g., van Genderen 1989, 1992).
This includes all manner of variable objects, including
luminous blue variables and B[e] supergiants (e.g., van
Genderen & Sterken 1999, 2002), whose variability may be
caused by a plethora of physical effects. More recent work has
winnowed this definition back to just B and A supergiants (e.g.,
Samus’ et al. 2017), which pulsate nonradially over periods of
a few days or longer. While the pulsations we observe in the
TESS data are typically faster and have lower amplitudes, this
may be due to the fact that ground-based surveys just are not
sensitive to the short periods and low amplitudes that TESS is.

So are the warmer FYPS in our sample truly FYPS, or are
they a Cygni variables? Should the term “FYPS” be used
solely to refer to the pulsating FG supergiants in our sample?
Unfortunately, very little is known about pulsations in both
FYPS and o Cygni variables from a theoretical standpoint,
making it difficult to determine the connection between the
two; both classes of objects are thought to be candidate post-
RSG objects (Saio et al. 2013; Dorn-Wallenstein et al. 2020;
Georgy et al. 2021). However, as we mention above, some «
Cygni variables have luminosities below log L/L. = 5.0 (van
Genderen 1989) and thus should not experience post-RSG
evolution. As we discuss further in Section 4.1, previous work
has shown that a small number of the most luminous stars we
identify as FYPS in our sample are also likely pre-RSG objects.
Furthermore, while there is a decrease in fpsc at intermediate
temperatures around log Toer &~ 3.8, six of the recovered FYPS
reside in this decrease, and we observe a continuum in the
behavior of the recovered pulsation frequencies across this
region (Section 4.2), raising doubts that the warm (A type) and
cool (FG type) FYPS form distinct classes.

Ultimately, while more precise nomenclature is absolutely
necessary, introducing additional nomenclature at this juncture
is likely to result in further confusion until our theoretical
understanding of these objects is on firmer ground. If the warm
and cool FYPS are actually two distinct types of pulsator with
overlapping properties (as is the case for 3 Cepheid variables
and Slowly Pulsating B stars, which exhibit p-modes and g-
modes, respectively), then perhaps a new name for the warmer
FYPS is warranted. On the other hand, if the warm FYPS are
simply a subtype of either the FYPS or o Cygni variables, then
a different naming scheme is necessary. As we discuss above,
differences in post-main-sequence luminosity correspond to
differences in initial mass, and therefore evolutionary trajec-
tory. For this reason, we use “FYPS” to refer to pulsating stars
in our sample that are brighter than logL/L. = 5.0, and “«
Cyg” to refer to the warmer, lower luminosity clump of
pulsating stars identified previously.

3.2. How Real Are These Features in the HR Diagram?

We now wish to determine the statistical significance of the
features that we observe in the left panel of Figure 4, in
particular, the high fraction of pulsators above log L/L., = 5.0.
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To do this, we need to establish our null hypothesis: that there
is no underlying structure to the value of f,sc as a function of
luminosity and temperature, and that the patterns that we
observe are simply a result of randomly labeling 36 stars from
our sample as pulsators, as would be the case if contamination
were responsible for our results (i.e., we would expect each
lightcurve to have an approximately identical chance of being
contaminated). If the null hypothesis were true, we could repeat
the procedure described above, randomly taking 36 stars from
the sample of 126, computing the KDE of these stars, and
computing Equation (6) using this simulated sample. We
perform this experiment 10,000 times, and at each location in
the HR diagram where we calculated fyuse, We compute the
fraction of simulations in which the simulated value of fj,;s in
that pixel is less than the observed value, a quantity we
denote f_, .
pulse

The top-right panel of Figure 4 shows f<fp L asa function of
position in the HR diagram. Pixels with high values of f<fpulse
shown in deep red are temperatures and luminosities where the
overdensity of pulsators are statistically unlikely to be a result
of random sampling. Similarly, low values of f<f;)u|se shown in
deep blue correspond to statistically significant under densities
of pulsators. The important takeaway in this figure is that the
patterns we discuss above are associated with extreme values of
f<fp s there is real structure in the value of fyue in the HR
diagram. Furthermore, we find that the transitions from regions
containing statistically more pulsators to regions containing
fewer occurs fairly rapidly; the regions in orange and white that
correspond to moderate values of f<fp ., Are Narrow. Finally, the

overdensity of pulsators above logL/L. = 5.0 is statistically
significant (deep red) in nearly all locations in the plot.
Finally, we compute f_, . once more, limiting the calculation
pulse

to stars in the LMC/SMC, which we show in the middle-right/
bottom-right panels of Figure 4. Similarly to the fouse
calculation, while the exact structures are dependent on how
well the HR diagram is sampled, the overall morphology and
key features of the plot exist irrespective of the host galaxy. This
is especially interesting for the SMC (bottom panels), where our
sample is small, the TESS lightcurves are significantly shorter,
and targets are fainter on average. This indicates the robustness
of both our results, and the procedure we use to identify
pulsators. Unfortunately, as we conclude above, with such few
stars in the SMC above logL/L. = 5.0, we are unable to
determine if there are any metallicity effects on the distribution
of FYPS in the HR diagram.

3.3. What about Unaccounted-for Contaminants?

The astute reader might ask: if so many of the frequencies
recovered from the TESS data are attributable to contamination
from nearby stars, and the OGLE catalog is likely to not be
100% complete, how can we conclude that contamination from
nearby stars not listed in the OGLE catalog is not the underlying
cause of every single frequency that we measure? After all, the
pulsations we are observing are incredibly fast relative to the
dynamical timescale in a typical YSG, and the TESS data are
quite crowded. Are FYPS even real? We certainly believe so,
and are convinced by the statistical significance of the
overdensity of pulsators above logL/Ls = 5.
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Of course, more massive stars are found in more crowded
regions (e.g., Aadland et al. 2018), so one might argue that
frequencies found in these more luminous stars are even more
likely to be attributable to contamination. While we have no
way of evaluating Equation (5) without measured frequencies
from nearby stars, we can look at the distribution of
contaminant objects in the HR diagram. While the distribution
of pulsators shown in Figure 4 does not appear to be drawn
randomly from the overall sample, if it is similar to the
distribution of contaminants, one can conclude that these
pulsators are likely to be entirely an artifact of contamination.

We begin by identifying the sample of objects for which
every statistically significant frequency extracted from the
TESS data has a high likelihood of being a contaminant (i.e.,
the objects removed in Section 2.3.1). We can then use the
KDE /bootstrap procedure described above and a variation of
Equation (6) to define the “contaminant fraction,” f.on., as well
as f<fcom by analogy with f<fpulse' Figure 5 shows the results of

these computations. With the exception of a small patch of
contaminants at low luminosity and intermediate temperature,
and one at high luminosity and low temperature, we find
Sfeont &= =0.3 and f<fconl ~ 0.5 throughout the HR diagram. In
other words, in contrast with FYPS, the distribution of
contaminant objects is statistically consistent with being drawn
randomly from our overall sample of 126 stars. We see no
evidence for an overdensity of contaminant objects above
logL/L, = 5, and conclude that it is unlikely that FYPS can
be explained by unaccounted-for contamination.

Of course, it is critically important to note the caveat that
statistical tests like this are only useful to a point, especially in
the small-number regime. Poorly understood sources of
contamination (namely, contamination from stars well
beyond the extent of a “typical” aperture used to extract
TESS lightcurves) remain a pitfall in the analysis of TESS data
of stars in crowded regions, and future observations will be
crucial in order to confirm our conclusions.

