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ABSTRACT

We present optical and infrared (IR) light curves of the enshrouded massive binary NaSt1l (WR 122)
with observations from Palomar Gattini-IR (PGIR), the Zwicky Transient Facility (ZTF), the Katzman
Automatic Imaging Telescope (KAIT), and the All-Sky Automated Survey for Supernovae (ASAS-SN).
The optical and IR light curves span between 2014 July and 2020 Oct., revealing periodic, sinusoidal
variability from NaStl with a P = 305.2 + 1.0 d period. We also present historical IR light curves
taken between 1983 July and 1989 May that also indicate NaSt1 exhibits long-term IR variability on
timescales of ~decades. Fixed-period sinusoidal fits to the recent optical and IR light curves show that
amplitude of NaSt1’s variability is different at different wavelengths and also reveal significant phase
offsets of ~ 18 d between the ZTF r and PGIR J light curves.We interpret the ~ 300 d period of
the observed variability as the orbital period of a binary system in NaStl. Assuming a circular orbit
and adopting a range of combined stellar mass values in the range 20-100 M in NaSt1l, we estimate
orbital separations of ~ 2—4 au. We suggest that the sinusoidal photometric variability of NaSt1 may
arise from variations in the line-of-sight optical depth toward circumstellar optical /IR emitting regions
throughout its orbit due to colliding-wind dust formation. We provide an interpretation on the nature
of NaSt1 and speculate that the mass-transfer process may have been triggered by Roche-lobe overflow
(RLOF) during an eruptive phase of a Ofpe/WN9 star. Lastly, we claim that NaStl ceased RLOF
mass transfer < 3400 yr ago.
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1. INTRODUCTION

Almost all massive stars have a close binary com-
panion (P < 5000 d), implying that binary interaction
is common in massive stars (Sana et al. 2012; Moe &
Di Stefano 2017). The ubiquity of binary interactions
such as mass transfer has challenged our understand-
ing of massive-star evolution and notably diverges from
the theoretical framework of single-star evolution (e.g.,
Heger et al. 2003; Groh et al. 2013). Binary interaction
can influence mass loss and enable additional massive-
star evolutionary pathways beyond the single-star evolu-
tion framework (Smith 2014). For example, Roche-lobe
overflow (RLOF) is a critical binary mass-transfer pro-
cesses that can strip the hydrogen envelope of a massive
star and lead to the emergence of a helium-rich Wolf-
Rayet (WR) star (De Marco & Izzard 2017; Gotberg et
al. 2018).

The WR phase is an important evolved stage of a mas-
sive star that precedes its end-of-life explosion as a Type
Ib/c supernova (SN) or direct collapse to a black hole
(Heger et al. 2003; Smith et al. 2011a; Sukhbold et al.
2016). WR binaries may therefore precede the forma-
tion of binary black holes and are potential progenitors
of black hole mergers (e.g., Belczynski et al. 2016). Pop-
ulations of stripped-envelope WR stars can also have
a profound impact on the ionization of the interstellar
medium (ISM) of their host galaxies as well as the inter-
galactic medium (IGM) beyond (Sander & Vink 2020;
Gotberg et al. 2020). WR star dust formation, which
has been observed in colliding-winds from carbon-rich
WR (WC) stars with OB-star binary companions (e.g.,
Williams et al. 1987; Tuthill et al. 1999), may also sig-
nificantly contribute to dust abundances in the ISM of
their host galaxies (Lau et al. 2020a).

Understanding the underlying physics that drives the
evolution to this stripped-envelope WR phase is there-
fore of great importance. However, owing to the rela-
tively short timescales associated with the RLOF mass-
transfer process, there is a dearth of known massive bi-
nary systems for investigating this critical transitional
phase. One of the most well-known interacting massive
binary systems that is currently undergoing RLOF mass
transfer is RY Scuti, which is surrounded by a circum-
stellar nebula of dust and ionized gas (Gehrz et al. 1995;
Grundstrom et al. 2007; Smith et al. 2011b).

The enigmatic NaSt1 system was initially classified as
a WR star (known as LS IV 400 5 and WR 122; Nassau
& Stephenson 1963; van der Hucht et al. 1981; Massey

& Conti 1983) but had its true nature called into ques-
tion as a result of high spectral resolution observations
by Crowther & Smith (1999). It is now thought to host
a stripped-envelope WR star emerging from a RLOF
mass-transfer phase with a binary companion (Mauer-
han et al. 2015). NaStl therefore presents a rare op-
portunity to investigate this transitional phase, particu-
larly given its relatively nearby distance of 3.0379:$2 kpc
(Rate & Crowther 2020). An important diagnostic of
mass transfer via RLOF are the orbital and stellar prop-
erties of the central binary; however, these properties
remain largely unknown for NaStl. The presence of a
binary system in NaSt1 was inferred from its surround-
ing extended (~ 7”) spiral-shaped, nitrogen-rich nebula
that is thought to originate from nonconservative mass
transfer in the central system (Mauerhan et al. 2015).
Mauerhan et al. (2015) also showed that NaSt1 exhibits
X-ray emission consistent with colliding-wind WR bina-
ries.