4. Discussion

4.1. Evolutionary Status: FYPS as Post Red Supergiants and
the Progenitors of Type IIb Supernovae

As we discuss in Section 1, massive stars that are first
crossing the HR diagram are not expected to pulsate. We
should only see pulsations excited in this part of the HR
diagram in objects that (in a single-star paradigm) have
experienced a prior RSG phase, and are now evolving leftward
in the HR diagram as post-RSG objects. With a new
understanding of the distribution of FYPS in the HR diagram,
we can now ask the question: are FYPS post-RSGs?

Two simple possibilities to identify them as such present
themselves. First, we can search for signs of past or ongoing
mass loss, either via a near-infrared excess from free—free
emission in the wind, or a mid-infrared excess from
circumstellar dust. Both of these are observed in the most
luminous YSGs in M31 and M33 by Gordon et al. (2016).
However, these methods rely on the circumstellar material
being detectable, which might not be the case for the lower
luminosity stars in our sample. Indeed, we accessed
1.25-22 ym photometry of our targets from 2MASS (Cutri
et al. 2003), the Spitzer SAGE survey (Meixner et al. 20006),
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Figure 5. Similar to Figure 4, showing the distribution of contaminant objects in our sample. Left panel: the contaminant fraction f,,, shown as a function of location
in the HR diagram, with f.., increasing from blue to yellow. Right panel: an estimate of the statistical significance of the structures seen in the left panel. The fraction
of simulated f.,, values drawn from 10,000 bootstrap simulations whose value is less than the true value of f.on. f<fi:om’ with f<fcom increasing from red to blue.
Regions in dark blue/red are statistically significant under/overdensities of contaminant objects.

and the WISE mission (Cutri et al. 2013). While there are
individual high-luminosity FYPS that showed signs of a near- or
mid-infrared excess, there are no systematic differences between
FYPS and the nonpulsating YSGs above logL/L = 5.0. We
are currently planning spectroscopic observations that will be
more sensitive to ongoing mass loss and circumstellar material.
The second possibility is to look for enhancements in the surface
abundances of CNO-cycle products that may have been dredged
up to the surface in a prior RSG phase, but detecting such
enhancements will also require additional spectroscopy.

While we are currently obtaining these observations, we can
examine the overall properties of FYPS for a hint as to their
evolutionary status. The first clue is that f,c <1 throughout
the upper HR diagram; not all cool and luminous massive stars
are FYPS. We use the binomial confidence interval (Wilson
1927), and find that 38.9% + 7.3% of stars in our sample
brighter than logL/Ls > 4.95 are FYPS (35.5% £7.8%,
adopting logL/L; > 5.0); by host galaxy, 41.4+8.3/
31.8% +13.9% of high-luminosity LMC/SMC stars are
FYPS, a statistically insignificant difference. If FYPS are pre-
RSG objects, then what separates FYPS from the nonpulsating
YSGs with otherwise identical surface properties that are
presumably in the same evolutionary stage? Why don’t all
YSGs exhibit pulsations? On the other hand, if FYPS are post-
RSGs, then they would have drastically different interior
structures than the pre-RSG objects, potentially explaining why
they pulsate.

We therefore posit that FYPS are indeed genuine post-RSG
objects. Their minimum luminosity (logL/L. ~ 5) is then
directly indicative of the minimum-mass star that is capable of
shedding its envelope during a prior RSG phase. It is also
indicative of the maximum mass star that experiences core
collapse as an RSG, resulting in a type II-P supernova
explosion. In recent years, some debate has arisen in the
literature regarding this mass threshold, M;, with various
statistical treatments of both the observed population of SN II-P
progenitors and the theoretical landscape of explodability yielding
values of M), between ~17 and 25 M, (e.g., Smartt et al. 2009;

10

Sukhbold et al. 2016; Davies & Beasor 2018; Kochanek 2020). If
FYPS are post-RSGs, then the mass inferred from their minimum
luminosity should correspond with M, However, if the inferred
mass is too low (as in the case of the low luminosity o Cygni
variables) or too high, then their status as post-RSGs would be
ruled out.

In the upper-right panel of Figure 4, we plot the 12, 15, 20,
and 25 M. Geneva models at LMC metallicity (Z=0.006;
Eggenberger et al. 2021) as solid black lines with their initial
masses indicated. If post-RSGs evolve back across the HR
diagram at the same luminosity as their pre-RSG counterparts,
then the minimum FYPS luminosity corresponds to an initial
mass of ~16 M.. However, a star’s luminosity increases
during the RSG phase. Depending on the exact mass-loss
mechanism that causes massive RSGs to shed their envelopes,
the luminosity of a post-RSG might be somewhat higher.
Therefore, we also use the end-of-life mass—luminosity relation
presented by Kochanek (2020) to plot the maximum luminosity
L nax obtained by a 17 M, and a 21.3 M, star as dark and light
blue lines, respectively. The former value is consistent with the
lower estimates of M, found in the literature (e.g., Smartt et al.
2009), while the latter value is the Bayesian estimate of M,
taken directly from Table 1 of Kochanek (2020); as noted by
that author, the derived value of M), is biased high by some
3.3 M., implying that the true value of M), is closer to 18 M.

Collectively, the evolutionary tracks and end-of-life lumin-
osities serve to bracket the possible masses that a luminosity
threshold atlog L/L., = 5 could correspond to. In any case, the
minimum luminosity FYPS is consistent with M, <20 M.,
especially considering that the luminosity of post-RSG stars
above M, likely falls between their pre-RSG luminosity and
L nax. We therefore present the following evolutionary scenario
for stars with masses between M), and ~25 M. after leaving
the main sequence, the star crosses the HR diagram and is
observed as an RSG whose luminosity steadily rises. At some
point during the RSG phase, some enhancement of the mass-
loss rate occurs (either through steady-state winds, episodic
processes, or mass transfer onto a binary companion) that
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causes the star to lose enough of its envelope that it begins
evolving leftward across the HR diagram at constant
luminosity. Stars in this evolutionary stage are observed
as FYPS.

To begin to prove this picture where all stars above
logL/Ls = 5 become post-RSGs, we can conduct one simple
experiment by thinking about what happens when such a post-
RSG undergoes core collapse. Stars that end their lives as
RSGs produce type II-P or II-L supernovae (i.e., supernovae
with strong H lines in their spectra), while partial or complete
envelope stripping results in SNe IIb/Ib/Ic. Detailed radiative
transfer modeling of SN IIb has inferred low ejecta masses and
H/He mass fractions in these partially stripped supernovae
(e.g., Yoon & Cantiello 2010; Dessart et al. 2011), implying
that their progenitors cannot be much more massive than the
progenitors of supernovae II-P (Smith 2014)."°

If FYPS are partially stripped'’ cool supergiants with
comparable masses to the most massive II-P supernova
progenitors, then it becomes tempting to assert that FYPS are
the progenitors of SNe IIb. If so, we would expect to observe
supernovae properties transition from SNe II-P/II-L to SNe IIb
for progenitors at the minimum FYPS luminosity. Furthermore,
due to the initial mass function, and the fact that more massive
stars likely experience greater degrees of envelope stripping,
we would expect to see the properties of SNe IIb progenitors
detected in pre-explosion imaging to cluster around the
minimum FYPS luminosity.

Figure 6 shows the locations in the HR diagram of 13 SNe
II-P and II-L as well as five SNe IIb progenitors with pre-
explosion imaging. The red points show SNe II-P/II-L
progenitors properties compiled by Smartt (2015). Orange
points show the progenitor properties of SNe IIb inferred from
the pre-explosion imaging and compiled by Yoon et al. (2017,
and references therein), while the blue points show the
progenitor properties of the same sample of IIb supernovae
inferred by recent detailed binary stellar evolution computa-
tions performed by Gilkis & Arcavi (2022). For comparison,
we show both the minimum FYPS luminosity logL/L. = 5.0
as a dashed goldenrod line, and the stars we identify as FYPS
as green stars. As we expect, the transition from SN II-P/II-L
to SNe IIb occurs at the minimum luminosity boundary of
FYPS, with the progenitors of IIb supernovae lined up neatly
along this luminosity boundary, indicating that the scenario we
presented above is viable. This finding is consistent with the
evolutionary models presented by Groh et al. (2013), who find
that SNe II-L and IIb come from a roughly even mixture of
yellow supergiant and luminous blue variable (LBV) progeni-
tors with initial masses between 17 and 25 M.. These
classifications of their models were based on radiative transfer
simulations; future spectroscopic observations will reveal
whether any FYPS display features consistent with LBVs.

We do caution against overinterpretation of this figure,
especially the clustering of their luminosities around the
minimum FYPS luminosity. Depending on the methodology

16 We note that while evolutionary modeling with standard RSG mass-loss
rates predicts that all stars should lose multiple solar masses of material before
core collapse, complete envelope stripping is not predicted at such low masses.
As a result, early or late case B mass transfer in a binary system has been
invoked to explain the properties of SN IIb progenitors (Yoon et al. 2017);
however, if luminous RSGs truly do lose mass at significantly higher rates
(Humphreys et al. 2020), binary interactions may not be necessary.

17 Regardless of whether or not this stripping occurs via single- or binary-star
channels
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used and conversion from pre-SN luminosity to initial mass,
the initial masses of the SN IIb progenitors span a range
between roughly 18 and 22 M, (with sizable uncertainty both
from the luminosity estimates and the conversion from pre-SN
luminosity to initial mass). If SNe IIb represent a population
of partially stripped stars with initial masses between 18 and
25 M., that might be observed as FYPS, then roughly 66% of
SN IIb progenitors should fall within the range of masses/
luminosities already observed, assuming a standard Salpeter
(1955) IMF: with five SN IIb progenitors between 18 and
22 M, we would expect between 2 and 3 SN IIb higher mass
progenitors. The Poissonian probability of finding less than 1
such progenitor is ~10%; i.e., while relatively low prob-
ability, the lack of SN IIb progenitors spanning the entire
mass range of FYPS is not statistically significant. If the
clustering of SN IIb progenitors around log L/L:, ~ 5.0 does
prove to be a real effect, this could be related to the fact that
SNe IIb are produced by progenitors with just the right H
envelope masses: too much produces a SN II-P/L, too little, a
SN Ibc. As a result, we speculate that any real clustering of
SN IIb progenitor luminosities may be reflective of the
specific set of circumstances required to produce such
progenitors.

An additional consideration is that while the majority of stars
we identify as FYPS have moderate luminosities below
logL/Ls = 5.5, we do identify a few pulsating stars with
high luminosities that begin to approach the empirical upper-
luminosity boundary observed in cool supergiants (Humphreys
& Davidson 1979). This region of the HR diagram is also home
to the “yellow void,” where the atmospheres of luminous
supergiants become dynamically unstable (e.g., Nieuwenhuijzen
& de Jager 1995). One candidate FYPS in particular, HD 33579,
is currently in the yellow void. Past work has shown that while
it shares some similarities with other candidate post-RSGs, it
(and notably similar stars HD 7583 in the SMC and B324 in
M33) are likely still on a redward evolutionary trajectory
(Humphreys et al. 1991, 2013; Nieuwenhuijzen & de Jager
2000; Kourniotis et al. 2022). Therefore, the pulsations we
observe in HD 33579 may be attributed to its dynamically
unstable atmosphere

We also note that a few SNe Ibc now have claimed
progenitor detections: PTF13bvn (Ib, discussed above), as well
as SN2019yvr (Ib; Kilpatrick et al. 2021; Sun et al. 2022), and
SN2017ein (Ib; Van Dyk et al. 2018). One SN Ibc, SN2013ge,
even has a claimed companion star for the progenitor (Fox et al.
2022). While in the case of SN2019yvr, Kilpatrick et al. (2021)
place the progenitor in the region of Figure 6 containing FYPS,
Sun et al. (2022) perform detailed binary stellar evolution
modeling and claim that the progenitor is a much lower
luminosity object with a yellow hypergiant companion.
Ultimately, more work (and more progenitors) are needed to
understand how SN Ibc fit into the picture that we have
outlined above, and so we refrain from including them in
Figure 6.

Finally, we note that the discussion thus far has been mostly
limited to a single-star perspective, whereas massive stars are
preferentially born into binary systems (Sana et al. 2012, 2013;
Moe & Di Stefano 2017). While Figure 4 reveals locations in
the HR diagram that contain more pulsators on average, there is
no location where we find zero pulsators. We can interpret this
finding in the context of binary stellar evolution: at least some
stars at all luminosities/initial masses covered by our sample
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Figure 6. Progenitor properties of 13 SNe II-P/II-L compiled by Smartt (2015)
in filled red circles, and five SNe IIb, with properties inferred by pre-explosion
imaging and compiled by Yoon et al. (2017, and references therein) in open
purple squares, and properties from detailed binary stellar evolution modeling
from Gilkis & Arcavi (2022) in open blue triangles. Black dashed lines link the
properties of the progenitors of individual SNe inferred by each method. The
stars we identify as FYPS are plotted as green stars, with the minimum FYPS
luminosity of logL/Ls; = 5.0 shown as a dashed goldenrod line. The
properties of supernovae progenitors and the transition from SNe II-P/II-L to
SNe IIb compare favorably with the minimum luminosity of FYPS.

lose their envelopes through binar?/ interactions (at which point
we can observe them pulsating),'® while all stars with post-
main-sequence luminosities above logL/L. ~ 5 lose their
envelopes either through stellar winds or binary interactions.

4.2. Potential for Asteroseismic Studies

The structure and evolution of massive stars are strongly
dependent on the assumed physics (Martins & Palacios 2013;
Farrell et al. 2022). A golden age of asteroseismology ushered
in by space-based missions like Kepler and TESS has
revolutionized our understanding of these physics in main-
sequence massive stars—from the interior mixing profiles in
both the near-core region and the envelope (Michielsen et al.
2019; Pedersen et al. 2021) to hints at angular momentum
transport (Aerts et al. 2019). The discovery and characterization of
FYPS represent the exciting possibility of probing the interiors of
massive stars well after they have left the main sequence.
However, this possibility remains beyond our reach at present due
to the fact that we have no understanding of what drives these
pulsations, what regions of the star they might probe, or even
whether they are p-modes, g-modes, or something else entirely.

A detailed theoretical treatment of pulsations in FYPS is
ongoing (and beyond the scope of this work). However, we can
take an early look at the behavior of the modes we observe in
FYPS to glean a hint of what we are seeing. First we examine
the distribution of pulsation properties. The top panel of
Figure 7 shows the number of stars from which a given number
of frequencies have been extracted, while the bottom panel
shows the highest and lowest extracted frequency in blue/
orange, respectively, versus the number of frequencies
extracted; points belonging to the same star have been

18 Indeed, it is otherwise difficult to explain why most of the stars in the
periwinkle ellipse in the top-left panel of Figure 4 are pulsators, as there are
quite unlikely to be that many post-RSG objects at such a low luminosity. We
speculate that these objects may be the products of binary interactions, but
more observational evidence is needed to make such a conclusion.
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connected by a dashed black vertical line. For stars with only
one frequency, we show only that frequency in black. For
clarity, a logarithmic scaling has been applied to the y-axis, and
a small random horizontal offset has been applied to each set of
points. The majority of FYPS in our sample all display similar
properties, with 10 or fewer recovered frequencies that fall in
the approximate range between 0.1 and 10 day '. Two stars,
HV 829 and HD 269661, display notably different behavior,
with over 20 frequencies that extend well beyond 10 day .
Given the difference between these objects and the other FYPS,
we ignore them for the remainder of the analysis.