NaSt1 possesses an interesting combination of charac-
teristics that are important for understanding the nature
of its binary components. Optical and near-infrared (IR)
spectroscopy by Crowther & Smith (1999) showed no ob-
vious stellar lines but revealed narrow nebular emission
features consistent with fully CNO-processed material
that more closely resembles the chemistry of a nitrogen-
rich WR star (WN) rather than a red supergiant (RSG)
or an H-rich luminous blue variable (LBV). The un-
usual chemical composition of NaSt1’s nebula has no-
tably drawn comparisons to n Car and its surrounding
N-rich nebula (Smith & Morse 2004). High-excitation
emission lines from NaSt1 also indicated that the ioniz-
ing source of its nebula must possess an effective tem-
perature 2 30,000 K, which is also consistent with the
presence of a WR star. Classical WR stars, however, are
characterized by broad, full width at half-maximum in-
tensity (FWHM) > 1000 km s~!, emission features that
are notably absent from NaStl’s spectrum. Interest-
ingly, many of the strong emission lines from NaSt1 ex-
hibit double-peaked profiles separated by tens of km s ™!,
which may originate from a circumstellar or circumbi-
nary disk that could be obscuring or outshining WR
emission features (Mauerhan et al. 2015). NaSt1 is also
heavily reddened (Ay =~ 6.5 mag; Crowther & Smith
1999) from interstellar and/or circumstellar material.
Strong thermal-IR emission from NaStl indicated the
presence of circumstellar dust that either formed re-
cently or is currently ongoing (Rajagopal et al. 2007).
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In this work, we present the discovery of periodic pho-
tometric variability from NaStl with data from opti-
cal and near-IR imaging surveys. These results con-
firm the binary nature of NaStl and reveal new in-
sights for understanding its orbital properties and bi-
nary mass-transfer process. This work also presents
some of the first science results from the recently com-
missioned near-IR imaging survey Palomar Gattini-IR
(PGIR; Moore & Kasliwal 2019; De et al. 2020a).

2. OBSERVATIONS AND ARCHIVAL DATA
2.1. Gattini-IR J-band Photometry

PGIR is a wide-field, time-domain imaging survey lo-
cated at Palomar Observatory. It utilizes a 30 cm tele-
scope and J-band filter similar to the 2MASS J filter
with a central wavelength of A\, = 1.235 pm and an
effective filter bandwidth of AX = 0.1624 ym. PGIR
achieves a 4.96° x 4.96° field of view (FoV) with its 2k
x 2k HAWAII-2RG detector and a scale of 8”7 pixel~!.
The entire sky visible from Palomar is imaged by PGIR
every ~ 2 nights down to a 50 detection limit of 14.8
Vega mag'. The PGIR image processing and photomet-
ric calibration are described by De et al. (2020a). The
J-band saturation limit of PGIR was initially ~ 8.5 mag,
but has been subsequently improved to J =~ 6 mag after
implementing a new readout mode described by De et
al. (2020D).

NaSt1, which is located at a(J2000) = 18252™17.55°
and 6(J2000) = +00°59'44"3 (Gaia Collaboration 2018),
was well-covered by PGIR imaging fields. In order to in-
vestigate the J-band variability of NaSt1, forced aper-
ture photometry was performed at its coordinates using
a 3-resampled-pixel radius (~ 13”) aperture in PGIR
images taken between 2018 Nov. and 2020 Oct. Impor-
tantly, source confusion is not an issue since NaStl is
> 3.8 mag brighter in J than all objects within 15" of
its coordinates (Cutri et al. 2003). Photometry from
PGIR and all other platforms included in this work are
provided in Table 1.

2.2. KAIT Optical Photometry

Optical BV RI photometry of NaStl was obtained
with the robotic 0.76 m Katzman Automatic Imaging
Telescope (KAIT; Filippenko et al. 2001) at Lick Obser-
vatory. Additional Clear-band (close to the R band; see
Li et al. 2003) images were also obtained with KAIT.
A series of 66 imaging observations of NaStl was per-
formed with KAIT between 2014 July and 2015 Nov.

L All magnitudes provided in this work are in the Vega magni-
tude system.

The KAIT observing frequency of NaSt1l ranged from a
few days to a few weeks when visible.

All images were reduced using a custom pipeline
(Ganeshalingam et al. 2010; Stahl et al. 2019). Point-
spread-function (PSF) photometry was then obtained
using DAOPHOT (Stetson 1987) from the IDL Astron-
omy User’s Library?. Several nearby stars were chosen
from the Pan-STARRS1? catalog for calibration. Their
magnitudes were first transformed into Landolt magni-
tudes (Landolt 1992) using the empirical prescription
presented by Tonry et al. (2012) and then transformed
to the KAIT natural system.

Apparent magnitudes were all measured in the KAIT4
natural system. The final results were transformed to
the standard system using local calibrators and color
terms for KAIT4 as given in Table 4 of Ganeshalingam
et al. (2010), except for KAIT Clear-band data, where
no reliable color term is measured owing to the broad
response function. We therefore present the Clear mag-
nitude relative to the reference stars in Landolt R mag-
nitude, which is essentially in the KAIT natural system.

2.3. BASS Mid-IR Spectroscopy

Mid-IR. observations of NaStl were made using The
Broadband Array Spectrograph System (BASS) sensor
(Hackwell et al. 1990) at the 3.6 m Advanced Electro-
Optical System (AEOS) telescope on Haleakela, HI, on
2017 Oct. 23, 2018 May 13, 2019 Apr. 6, and 2019 Aug
24 (UT dates are used throughout this paper). AEOS
utilizes a chopping secondary mirror, run at 7 Hz for
rapid sampling of the background. While observing, a
chop-and-nod strategy was used with a chop throw of
~ 11" and a telescope nod of the same distance between
exposures. 30 s integrations were obtained per nod po-
sition, and 12-26 samples were obtained for each of the
AEOS observations (6-13 min total integration).