The upper-left panel of Figure 8 shows the dominant
frequency recovered in this sample of FYPS as a function of
effective temperature. Two distinct behaviors can be seen: one
group of FYPS where the dominant frequency is steeply
correlated with temperature, and one in which the dominant
frequency is much lower (<0.5 day '). Another way of
visualizing these data is by instead plotting dimensionless
frequencies o, defined as:

obs

Gp

(N

o= fobs Tdyn ~

where to estimate the average density, p, we derive the radius
of each star from its position in the HR diagram, and assume a
fiducial mass of 15 M. for all stars. We note that this
assumption does not introduce an inordinate amount of
uncertainty, due to the fact that 74y, depends most strongly
on effective temperature via the radius (7ay, o RY? o< Td).
Furthermore, the mass of each star is likely within a factor of
two of the fiducial mass, whereas the inferred radii of stars in
our sample vary by almost a factor of ten across the
temperature range of our sample. To highlight the large
dynamic range of inferred o values, we apply a logarithmic
scaling to the y-axis in this panel. Once again, two behaviors
can be seen, with one group displaying high dominant
frequencies, and the second group displaying low dominant
frequencies. The transition between the regimes seen in these
panels occurs at log Top = 3.8.

Of course, these are only the dominant frequency recovered
from each star. Perhaps more interesting is the overall
distribution of recovered frequencies. To visualize this, we
adapt the procedure we used to compute fyuee in Section 3 to
derive the distribution of frequencies as a function of effective
temperature. We first transform the observed variables (log 7o
and observed frequency) to have zero mean and unit variance,
before computing the kernel density estimate. However, this
KDE is also reflective of the distribution of FYPS in log Ti, so
we also compute a one-dimensional KDE of the FYPS effective
temperatures, and divide each row of the two-dimensional
KDE by this one-dimensional KDE. Both KDEs have Gaussian
kernels with a bandwidth of 0.5 in the transformed variables.
The center-left panel of Figure 8 shows the result of this
calculation; regions in yellow contain more observed frequen-
cies, while regions in blue contain fewer. The white ellipse
shows the shape of the Gaussian kernel transformed into the
observed variables.

Again, we recover two distinct behaviors. At high
temperatures, FYPS predominantly pulsate at lower frequen-
cies, while at cooler temperatures, we find a diagonal cloud of
frequencies that is steeply correlated with effective temper-
ature. The transition between these regimes again occurs
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Figure 7. Top: histogram showing the number of FYPS from which a given
number of frequencies have been extracted. Bottom: number of frequencies
extracted via prewhitening vs. the highest (blue) and lowest (orange) extracted
frequency, with lines connecting points belonging to the same star. Stars with
only one frequency are shown as black points. The majority of FYPS have 10
or fewer frequencies spanning approximately 0.1-10 day .

around log Toir = 3.8. We note that this is the exact region of
the HR diagram where f,u. decreases in the top-left panel of
Figure 4. This temperature range corresponds to where stars
begin to develop convective envelopes; in main-sequence stars,
H™ opacity becomes the dominant opacity source around 8000
K, and a strong convective envelope is strongly developed
around 6000 K (van Saders & Pinsonneault 2012). We indicate
the latter temperature as a dashed white vertical line, and
denote the regions of the plot in which stars have mostly
radiative or convective envelopes. Extending between these
two regions is the diagonal structure that we also see in the
upper-left panel of the figure, and the transition across the two
observed behaviors is a smooth one. The center right panel of
Figure 8 shows the distribution of frequencies in o versus
log T.;s. We once again see a region of low dimensionless
frequencies at high temperature, and a smooth transition to
higher dimensionless frequencies.

One interpretation of Figure 8 is that we are perhaps seeing
two types of pulsating stars occupying the same part of the HR
diagram: one group with low-frequency pulsations that are seen
at temperatures above log To¢s = 3.8, and another with higher-
frequency pulsations that span the entire temperature range of
the sample. Indeed, we can find examples of FYPS where this
behavior is born out; the red and brown Xs in the bottom panel
of Figure 8 show the frequencies recovered from two FYPS,
with an arbitrary vertical offset applied to allow for each star’s
frequencies to be seen clearly. The red example is a cool FYPS;
typical for FYPS in this part of the HR diagram, we recover
three individual frequencies between one and ten cycles per
day. The brown example is a FYPS on the lower “branch” of
hot FYPS, and as expected, it only shows low frequencies
below 1 day ™.

However, this picture is complicated by the other two
example FYPS that we show. The purple points in the bottom
panel are the frequencies from a star on the “lower” branch of
hot FYPS, and the frequencies recovered from a hot FYPS on
the “upper” branch are plotted in orange. While each star’s
dominant frequency belongs to a different branch from the
upper-left panel of Figure 8, both stars display both high and
low frequencies; the high frequencies are consistent with the
frequencies observed in the cool FYPS (shown in red). For
reference, we show the location of all four example FYPS in
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the upper panels of Figure 8 as correspondingly colored star-
shaped points.

Another interpretation of Figure 8 is based on the fact that
the transition between the two observed behaviors occurs at
roughly the same effective temperature at which stars begin to
develop convective outer envelopes. Because g-modes cannot
propagate through convective layers, we propose that the
lower-temperature FYPS display higher-frequency p-modes
that propagate through the outer layers of the star, including the
convective envelope. In this scenario, as the star loses
progressively more mass and evolves from cooler to hotter
temperatures (right-to-left in this plot), the convective envelope
shrinks until the outer layers of the star become radiative, and
lower-frequency g-modes that would otherwise be confined to
the interior can be observed at the surface (in addition to
higher-frequency p-modes). If this were the case, p-modes in
the convective envelope of a FYPS might be able to couple
with g-modes of similar frequency that are confined to the
interior of the star; preliminary modeling work in Dorn-
Wallenstein et al. (2020) showed that the typical observed
frequencies could propagate as g-modes in the interior of a
post-RSG model, and that the evanescent region between the g-
and p- mode cavities is incredibly thin, lending credence to this
scenario. Such mixed modes could possibly be used to probe
the entire structure of the star from the outer boundary of the
convective core to the surface. This prospect is incredibly
exciting, and we encourage the community to invest significant
effort in understanding FYPS.

5. Conclusions
Our main results are summarized as follows:

1. From a sample of 126 cool supergiants with confirmed
membership in the Magellanic Clouds, we identify 36
stars as pulsators after making quality cuts and removing
contaminants. These pulsators reside in two regions in the
HR diagram: one region at low luminosity and high
temperature that we identify as o Cygni variables, and
one region at luminosities above log L/L, = 5.0 that we
associate with fast yellow pulsating supergiants. Using a
bootstrap analysis, we find that these structures in the HR
diagram are real and cannot be explained by random
chance (i.e., unaccounted-for contamination by nearby
stars or binary companions).

2. logL/L = 5.0 corresponds quite well with the max-
imum initial masses of SNe II-P progenitors detected
through pre-explosion imaging. This, combined with the
fact that the inferred properties of SNe IIb progenitors are
well-matched with the properties of FYPS and the fact
that only ~40% of stars above logL/L., = 5.0 pulsate
leads us to conclude that FYPS are likely post-RSG
objects. We are currently conducting a spectroscopic
observational campaign to investigate this further.