An off-axis visible-wavelength CCD was used for guid-
ing to keep the source centered in the 4.2” instru-
ment aperture during exposures. The resolving power
of BASS is 30-125 across a 3-13 pum bandpass. Flux
calibration was obtained via observations of the stan-
dard star o Lyr (Vega) at an airmass similar to that
of the NaStl observations. Wavelength calibration of
each BASS channel was performed in the lab using a
monochrometer, and either checked on-sky with obser-
vations of a strong mid-IR emission-line source (plane-
tary nebula NGC 7027) or in the dome using a black-
body source (hot plate) measured at two temperatures
(40° C and 60° C) and attenuated by films of polystyrene

2 http://idlastro.gsfc.nasa.gov/
3 http://archive.stsci.edu/panstarrs/search.php
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Table 1. KAIT, ASAS-SN, ZTF, and Gattini-IR, Photometry of NaSt1

MJD B (KAIT) V (ASAS-SN) V (KAIT) g (ZTF) r (ZTF) R (KAIT) I (KAIT) J (Gattini)
56818.446 16.21 £ 0.04 — + - 14.38 £ 0.02 — £+ — -+ - 12.82 £ 0.03 12.29 £0.03 -+ -
56821.406 16.23 £ 0.06 — + — 14.39 £ 0.02 — £+ - -+ - 12.82 £ 0.03 12.29 £0.03 -+ -
56824.434 16.22 £ 0.07 — £ - 14.38 £ 0.02 — £+ — -+ - 12.81 £ 0.03 12.30 £0.03 — £ -
56826.437 16.18 £ 0.04 — £ - 14.38 £ 0.02 — £+ — -+ - 12.80 £ 0.03 12.27 £0.03 — £ -

NOTE—BgV RrIJ-band photometry from KAIT, ASAS-SN, ZTF, and Gattini-IR. All magnitudes are given in the Vega
system, and uncertainties are 1o. A full version of this table (with the KAIT Clear photometry) is available electronically.
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Figure 1. Optical and near-IR light curves of NaStl from KAIT (BVRI + Clear), ASAS-SN (V), ZTF (gr), and PGIR
(J) taken between 2014 July and 2020 Oct. The light-curve plot is overlaid with individual-filter (solid line) and fixed-period
(dashed line) sinusoidal fits, where the fixed-period fits utilize the 305.2 d period derived from the combined light-curve fit.
The individual-filter fit periods (in days) are overlaid on the plot next to their respective light curve. Dates of the four mid-IR
spectroscopic observations with BASS are also overlaid on the plot.

and polysulfone to superimpose absorption features for
reference.

2.4. Historical UKIRT and ESO IR Photometry

We present historical IR JHKL'M photometry of
NaSt1 taken from the 3.8 m United Kingdom Infrared
Telescope (UKIRT) and the European Southern Obser-
vatory (ESO) 1 m photometric telescope between 1983
July and 1989 May (MJD 45528-47671). The UKIRT

and ESO photometry taken on 1983 July 13 (MJD
45838) and 1983 May 18 (MJD 45528), respectively,
were previously published by Williams et al. (1987).
Subsequent photometry is presented in this work for the
first time. Since these observations were taken as a con-
tinuation of the photometry published by Williams et
al. (1987), the observations follow the same procedures
described in their paper.
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Table 2. NaSt1 Historical IR Magnitudes

MJD J H K L' M Source

45528 9.54 8.51 6.50 4.12 UKIRT*
45838 9.52 8.46 6.39 3.99 3.30 ESO*
46237 9.19 827 6.25 3.90 3.46 UKIRT
46302 9.05 7.95 594 3.78 3.16 UKIRT
46715 9.49 818 6.19 3.91 3.18 UKIRT
46960 9.10 7.82 5.88 3.71 3.04 ESO
47258 899 7.85 5.87 3.66 298 ESO
47259 899 7.82 5.87 3.66 3.02 ESO
47261 9.04 7.89 5.87 3.68 296 ESO
47304 9.18 797 6.02 3.76 3.12 ESO
47670 9.40 8.25 6.25 3.89 3.19 ESO
47671 9.39 825 6.25 3.90 3.23 ESO

NoTE—IR photometry of NaStl from UKIRT and
the ESO 1 m photometric telescope. Uncertainties
are assumed to be 0.1 mag for JHK L’-band pho-
tometry and 0.15 mag for M-band photometry.
*Previously published by (Williams et al. 1987).

UKIRT JHKL' photometry was obtained using a
12.4"”diameter aperture, and M photometry was ob-
tained with a 5”diameter aperture. ESO photometry
was measured through a 15”diameter aperture except
for the observation taken on 1987 June 14 (MJD 46960),
where a 22”diameter aperture was used. The photom-
etry is shown in Table 2 and provided in Vega magni-
tudes.

2.5. Archival Optical Photometry: ZTF and ASAS-SN

We utilize the g-band and r-band photometry of
NaSt1 from the Zwicky Transient Facility (ZTF; Bellm
et al. 2019; Masci et al. 2019) Public Data Release 4*.
ZTF observations of NaStl were taken between 2018
Apr. and 2020 June with a ~ 1 d cadence when visi-
ble. Ounly the photometry with clean extractions (i.e.,
“catflags = 0”7) from ZTF DR4 were used for the anal-
ysis. High-cadence r-band observations of the field cov-
ering NaSt1 were taken on MJD 58347 and MJD 58348,
where each night consisted of ~ 100 images. Instead of
using all of the high-cadence photometry on MJD 58347
and MJD 58348 in the NaStl analysis, the average r-
band magnitude of each night was used and the MJD
provided is the time-averaged MJD of all observations
in each respective night. Since ZTF photometry from
the DR4 catalog was provided in units of AB magni-

4 https://www.ztf.caltech.edu/page/dr4d
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Figure 2. NaStl variability amplitudes from the fixed-
period fits to the PGIR, ZTF, and KAIT light curves.

tude, we converted the photometry to Vega units by
applying the conversions mg A — Mg vega = —0.08 and
My AB — M, Vega = 0.16.