3. No models for FYPS pulsations currently exist. However,
by examining the properties of FYPS pulsations, we
present a scenario, wherein at least some subset of FYPS
are mixed-mode pulsators, whose pulsations may be used
to probe the entirety of the stellar structure from the
surface down to the edge of the convective core. We are
currently working on a theoretical study to ascertain the
likelihood of this scenario. In any case, asteroseismic
analyses of massive stars in such an evolved state would
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Figure 8. Upper left: scatter plot showing the dominant frequency in each FYPS as a function of effective temperature, after filtering out stars with more than ten
frequencies or with any frequencies above 10 day . Upper right: similar, but for dimensionless frequencies calculated by multiplying the observed frequencies for
each star by an estimated dynamical timescale based on the star’s position in the HR diagram, assuming a mass of 15 M. Center left: a KDE showing the distribution
of observed FYPS frequencies for the same sample as a function of effective temperature. The KDE has been scaled by the distribution of FYPS in temperature space
to highlight the distribution of FYPS frequencies. Center right: similar, but for the dimensionless frequencies. For both lower panels, we show the shape of the KDE
kernel in the space as a white ellipse, and a vertical line at log s = 3.8 showing where H™ opacity begins to contribute significantly to the opacity of stellar
atmospheres. To the left of this line, stellar envelopes are radiative, while to the right, stars begin to develop increasingly deep convective envelopes. This physical
transition corresponds to a difference in the observed properties of FYPS pulsations. Bottom: frequencies recovered by iterative prewhitening of four example FYPS.
Red points show a cool FYPS with high pulsational frequencies, and brown points show a warm FYPS with low pulsational frequencies. Two FYPS at log Toir ~ 3.8
are shown, both with frequencies spanning the range of those seen in FYPS, but one with a low dominant frequency (purple), and one with a high dominant frequency
(orange). The y-coordinate is an arbitrary value to separate each star’s frequencies, and black pluses indicate the dominant frequency in each star. We highlight the
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revolutionize our understanding of the late phases of
massive star evolution, and we strongly encourage the
community to work toward understanding these fascinat-
ing objects.
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Appendix A
Identifying Pulsating Stars with a Gaussian Process

In Section 2.2, we briefly describe the procedure we use to
identify stars with periodic variability superimposed onto the
stochastic low-frequency background. Here we describe this
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procedure in full. We first perform the iterative prewhitening
procedure that we developed in Dorn-Wallenstein et al. (2020),
which computes the periodogram of the TESS lightcurve, fits
the shape of the SLF variability using Equation (1), identifies
the highest peak in the periodogram, fits the lightcurve with a
sinusoid at the frequency of the highest peak and the first
two harmonics of the sinusoid, subtracts the best-fit model from
the data, and repeats, progressively adding sinusoids (and
harmonics) onto the model for the lightcurve until a minimum
in the Bayesian Information Criterion is reached. In addition to
the best-fit frequencies, amplitudes, and phases, we also derive
standard errors using the equations from Lucy & Sweeney
(1971) and Montgomery & Odonoghue (1999). These errors
also allow us to define a signal-to-noise ratio using the best-fit
value of the amplitude and its associated error for a given
ﬁrequency.19

Though we account for the shape of the SLF variability in
the frequency domain, the fit to the lightcurve occurs in the
time domain, where the SLF variability is still a significant
portion of the overall variability. As a result, the identified
frequencies may be spurious detections, especially for light-
curves with only one or two TESS sectors (i.e., stars in the
SMC). Even though a model with a sum of sinusoids might
result in a lower BIC than fitting the data with a constant, this
tells us nothing about whether a fit with a stochastic model
might be more appropriate. Furthermore, the derived frequen-
cies and errors might be biased by the unaccounted-for SLF
variability.

We instead attempt to search for statistically significant
frequencies while simultaneously marginalizing over a sto-
chastic process. We use CELERITE2 (Foreman-Mackey et al.
2017; Foreman-Mackey 2018), which implements GPs with
covariance matrices whose entries can be calculated from a
kernel function written as a sum of exponential terms.
Following Bowman & Dorn-Wallenstein (2022), we use the
SHOTerm kernel, which models the variability as a stochas-
tically driven, damped harmonic oscillator, and has also been
used to model granulation in Sun-like stars (e.g., Pereira et al.
2019). The power spectrum corresponding to this kernel is
commonly written

2
) = \/;(wz

with the angular frequency w, the undamped angular frequency
of the oscillator wy, a term to capture the amplitude of the
variability Sy, and a “quality factor” Q. We instead adopt a
parameterization with p = 27/wy being the undamped period,
72Q/wy being the timescale on which perturbations are
damped, and o = /SowoQ being the standard deviation of
the variability. As demonstrated by Bowman & Dorn-
Wallenstein, these parameters correspond well with Tepar, 7,
and o from Equation (1), respectively. To the diagonal of the
covariance matrix K., we also add a vector containing the
squared uncertainties of each point in the lightcurve, and a
constant to account for any excess white noise in the data
(a.k.a., jitter, corresponding to ).

Sowg

— wp) + Wi/ Q?

(AL)

19 The results of this prewhitening procedure (as well as all code needed to
reproduce this work) are available online in HDF5 format https://github.com/
tzdwi/TESS.
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Table Al

Initial Guesses and Priors Used to Perform the GP Regression
Parameter Description Initial Guess Prior
o Standard deviation of the stochastic variability. oy = aoT;hlaﬁz (m/4)/4 U((In o) — 10, (Ingp) + 10)
p Undamped characteristic period. Po = 2T Tchar U(In0.01p,, In 100p,)
T Damping timescale To = N3 Tehar U(In 0.017p, In 1007)
Mean flux The mean of the lightcurve. 1 N, std(flux))*
Jitter Excess uncorrelated noise in the data. a,, U((In ) — 15, (Iny,) + 15)
f ith frequency found via prewhitening. P U( f(; — 3¢( fé), fé + 3e( f(;')C
Al Amplitude of f. Ad Umax(As — 3e(Ad), 0), Al + 3e@Ad)
o' Phase of f". (;56 U(—mr, m)

Notes. U(a, b) refers to a uniform prior with lower and upper limits of a and b, while A(y, s) refers to a normal distribution with mean y and standard deviation s. We
note that for o, p, 7, and the jitter, the prior is uniform in log-space. Finally, o, Tchar, and a, refer to the best-fit values of these parameters from Equation (1).

 Here std(flux) refers to the standard deviation of the lightcurve.
bf}) is the best-fit frequency derived via iterative prewhitening.

¢ E(fé) is the error on the corresponding frequency, using the formulae given in Lucy & Sweeney (1971) and Montgomery & Odonoghue (1999), which were
previously listed in Dorn-Wallenstein et al. (2020). Similar formulae are used to compute errors on the amplitudes and phases.

After applying the initial prewhitening procedure to identify
stars with and without significant frequencies, we fit the
periodograms with Equation (1) to obtain initial guesses for the
SLF parameters. We then transform these initial guesses into
the parameterization described above by equating Equation (A1)
with the square of Equation (1), assuming the quality factor
o=1/ 2 as shown in the third column of Table Al. For each
parameter, we apply a uniform prior in log-space, with boundaries
indicated in the fourth column of Table Al. We deliberately
choose a very wide prior for each parameter.

For the stars without significant frequencies, we first
maximize the log-likelihood in Equation (2) using PYMC3
(Salvatier et al. 2016), which is compatible with CELERITE2.
For the mean function g, we fit a constant term; because the
lightcurves have been normalized by the median, this constant
is always very close to 1. After deriving the maximum-
likelihood values for the SLF parameters, the mean flux, and
the jitter, we then calculate the BIC as

BICgr = —2log £ + SInN (A2)

where 5 is the number of parameters at this stage, and N is the
number of points in the lightcurve (Schwarz 1978). We then
compute the posterior prediction of the flux using CELERITE2,
and subtract the result from the lightcurve. To propagate our
errors, we also compute the variance of the GP, and add the
square root of the variance to the uncertainties on each data
point in quadrature. Because computing the GP variance at
each observation is quite computationally expensive, we
instead compute at every 50th data point (i.e., every 100
minutes), and linearly interpolate the result for the remaining
data. In practice, the variance changes on timescales compar-
able with p (on the order of days), so this step results in only a
minimal loss of information.

Next, we perform prewhitening on the residual flux (and
associated uncertainties). If any frequencies are found in the
residual lightcurve, we then iteratively fit the original light-
curve with the GP. However, rather than treating the mean flux
as a constant, at the ith stage in this process we maximize the
log-likelihood in Equation (2), with a mean model equal to a
constant plus a sum of i sinusoids whose frequencies, amplitudes,
and phases are initialized from the first i highest-amplitude
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frequencies recovered by prewhitening. We bound each frequency
and amplitude to lie in a narrow range contained within 43 times
the error bar for each parameter returned by the prewhitening
procedure (following Lucy & Sweeney 1971 and Montgomery &
Odonoghue 1999; described in further detail in Dorn-Wallenstein
et al. 2020), with the additional consideration that the amplitude
must always be positive. The phase is only constrained to fall
between —m and 7. We then calculate the BIC as

BIC; = —2InL + (5 + 3i))InN (A3)

where now there are 3i parameters per frequency in the model,
plus the original five for the SLF variability, jitter, and mean
flux. If at any stage, BIC; < BICg; g, then the model with both
SLF variability and coherent frequencies is preferred over the
model with just SLF variability, and we identify the star as
being periodically variable.

For the stars with frequencies identified in the initial
prewhitening run, we perform a similar procedure, computing
BICg r and then iteratively adding the recovered frequencies
until BIC; < BICg; r. If BIC; > BICg; r at all stages, we use the
SLF variability-only model to compute the posterior prediction
for the flux as well as the variance, subtract this prediction from
the flux, run prewhitening on the residuals, and once again
iteratively add any frequencies recovered to the mean model. In
practice, we found that there were no stars without frequencies
recovered by the initial prewhitening run from which we later
recovered significant frequencies after subtracting off the SLF
variability predicted by the GP. However, there was a single
star initially identified as periodically variable for which the
SLF variability-only model was preferred. Furthermore, we
note again that the structures we see in the bottom panels of
Figure 4 are qualitatively similar to the center and top panels;
despite the SMC sample containing fewer (and generally
fainter) stars, the TESS lightcurves of these stars being
significantly shorter, and the overall poor sampling of the HR
diagram in the SMC. Finally, while testing this procedure,
when we fit all ten frequencies initially identified in the
lightcurve of the FYPS HD 269953, computed the posterior
prediction of the flux (including all frequencies), calculated the
residual flux after subtracting off the GP, and ran prewhitening
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once more, we recovered an additional five low-amplitude
frequencies that were otherwise undetectable beneath the SLF
background; adding these frequencies to the model further
reduced the BIC. These two facts imply that the method that we
present here is both more robust at identifying pulsating stars in
the presence of SLF variability (especially for stars with shorter
and/or noisier TESS lightcurves as in the SMC), and has the
potential to derive more reliable pulsation frequencies and
associated uncertainties, a critical ingredient in asteroseismic
analyses. In order to do the latter, we would need to fully
sample the posterior probability distribution of the entire
model, which is quite a computationally intensive task. As the
goal of the present work is simply to identify FYPS and
characterize their properties, we will return to this point in a
future paper.

Dorn-Wallenstein et al.

Appendix B
FYPS, Low-luminosity Pulsators, and Non-pulsators in Our
Sample

Tables B1 and B2 list the TIC numbers, common names,
coordinates, TESS magnitudes, positions in the HR diagram,
number of frequencies recovered via prewhitening (Np),
highest-amplitude recovered frequency (fy), and literature
spectral types of the stars identified as fast yellow pulsating
supergiants in the LMC and SMC, respectively. We also
tabulate the pulsating stars below log L/L;, = 5.0 in Tables B3
and B4, as well as the nonpulsating stars in our sample in
Tables B5 and B6. We note that the spectral types and effective
temperatures are generally in alignment. In most cases of
mismatches between the temperature from Neugent et al. and
the literature spectral type (e.g., HD 269860 in Table B3;

Table B1
FYPS Identified in the LMC

Common Name TIC Number R.A. Decl. T log Tuge logL/L, Ny fo Lit. Spectral Type

(deg) (deg) (mag) (K) (L) (day™")
HD 269953 404850274 85.05069622 —69.66801469 9.267 3.692 5.437 6 2.671 GO 0 (Keenan & McNeil 1989)
HD 269723 425083216 83.10401996 —67.69822538 7.702 3.702 5.600 2 2.374 G4 0 (Keenan & McNeil 1989)
HD 268687 29984014 72.73273606 —69.43125133 10.465 3.784 5.169 6 2.765 Fo6la (Ardeberg et al. 1972)
HD 269840 277108449 84.04200662 —68.92812902 10.132 3.791 5.335 3 0.717 F3la (Ardeberg et al. 1972)
HD 269661 391815407 82.70867323 —69.52483016 10.290 3.830 5.135 21 4.784 AOIa0e: (Ardeberg et al. 1972)
CD-69 310 279957325 81.96335132 —69.01537881 10.540 3.846 5.178 13 0.101 F2I (Rousseau et al. 1978)
HD 269651 391813303 82.63514108 —69.15330311 10.677 3.847 5.066 2 0.098 FOI (Sanduleak 1970)
HD 33579 31106686 76.48129968 —67.88636971 8.947 3.854 5.716 13 0.177 A2la+ (Stock et al. 1976)
HD 269781 276864037 83.59361557 —67.02321398 9.769 3.891 5.433 13 0.072 AOlae (Feast et al. 1960)
HD 269604 279956577 82.13069781 —68.89881910 10.659 3.910 5.166 1 0.105 Alla0 (Ardeberg et al. 1972)
HD 268946 31109182 76.30091922 —66.73682529 10.242 3.946 5.398 8 0.168 AOIa (Feast et al. 1960)
HD 269787 276863889 83.64317382 —66.97317331 10.705 3.955 5.241 2 0.909 AOIa0 (Feast et al. 1960)
HD 269762 276869010 83.54154627 —68.98684682 10.301 3.992 5.065 4 0.176 A2Ia (Stock et al. 1976)
SK -69 99 179304909 79.62570750 —69.22057018 9.776 4.022 4.973 2 0.292 AO0I (Massey et al. 2000)

Note. Typical uncertainties in log Ty and log L/L, are 0.015 dex and 0.10 dex, respectively. Nyis the number of frequencies recovered via iterative prewhitening, f; is
the highest amplitude recovered frequency.

Table B2
Similar to Table B1 for FYPS Identified in the SMC
Common
Name TIC Number R.A. Decl. T logTyy logL/L, Ny fo Lit. Spectral Type
(deg) (deg) (mag) (K) (L) (day ")
BZ Tuc 267547804 10.43103503  —73.72330194  11.084 3.663 4.976 4 0.183 GOIab (Dorda et al. 2018)
[VA82] 1I-2 181446366 13.97949302  —72.67515923  10.925 3.665 4.999 1 0.899 G1-Go6la-Tab (Gonzélez-Ferndandez et al.
2015)
HV 829 181043309 12.61998652  —72.75255907 11.210 3.771 4.968 30  29.893  GOIb (Wallerstein 1984)
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Table B3

Dorn-Wallenstein et al.