Lastly, we utilize the V-band photometry of NaSt1 from
the All-Sky Automated Survey for Supernovae (ASAS-
SN; Shappee et al. 2014; Kochanek et al. 2017). Pho-
tometry of NaStl was obtained from the ASAS-SN
Variable Star Database® (Jayasinghe et al. 2020), where
it was identified as a variable with the reference ID
ASASSN-V J185217.554005944.3. ASAS-SN photome-
try of NaStl spans from 2015 Feb. to 2018 Nov. with
an observing cadence of ~ 1 week when visible.

3. RESULTS AND ANALYSIS
3.1. Light Curve and Periodicity

The near-IR and optical light curves of NaStl taken
between 2014 July and 2020 Oct. are shown in Figure 1
and present clear evidence of smooth variability on a
roughly year-long timescale. Sinusoidal functions were
fit to the PGIR, ZTF, ASAS-SN, and KAIT photome-
try using a least-squares fitting routine from the SciPy
library in Python v.3.8.5. The free parameters were
the period, variability amplitude, magnitude offset, and
phase. The sinusoidal fits to each light curve reveal vari-
ability consistent with a period of ~ 300 d. A combined
sinusoidal fit was also performed to all light curves si-
multaneously, which provided a well-constrained period
of Poomb = 305.2 £ 1.0 d. All other light curves were

5 https://asas-sn.osu.edu/variables
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Figure 3. (Left:) Phase-folded PGIR J-band and ZTF r-band photometry overlaid with fixed-period sinusoidal light-curve
fits. Observations obtained in the range MJD 58500-58900 are shown as red circles and orange squares for PGIR and ZTF,
respectively. Observations obtained before MJD 58500 or after MJD 58900 are shown as purple pentagons or brown triangles
for PGIR and ZTF, respectively. (Right:) Zoom-in of the PGIR J-band and ZTF r-band photometry between MJD 58500 and

MJD 58900 overlaid with the fixed-period light-curve fits.

then re-fitted with a fixed period of P = 305.2 d. Note
that the Clear light curve was not utilized in these fits
owing to the large wavelength bandwidth of this filter.
The results from the individual-filter and fixed-period
sinusoidal fits are shown in Table 3. The following anal-
ysis utilizes the results from the fixed-period sinusoidal
fits.

Interestingly, the sinusoidal variability amplitudes are
different at the different wavelengths, which is shown in
Fig. 2. Although there appears to be a general trend of
increasing amplitude with wavelength between B- and
J-band, the relatively low amplitude of the KAIT I-
band light curve is inconsistent with this trend. The
KAIT I-band amplitude is comparable to the ZTF g-
band amplitude, which is a factor of ~ 2 smaller than
the KAIT R- and ZTF r-band amplitudes (Tab. 3).

The amplitude fit from the ASAS-SN V-band pho-
tometry is discrepant with the KAIT V-band amplitude
despite the similar wavelength coverage of the instru-
ment filters (Tab. 3). Owing to the much larger 8" pix-
els of ASAS-SN compared to the 0’8 KAIT pixels and
the two-pixel (16”) radius aperture used for ASAS-SN
photometry (Kochanek et al. 2017), the lower ASAS-SN
amplitude is likely due to confusion with a nearby source
of comparable V-band brightness as NaSt1. Photometry
from the Pan-STARRS Data Release 1 catalog (Cham-
bers et al. 2016) supports this explanation and shows
that there is a source located ~ 16” from NaStl with

a PS1 g-band brightness 57% that of NaStl. Syn-
thetic Johnson V-band photometry derived from optical
spectroscopy of NaSt1l presented by Crowther & Smith
(1999), where V' = 14.47 mag, also shows closer agree-
ment with the 14.41 mag offset derived from the KAIT
V-band light-curve fit (Table 3). The 0.066 & 0.004 mag
amplitude derived from the KAIT V-band photometry
therefore more accurately traces the NaStl variability
than the lower-amplitude ASAS-SN photometry.

The phase-folded PGIR J-band and ZTF r-band light
curves, which show the highest variability amplitude,
are shown in Figure 3 (Left) and demonstrate the close
agreement to sinusoidal variability. The phase-folded
ZTF r-band light curve in Figure 3 (Left) also shows
the consistent sinusoidal variability over multiple cycles.
The same appears true for the PGIR J-band light curve;
however, there are only a few measurements outside of
the cycle covered by observations between MJD 58550
and MJD 58800.

The ZTF r-band and PGIR J-band light curves from
NaStl between MJD 58550 and MJD 58800 and the
fixed-period sinusoidal fits indicate a significant (> 50)
phase offset of ~ 18 d (Fig. 3, Right). There is evi-
dence of a similar phase offset between the ZTF r-band
and g-band light-curve fits, where the fixed-period g off-
set agrees with the fixed-period PGIR J offset within
the uncertainties (Table 3). Phase offsets in NaStl’s
variability may be linked to the wavelength of the emis-
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Figure 4. (Left:) JHKL'M-band photometry of NaSt1 observed from UKIRT (filled markers) and the ESO 1 m telescope
(open markers) in the years 1983-1989 (MJD 45528-47671). The extrapolated variability from the PGIR J-band fixed-period
light-curve fit is overlaid on the the plot (red dashed line).(Right:) Phase-folded IR light curves assuming a 305.2 d period
overlaid with the phase-folded fixed-period PGIR light curve model. Uncertainties in both plots are assumed to be 0.1 mag for

JHKL' photometry and 0.15 mag for M photometry.

sion, where variations in the near-IR lag behind the op-
tical emission. Interestingly, despite the similar overlap
in wavelengths between the ZTF r-band and KAIT R-
band filters, there is also evidence of a ~ 20 d phase
offset between the fixed-period fits to each light curve.
However, uncertainties on the phase offsets are greater
for the KAIT light-curve fits than the ZTF fits.