Similar to Table B1 for the Pulsating Stars below log L/L: = 5.0 Identified in the LMC

Common Name TIC Number R.A. Decl. T logTyy logL/L., Ny fo Lit. Spectral Type

(deg) (deg) (mag) (K (Lo) (day™")
OGLE BRIGHT-LMC- 277173427 84.20622963  —69.46036926 11.920  3.604 4.485 3 1.706

MISC-498
SP77 45-54 425084797 82.86744832  —67.05635779 11.070  3.612 4.890 1 1.484
RM 1-586 276860287 83.25736453  —66.80148506  11.518 3.628 4.629 3 0.197 M: (Rebeirot et al. 1983)
HD 269680 425058250 82.84077297  —70.95708574  11.999 3.666 4.438 20 0.038 K5 (Cannon 1936)
HV 2447 179435530 79.87710563  —68.68603403  11.049 3.678 4.703 20 0.081 Gl1Ia? (Feast 1974)
2MASS J05405799-6913537 404934011 85.24170386  —69.23158000  10.058 3.712 4.790 4 1.705
HD 270100 389564663 86.21073508  —67.49458871  11.032 3.717 4.783 17 0.079 G2:Ia (Brunet et al. 1973)
TT Dor 31183609 76.81661563  —68.88348526  11.439 3.745 4711 15 0.096
HD 269355 179309868 79.66108562  —69.76297148  10.930  3.787 4.941 1 0.857 F6la (Rousseau et al. 1978)
HD 269860 277171889 84.17947540  —69.14824697  11.049 3.787 4.877 6 1.337 A3Ia (Stock et al. 1976)
SK -69 145 279957640 82.07404881  —69.07181941  11.142  3.787 4.828 7 0.684 FOI (Rousseau et al. 1978)
TYC 9163-462-1 404851968 85.08853178  —69.31158284  10.491 3.830 4.559 1 0.191
HD 269790 276865044 83.66680087 —67.50265532 11.288  3.833 4.400 3 0.623 ASIab (Stock et al. 1976)
HD 269809 277021897 83.92333011  —69.85413330 10.515 3.834 4.695 1 0.246 Adlab (Stock et al. 1976)
SK -69 190 276869095 83.60094300 —69.00863957 11.026  3.862 4.466 4 0.201 A3I (Rousseau et al. 1978)
SOI 606 373679564 81.18491967 —69.63012369  10.743 3.864 4.603 6 1.727 ASIb (Stock et al. 1976)
[M2002] LMC 162129 277025094 83.80522222  —69.24292505 10.711 3.871 4.383 2 0.213
2MASS J05370943-6919283 277172664 84.28926870  —69.32451860  10.364  3.876 4.612 5 2.038
SOI 653 404851207 85.07487544  —69.46856249 11.996  3.878 4.582 6 0.978 AOIb (Stock et al. 1976)
CPD-69 505 404933915 85.50064132  —69.21248430 10.260  3.885 4.792 2 1.460 Allab (Stock et al. 1976)
HD 269316 179204591 79.38685419  —69.75209167 11.890  3.925 4.805 2 0.179 Alla (Ardeberg et al. 1972)
HD 269638 287400952 82.50517823  —67.24358377 11.974  3.944 4.721 7 0.680 A2Iab (Evans et al. 2006)
2MASS J05411804-6929541 404965983 85.32512871  —69.49837537  11.618 3.955 4.463 1 1.408
HD 268727 30275228 7416628121  —66.74352900 11.490  3.956 4910 2 1.648 AOIa (Sanduleak 1972)
TYC 9162-199-1 179208856 79.49922258  —69.27074100  10.190  3.971 4.689 27 0.280 A2l (Massey et al. 2000)
SK -69 99 179304909 79.62570750  —69.22057018  9.776 4.022 4.973 6 1.883 AOI (Massey et al. 2000)
2MASS J05140600-6920334 40796053 78.52503557  —69.34262774  10.830  4.033 4.670 2 0.260
Table B4

Similar to Table B3 for Pulsators Identified in the SMC

Common Name TIC Number R.A. Decl. T logTyy logL/L Ny fo Lit. Spectral Type
(deg) (deg) (mag)  (K) (Lo) (day™")
PMMR 103 182293477 1496614858  —72.72644563 11.776 3.615 4.683 2 0.393 K/M (Prévot et al. 1983)
PMMR 58 181453919 13.44069757  —72.89416857 11.673 3.620 4756 2 0.543 G5.5-K0Iab (Gonzdlez-Fernandez
et al. 2015)
BZ Tuc 267547804 10.43103503  —73.72330194 11.084 3.663 4.976 8 0.183 GOIab (Dorda et al. 2018)
[VAS82] 1I-2 181446366 13.97949302  —72.67515923  10.925 3.665 4.999 3 0.721 G1-G6la-Iab (Gonzélez-Ferndndez
et al. 2015)
OGLE SMC- 180618091 11.72129615  —72.71437139  11.641 3.771 4.804 7 0.239 GOIab (Gonzilez-Fernandez et al.
CEP-921 2015)

HV 834 181446812 13.42768977  —72.28712091  11.490 3.777 4.859 1 0.447 F2Ib (Wallerstein 1984)
TYC 9138-1910-1 181446808 13.33920655  —72.28797814 11917 3.792 4.662 2 0.273 FOI (Neugent et al. 2010)
SK 20 180609896 12.02630392  —73.11055357 11.118 3.841 4.594 2 1.417 A0-A2Ia (Humphreys et al. 1991)
SK 58 181454398 13.51341866  —72.52908280  11.704 3.879 4.841 5 0.508 A3lab (Ardeberg & Maurice 1977)
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Table BS
Similar to Table B1 for the Nonpulsating Stars in the LMC Sample