3.2. Historical IR Variability

UKIRT and ESO 1 m IR observations of NaStl in
the years 1983-1989 exhibit IR variability exceeding the
periodic behavior observed by PGIR. Figure 4 (Left)
shows that several of the past J-band observations are
consistent with the range of values predicted from the
fixed-period PGIR J sinusoidal fit; however, observa-
tions taken in 1985 (MJD 46237, 46302), 1987 (MJD
46960), and 1988 (MJD 47258-47304) captured J emis-
sion from NaSt1 exceeding the PGIR light curve at peak
brightness by 0.3-0.5 mag. Simultaneous UKIRT and
ESO 1 m photometry in HKL'M confirm the photo-
metric excursions.

Figure 4 (Right) shows the phase-folded light curve of
the UKIRT and ESO 1 m observations using the date of
the first observation (MJD 45528) as ¢ = 0 and assum-
ing a 305.2 d period. The phase-folded light curves indi-
cate possible periodic variability on a ~ 300 d timescale;
however, the peak emission appears offset by Ay ~ 0.4
compared to the phase-folded PGIR light curve. The

phase-folded J light curve is also brighter by ~ 0.5 mag
in comparison to the PGIR light curve. The historical
IR light curves therefore indicate that NaSt1l exhibited
variability on timescales of decades in addition to the
periodic ~ 300 d sinusoidal variability.

3.3. Mid-IR Variability

Mid-IR spectroscopy of NaStl with BASS taken in
2017-2019 reveals variability at 3-13 um (Fig. 5), where
the mid-IR flux from NaStl is likely dominated by
thermal emission from circumstellar dust (Crowther &
Smith 1999; Rajagopal et al. 2007). The IR-dominated
spectral energy distribution (SED) in Figure 5 also
demonstrates that NaSt1 is enshrouded by circumstellar
dust in addition to being obscured by interstellar mate-
rial.

Semicontemporaneous ZTF gr and PGIR J photom-
etry taken within 20 d (A¢ & 0.07) of the BASS spec-
troscopy in 2019 Apr. (MJD 58579) and within 5 days
(Ag = 0.02) of BASS spectroscopy in 2019 Aug. (MJD
58719) samples near the NaSt1 minimum and peak emis-
sion, respectively (Fig. 1). The NaSt1 SED at these two
epochs shows that the trend in the mid-IR variability is
consistent with the optical/near-IR variability (Fig. 5).
The g, r, and J photometry increased by 10 + 4%,
28 + 2%, and 24 + 2% (respectively) between the 2019
Apr. and 2019 Aug. observations shown in Figure 5.
The 3-13 pm emission increased by ~ 10-30% between
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Figure 5. NaStl spectral energy distribution variability demonstrated by ZTF gr-band and PGIR J-band photometry and

BASS mid-IR 3-13 pm low-resolution spectroscopy. The ZTF

and PGIR photometry shown was obtained within at most 20 d

(Ap = 0.07) from the BASS observations. Note that the ZTF and PGIR photometry is plotted on a semilogarithmic scale,

whereas the BASS spectra are shown on a linear scale.

2019 Apr. and 2019 Aug., where the largest variations
(> 20%) were observed at shorter mid-IR wavelengths
(A & 3 pm). Variability from the circumstellar dust
emission in the mid-IR is therefore likely linked to the
optical /near-IR variability.

3.4. Color Variability

In order to investigate the color variability of NaStl1,
KAIT and ZTF/PGIR color curves were produced with
simultaneous or nearly contemporaneous observations.
Figure 6 (Left) presents KAITV — I, V—R,and R—1
color curves, which are derived directly from the simulta-
neous multiband KAIT observations. Since PGIR and
Z'TF observations were not performed simultaneously,
the PGIR/ZTF g — J, g — r, and r — J light curves in
Figure 6 (Right) were produced by utilizing observations
taken within < 3 d (Ap < 0.01).

KAIT color curves in Figure 6 (Left) each show differ-
ent variability trends. The V — R curve shows reddening
consistent with increasing R-band brightness; however,
the R — I curve indicates the opposite trend with bluer
colors with increasing R-band brightness. The V — I
curve reveals no significant variability. This is likely due
to the lower amplitude of the I-band variability relative
to that of the shorter wavelength R-band filter (Fig. 2).
The ZTF and PGIR g — J, g —r, and r — J color curves
all indicate a trend in reddening correlated with increas-
ing r-band brightness. The discrepancies in the color
evolution reflect the inconsistency of the variability am-
plitude from NaStl as a function of wavelength. The
observed phase offsets between different filters (Fig. 3,
Right) likely influence the color evolution as well.

3.5. Emission-Line Contributions

Optical and near-IR spectroscopy of NaStl by
Crowther & Smith (1999) revealed prominent narrow
nebular emission lines such as He 1 A\6678, Hey, and [N
11] A5755, which may contribute to the photometric mea-
surements. In order to determine whether the emission
lines are influencing the variability, the NaSt1 emission-
line list from Crowther & Smith (1999) was used to
quantify the relative observed flux density contribu-
tion to the fixed-period model-fit photometry (i.e.,
“Mag. Offset” in Table 3). A 10% absolute flux calibra-
tion uncertainty was assumed for both the emission-line
measurements from Crowther & Smith (1999) and the
PGIR, KAIT, ZTF, and ASAS-SN photometry.

Table 3 shows Fline/Fphot, the ratio of the flux den-
sity from NaSt1’s observed emission lines over the filter
bandwidths relative to the observed photometry. The
nebular emission lines from NaSt1 do indeed appear to
contribute more than ~ 10% to the BgV Rr photome-
try, where the strongest optical/near-IR emission lines
in NaSt1 are associated with He1, He11, and [N 11]. How-
ever, the emission line contribution is much lower in [
and J. Since the amplitudes in the BgV Rr light curves
are in the range ~ 0.04-0.13 mag, or ~ £4-11% of the
“Mag. Offset,” it is possible that the photometric vari-
ability may be due to changes in the observed strength
of the emission lines in these filters. The lack of any sig-
nificant line contribution for the PGIR J-band observa-
tions, the large J variability amplitude, and its observed
phase offset may indicate that the near-IR emission orig-
inates from a different component than the optical emis-
sion in NaSt1.

4. DISCUSSION
4.1. Possible Origins of Variability



Di1SCOVERY OF NAST1 PERIODICITY 9

0.65/ KAIT Colors 12
0.60
Z 0.55 128
0.501_ lj 129
0.45 It 13.0
L0 | 12.75
1.65 i a
%160 I 1283
” 155 1294
1,50 13 0§
2.20 12.7
—2.15 | ll I 12.8
2,10 T||[ 129
2.05 13.0

56700 56800 56900 57000 57100 57200 57300 57400
MID

33 ZTF and PGIR Colors 12.6
_ 30 ! 12.7
L3 12.8

30 12.9

29 13.0

27 12.6E

' 12.75
.26 g
) 5 12.8?

ey

24 12.9E

23 13.0 N

59 12.6

58 12.7
3.7 12.8

5.6 12.9

5.5 13.0

58200 58300 58400 58500 58600 58700 58800

MJD
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fixed-period sinusoidal model light curve. (Right) ZTF and PGIR g — J, g — r, and r — J colors between MJD 58200 and MJD
58800 overlaid with the ZTF r-band fixed-period sinusoidal model light curve.

Although individual hot massive stars are known to
exhibit variability, their photometric variations do not
typically appear as regular or sinusoidal as we observe
from NaStl (e.g., Soraisam et al. 2020). An excep-
tion to this is the rare class of magnetic O-type stars
with the peculiar “Of?p” classification that exhibit pe-
riodic variability that is believed to be associated with
rotational modulation (Howarth et al. 2007; Grunhut
et al. 2017). However, Of7p stars are characterized by
the presence of strong N 111 A4634—4641 and C 111 A4650
emission lines (Walborn 1973), which are weak or absent
in NaSt1l (Crowther & Smith 1999).

We therefore claim that the variability is associated
with the orbital period of a binary system in NaStl. In
this section, we discuss the possible origins of NaSt1’s
photometric variability and the relation to its orbital
period.

First, we can obtain a clearer understanding of the bi-
nary system in NaStl from the ~ 300 d orbital period.
Assuming a combined stellar mass in the range ~ 20—
100 Mg for the binary and a circular orbit, NaStl’s
~ 300 d orbital period corresponds to an orbital sep-
aration of ~ 2-4 au. We note that a circular or-
bit is expected for a system that recently underwent
RLOF. The orientation of the binary system can be in-
ferred from its extended N-rich nebula, which exhibits
a nearly edge-on geometry with an inclination angle of
i = 78° £ 3° (Mauerhan et al. 2015). Figure 7 (Top)
shows the resolved HST imaging by Mauerhan et al.

(2015) of NaSt1’s N-rich nebula and our schematic illus-
tration of the embedded central binary. Given this infor-
mation on the orbital properties of the binary, we con-
sider three different possibilities that may contribute to
the observed variability (Fig. 7, Bottom): disk eclipses,
colliding-wind dust formation, and ellipsoidal variabil-
ity.

Disk Eclipses. Given the large orbital separation
ranging over several au, it is highly unlikely that the
smooth, sinusoidal variability is due to eclipses from the
stars themselves, which would instead appear as nar-
row eclipses. However, we suggest that the variability
may be caused by eclipses of a circumbinary disk from
an optically and geometrically thick circumstellar disk
in NaStl that formed as a result of the RLOF mass-
transfer process. Several prominent emission lines in
NaSt1 (e.g., [N11] A5755; Crowther & Smith 1999) show
double-peaked profiles that indeed indicate the presence
of a disk.

This scenario is similar to the massive eclipsing binary
RY Scuti, which is currently undergoing RLOF with a
mass gainer that appears to be enshrouded by an op-
tically and geometrically thick accretion disk (Grund-
strom et al. 2007; Djurasevié¢ et al. 2008; Smith et al.
2011b). RY Scuti also exhibits smooth, periodic vari-
ability; however, its 11 d orbital period is much shorter
than that of NaStl, and its variability is not as consis-
tent with a sine wave (Djurasevi¢ et al. 2008).
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Table 3. NaStl Light-Curve Properties