Common Name TIC Number RA. Decl. T log Tosr logL/Le Lit. Spectral Type

(deg) (deg) (mag) K (L)
SP77 39-16 231798010 78.28535767 —70.13955726 11.651 3.618 4.624 K5-M3 (Sanduleak & Philip 1977)
SP77 48-6 179576115 80.44574373 —71.32886278 9.995 3.630 5.245
2MASS J05344326-6704104 276864159 83.68030019 —67.06957314 10.502 3.630 5.038
SP77 46-10 373606593 81.13513752 —68.49853037 11.828 3.631 4.542
SP77 37-33 40716825 78.57863470 —67.26371224 10.887 3.632 4.901 K5-M3 (Sanduleak & Philip 1977)
SP77 37-19 231743198 78.07235270 —67.29845829 10.963 3.638 4.859 K5-M3 (Sanduleak & Philip 1977)
HD 33294 30855727 76.05651200 —66.43293100 11.689 3.638 4.356
RM 1-77 30322273 74.20597669 —69.80875289 10.784 3.645 4.927 M: (Rebeirot et al. 1983)
[BE74] 356 276793048 83.29182691 —67.73324234 11.350 3.658 4.749
UCAC2 2515786 277101162 84.00476338 —66.84493010 11.631 3.665 4.584
HV 2338 31013470 76.53689897 —71.25725540 11.989 3.677 4.348
HV 883 30526897 75.03151958 —68.45001791 11.196 3.680 4.841 F8/GOla (Feast 1974)
MACHO 81.9124.8 277174595 84.10496608 —69.69209423 11.094 3.694 4.775 K2III (Tisserand et al. 2013)
HV 2369 40716446 78.47362853 —67.06345776 11.584 3.705 4.580 F571? (Feast 1974)
2MASS J05401935-6941226 404850155 85.08063629 —69.68962698 11.837 3.706 4.524
HD 269374 179437523 80.00908248 —68.06339429 11.074 3.711 4.761 MO (Cannon 1936)
2MASS J05224569-6950516 179583146 80.69040104 —69.84768533 11.126 3718 4.812
HD 269879 277103906 84.19665346 —66.76277947 10.024 3.733 5.207 G2Ia (Brunet et al. 1973)
HD 268828 30267198 74.16670545 —69.69898772 11.117 3.742 4.804 K5 (Cannon 1936)
HD 268865 30527145 74.93145620 —68.52299439 10.820 3.748 4.885 KO (Cannon 1936)
SOI 228 391745696 82.71533776 —67.02821180 11.996 3.767 4.435 F:Ib (Stock et al. 1976)
CPD-69 496 404965397 85.24642223 —69.34317687 10917 3.772 4.990 Fo6la (Ardeberg et al. 1972)
[BB69] LMC 4 40345470 77.28620015 —68.98539464 11.873 3.773 4.573
HD 270025 389365864 85.53888779 —68.45865498 11.365 3.781 4.730 F8I: (Sanduleak 1972)
SOI 49 179639601 80.57685271 —66.91640849 11.734 3.784 4.595 F8Ib (Stock et al. 1976)
HD 268819 30266478 73.88524573 —69.96252378 9.589 3.784 5.381 F5Ia (MacConnell & Bidelman 1976)
HD 269868 277105522 84.14351107 —67.67537183 11.955 3.786 4.537 F8I: (Sanduleak 1972)
HD 269697 425083794 82.91009524 —67.46987817 9.939 3.797 5.278 F6la (Ardeberg et al. 1972)
HD 269662 391812839 82.71448150 —69.04960868 10.496 3.807 5.179 AOIa (Stock et al. 1976)
SK -66 94 373846742 81.60832910 —66.20319007 10.620 3.808 4.626 A2I (Rousseau et al. 1978)
HD 269331 179206253 79.50763757 —69.56049032 10.114 3.810 5.307 A5Ia0 (Ardeberg et al. 1972)
CPD-69 485 404852217 85.10567969 —69.24340124 11.095 3.811 4.854 AS5lIa (Rousseau et al. 1978)
EM* MWC 112 279957197 82.09152859 —68.99674126 11.135 3.811 4.898 F5Ia (Rousseau et al. 1978)
HD 269857 277108350 84.13491608 —68.90046420 10.183 3.820 5.331 A9la (Ardeberg et al. 1972)
HD 270050 389368279 85.62153509 —67.32832271 10.466 3.821 5.132 Fo6la (Ardeberg et al. 1972)
HD 269661 391815407 82.70867323 —69.52483016 10.290 3.830 5.135 AO0Ia0e: (Ardeberg et al. 1972)
SOI 641 276934352 83.54628200 —69.42907688 11.596 3.832 4.697 A9Iab (Stock et al. 1976)
SK -66 161 277101323 83.87964235 —66.75670932 11.598 3.838 4.692 F5I: (Sanduleak 1970)
HD 269719 276667896 83.15242057 —70.80683528 11.773 3.842 4.650 F5I (Rousseau et al. 1978)
SK -68 71 179445102 80.26515397 —68.04835179 11.193 3.848 4.381 A0Ia (Stock et al. 1976)
HD 269187 40716826 78.51844441 —67.26403763 11.216 3.862 4.887 A9Ta (Ardeberg et al. 1972)
SK -67 197 276865125 83.49613191 —67.53771284 11.207 3.863 4.402 AOla (Stock et al. 1976)
HD 269139 40515236 77.61417015 —69.15325143 11.438 3.869 4.890 AOIa (Brunet et al. 1973)
SOI 605 373522149 80.84786652 —69.65661814 11.277 3.869 4.398 A3Ib (Stock et al. 1976)
HD 269998 404934352 85.37537202 —69.32535614 11.730 3.871 4.816 F5I: (Sanduleak 1970)
HD 269735 276787778 83.25457644 —69.37479911 11.557 3.884 4.807 A3lab (Stock et al. 1976)
HD 269171 231743190 78.31668899 —67.29644975 11.637 3.887 4.762 A21 (Rousseau et al. 1978)
SK -67 89 179639033 80.69628329 —67.20630491 11.817 3.896 4.677 A3Ib (Stock et al. 1976)
HD 269807 277100703 83.75102371 —67.02019094 10.696 3912 5.167 AS5la (Ardeberg et al. 1972)
HD 269841 277099961 83.96163270 —67.44151445 11.861 3.930 4.802 AOIa (Brunet et al. 1973)
HD 269678 391746270 82.80343074 —67.25221198 11.608 3.950 4.875 A1l (Rousseau et al. 1978)
HD 269896 277300709 84.45473355 —68.91712291 9.264 3.953 4.938 ON9.7Ia+ (Walborn 1977)
HD 268949 30848631 75.80674868 —68.55982863 11.787 3.968 4.858 AOIa (Ardeberg et al. 1972)
HD 269762 276869010 83.54154627 —68.98684682 10.301 3.992 5.065 A2Ia (Stock et al. 1976)
HD 268971 30759304 75.43830598 —70.59782370 11.606 4.001 4.966 AOIa (Stock et al. 1976)

Table B6
Similar to Table B1 for the Nonpulsating Stars in the SMC Sample

Common Name TIC Number R.A. Decl. T log Tyt logL/Ls Lit. Spectral Type

(deg) (deg) (mag) K) (Le)
PMMR 135 182735393 15.65549392 —72.27361464 11.124 3.603 4.967 G6.5Ia-Iab (Gonzélez-Fernandez et al. 2015)
PMMR 67 181453967 13.61198900 —72.88329048 11.679 3.605 4.844 G7.51ab (Gonzélez-Ferndndez et al. 2015)
PMMR 116 182300254 15.22557921 —72.86019236 10.727 3.607 5.094 G4-K1la-lab (Gonzélez-Fernandez et al. 2015)
HV 1685 181660065 14.11013368 —73.47314138 11.559 3.632 4.694 K4la-Tab (Gonzalez-Fernandez et al. 2015)
SkKM 94 181051257 13.14856686 —72.85146782 11.815 3.633 4.677 K/M (Sanduleak 1989)
[M2002] SMC 41799 181878924 14.48701346 —73.56215194 11.552 3.647 4.749 Glla-Iab (Gonzilez-Fernandez et al. 2015)
ISO-MCMS J005033.7-731524 181042381 12.64035126 —73.25692685 11.264 3.747 4.873
Flo 675 183495106 18.85219718 —73.51233289 11.513 3.771 4.788 F2I (Neugent et al. 2010)
HV 829 181043309 12.61998652 —72.75255907 11.210 3.771 4.968 GOIb (Wallerstein 1984)
AzV 197 181880034 14.50948670 —72.29904037 11.445 3.801 4.852 F2Ia (Humphreys 1983)
RMC 26 182730122 15.67934353 —72.12388122 11.301 3.832 4.927 FOla (Ardeberg & Maurice 1977)
HD 5277 181042742 13.21348613 —73.11490084 10.845 3.901 5.223 AOla (Dubois et al. 1977)
SK 74 181879931 14.67178736 —72.43762088 11.442 3.921 5.016 AOlIa (Ardeberg & Maurice 1977)
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as FYPS. The top panels show the normalized TESS PDCSAP lightcurve as black

points, with a 10 minute rolling median in green. The bottom panels show the corresponding Lomb—Scargle periodogram, normalized by Equation (1) using best-fit
parameters derived following Dorn-Wallenstein et al. (2020). Frequencies identified via prewhitening are shown as vertical dashed lines; frequencies associated with
nearby contaminants are shown in red, while frequencies associated with the star itself are shown in gray.

(An extended version of this figure is available.)
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Figure B1. (Continued.)
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Figure B2. Similar to Figure B1 for FYPS identified in the SMC.
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log Toer = 3.787, spectral type A3la), the latter is frequently old
enough (in this case from Stock et al. 1976), that we cannot rule
out the possibility of spectroscopic variability without further
observations. Figures B1 and B2 show the TESS lightcurves
and residual power spectra of the LMC and SMC FYPS,
respectively. The residual power spectra are computed by
normalizing the Lomb-Scargle periodogram by the square of
Equation (1), adopting the best-fit parameters following Dorn-
Wallenstein et al. (2020). Frequencies identified by prewhiten-
ing are shown as vertical lines, with frequencies associated with
contaminants in red, and genuine frequencies in gray.
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