Telescope (Filter) Period (d) Amplitude (mag) Mag. Offset MJD (¢ =0) Agp (d) Fiine/Fphot  Brightest
Lines
PGIR (J) 296.4 4.7 0.155 + 0.007 9.622 4+ 0.007 58687.1 £+ 2.8 0.0 £ 2.8 < 0.01 Her1 \12785
12350 A (1624 A) [0.161 + 0.007] [0.632 +0.006] [58683.1 £2.1] [0.0 % 2.1] He1 A12526
Pap
KAIT (1) 291.0 £ 5.2 0.052 £+ 0.003 12.295 £ 0.003 56822.9 + 3.7 —117.9£31.4 0.05+0.01 He A8237
8061 A (1471 A) [0.053 = 0.003] [12.3014£0.002] [56814.6 +2.5] [—37.5+6.1] O1 8446
[N1] A8680
ZTF (r) 307.6 1.3 0.126 + 0.003 12.778 £0.002 58665.9+1.4 —21.1+3.1 0.23 +£0.03 He1 \6678
6340 A (1515 A) [0.126 £ 0.003]  [12.778+0.002] [58664.6 £1.2] [~18.5 +2.1] He1 5876
Ha
KAIT (R) 299.4 4+ 2.6 0.111 £+ 0.003 12.841 £0.003 56813.6 £ 1.9 —77.0+15.9 0.29 £0.04 He1 \6678
6273 A (1202 A) [0.113 + 0.003] [12.84640.002] [56810.2+1.2] [—41.9+6.1] He1 A5876
Ha
ASAS-SN* (V) 303.8 £ 3.2 0.033 £ 0.003 14.025 £0.002 57131.8+7.4 —36.5+17.6 0.24 £0.03 He1 A\5876
5466 A (890 A) [0.033 £ 0.003] [14.025+0.002] [57129.0 £4.4] [-28.3+5.2] [N11] A5755
He1r \5412
KAIT (V) 295.8 5.2 0.066 + 0.004 14.409 £ 0.003 56805.3 + 4.4 —107.14+31.5 0.1240.02 [N11] A5755
5389 A (909 A) [0.066 + 0.004] [14.41240.003] [56799.1 +£3.0] [~53.0 £ 6.1] Hel A5016
He1r \5412
ZTF (g) 303.1+4.4 0.056 + 0.005 15.346 £ 0.004 58679.1 +4.6 —8.0+5.4 0.15+0.02 He11r \4686
4722 A (1282 A) [0.056 £ 0.004]  [15.345+0.003] [58680.7 £ 3.6] [-2.4 + 2.1] He1 5016
Hp
KAIT (B) 274.8 +£13.6 0.036 4 0.008 16.200 £ 0.006 56831.2 4+10.3 —207.1 +£82.4 0.244+0.03 He1m A\4686
4445 A (907 A) [0.034 £ 0.009] [16.207+0.006] [56814.3 £8.9] [-37.8+6.1] Hp

[Fe111] A4658

NoTE—NaStl photometry and light-curve properties from individual-filter and fixed-period (in brackets) fits showing the tele-
scope/instrument with the filter effective wavelength and bandwidth, the derived period, the amplitude of the sinusoidal variability,
the magnitude offset at mid-line of the sine function, the MJD where the phase ¢ = 0, and the phase offset (A¢p) from the PGIR value.
The phase fitting for the ZTF and PGIR models assumed an initial ¢ = 0 estimate of MJD 58700, while the KAIT and ASAS-SN
models assumed initial ¢ = 0 estimates of MJD 57100 and MJD 56800, respectively. The fixed-period fits use Pcomb = 305.2 d, which
is derived from a combined sinusoidal fit to all light curves simultaneously. The relative flux contributions from the cataloged nebular
emission lines from NaStl (Crowther & Smith 1999) to the photometric measurements in the different filters wavebands (based on
the fixed-period fit) is shown under Fline/Fphot- The brightest three lines in each filter band is also listed in descending order of line

strength.

*ASAS-SN photometry of NaSt1 is likely confused with a nearby (~ 16”) optical point source.

Given the significant contribution from the strong
nebular emission lines to the observed photometry in
NaStl (Table 3), it is possible that the photometric
variability is linked to the obscuration of line-emitting
regions from a circumbinary disk by the circumstellar
disk. Optical variability in this scenario could arise
from a circumstellar disk obscuring a varying fraction
of the emitting surface area from a circumbinary disk,
which also requires the density distribution of the cir-
cumbinary disk to not be circularly symmetric. This
may be expected if circumbinary material is associated
with NaSt1’s asymmetric [N11] nebula (Fig. 7). The

observed IR variability may arise from disk eclipses of
the observed circumstellar/circumbinary dust compo-
nent around NaStl with an extent of < 150 au (Ra-

jagopal et al. 2007).5 A similar alternative scenario is

that a circumstellar disk may block a significant fraction
of the ionizing and dust-heating radiation field from the
stripped-envelope star. If the surrounding nebulae of
dust and ionized gas are asymmetric, this scenario could

6 This has been updated with the recent d = 3.03 kpc distance
estimate to NaStl (Rate & Crowther 2020), and we note that
Rajagopal et al. (2007) had adopted a distance of 2 kpc.
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Figure 7. (Top Left:) HST/WFC3/UVIS image of the extended [N 11] nebula around NaStl from Mauerhan et al. (2015) and
(Top Right:) schematic illustration of the central binary of NaSt1 overlaid with the derived orbital properties, where M is the
stripped-envelope star and M is the mass gainer. (Bottom:) Schematic illustrations of the possible origins of variability in
NaSt1: disk eclipses, colliding-wind dust formation, and ellipsoidal variability. Note that the illustrations in this figure are not

drawn to scale.

also lead to optical/IR variability throughout the orbit
of the central binary.

Colliding-wind Dust Formation. Mid-IR and X-
ray observations of NaStl indicate the presence of on-
going or recent dust formation that may be due to col-
liding winds (Rajagopal et al. 2007; Mauerhan et al.
2015). Dust formation via colliding winds is common in
late-type carbon-rich WR (WC) binaries (Williams et al.
1987) and is also believed to occur in 1 Car (Smith 2010).
In this process, the strong wind from the WR star col-
lides with the weaker wind from an OB-star companion
which creates a dense shock front that cools and forms
dust in the wake of the OB star (Usov 1991; Tuthill et al.
2008). An inclined dust-forming WR binary can exhibit
smooth IR variability owing to viewing perspective vari-
ations toward the dust-forming region throughout the
system’s orbit (Monnier et al. 1999; Hendrix et al. 2016).
The line-of-sight optical depth to the dust-forming re-
gions can vary with viewing angle due to obscuration

from optically thick regions of the colliding-wind shock
cone. These effects are evident in the colliding-wind
dust-forming WR system WR 98a (WC8-9vd; Williams
et al. 1995), which exhibits a “rotating” dusty pinwheel
nebula and near-sinusoidal IR variability that are both
consistent with a ~ 565 d period (Monnier et al. 1999).

NaSt1 does not exhibit an obvious dusty pinwheel neb-
ula; however, it may be difficult to resolve owing to its
shorter orbital period and high inclination. We therefore
suggest that the near-IR and mid-IR variability from
NaSt1 may be due to a mechanism similar to that seen
in WR 98a. In this scenario, the optical variability ob-
served from NaStl could be linked to obscuration of a
circumbinary nebula by optically thick regions of the
colliding-wind shock cone and/or newly formed dust.
We note that it is unlikely that the observed variability
of NaSt1 arises from variable or episodic dust formation
since we would expect anticorrelated IR and optical light
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curves where newly forming IR-luminous dust obscures
the optical emission.

Ellipsoidal Variability. Given the mass-transfer in-
teraction in NaSt1, the stars and/or a circumstellar disk
may be tidally distorted and exhibit ellipsoidal variabil-
ity as the system reveals different cross-sections through-
out its nearly edge-on orbit (e.g., Morris & Nalftilan
1993). Such variations may naturally reproduce some of
the wavelength-dependent amplitudes of the light curve
owing to temperature gradients along the surface of the
elongated star or disk.

It is important to note that if the NaStl light curve
was modulated by ellipsoidal variability, its orbital pe-
riod would be twice that of the period derived from the
sinusoidal model, since two consecutive brightness peaks
would correspond to the two phases of quadrature in a
full orbit. Tidally elongated stars in such a wide orbital
configuration would therefore have to exhibit large radii.
Assuming a 2 x 300 = 600 d orbital period, a combined
stellar mass range of 20-100 M, and a binary mass ratio
of 0.25—4.0, the radius of the tidally distorted star would
have to approach its Roche-lobe radius of 220-700 Rg
(Eggleton 1983). The tidally distorted star would there-
fore have to possess a radius consistent with that of a
supergiant.

We favor the interpretation that NaSt1’s periodic vari-
ability is linked to variable line-of-sight optical depth ef-
fects from colliding-wind dust formation. However, we
cannot conclusively rule out a possible contribution from
disk eclipses. In Sec. 4.3, we will argue that NaSt1 is not
currently undergoing RLOF mass transfer and therefore
claim that ellipsoidal variability from a tidally distorted
supergiant is unlikely. It is also important to note that
almost all known massive dust-forming colliding-wind
binaries exhibit a C-rich chemistry and host a WC star
(Crowther 2007), where the exception is n Car and its
N-rich circmustellar environment (Smith et al. 2011b).
Future work on determining the composition of circum-
stellar dust around NaSt1 will be important for distin-
guishing the chemistry of its WR star.

There are still unresolved issues on how to account
for the apparent phase delay between different filters
(Fig. 3, Right; Table 3) as well as the long-term vari-
ability on timescales of ~decades (Fig. 4). Given the
complexity of NaSt1, further observations and theoreti-
cal modeling are needed to resolve these issues and test
our hypotheses. For example, three-dimensional radia-
tive transfer models would be valuable for exploring how
variations in line-of-sight optical depths from colliding-
wind dust formation affect both optical and IR light
curves. Continued multiwavelength photometric as well

as spectroscopic monitoring of NaSt1 will also be impor-
tant for resolving the origin(s) of its variability.

4.2. On the Nature of NaSt1: An Ofpe/WN9
Eruption?

The ~ 2—4 au orbital separation estimate of the binary
in NaSt1 (Sec. 4.1) allows us to estimate the Roche-lobe
radius that the mass-donor star must have approached
in order to trigger mass transfer. Assuming a binary
mass ratio of 0.25-4.0, the Roche-lobe radius is in the
range 140-440 Rg. Although such a large stellar ra-
dius suggests an RSG mass donor, the H-rich chemistry
of an RSG’s envelope does not appear to be consistent
with the highly CNO-processed material in NaSt1’s neb-
ula ejected from the mass-transfer process (Crowther &
Smith 1999; Mauerhan et al. 2015). Crowther & Smith
(1999) notably suggest that the composition of the neb-
ula is consistent with that of a nitrogen-rich WR (WN)
star; however, they clearly demonstrate that NaSt1 does
not exhibit any broad features consistent with a WN
star.

Interestingly, Smith et al. (2020) presented observa-
tions of an Ofpe/WN9 star, which are stars that show
properties intermediate between those of Of and WN
stars (Walborn 1977; Bohannan & Walborn 1989), and
confirmed that they can undergo an LBV-like eruption.
During this eruptive phase, the radius of the Ofpe/WN9
star can expand to double the size of its quiescent radius
(Smith et al. 2020). Ofpe/WN9 stars in the Galactic
center exhibit radii of Ry/3 ~ 35-80 Rg, which corre-
sponds to the radius where TRrosselana = 2/3 (Martins
et al. 2007). We therefore suggest that mass transfer
in NaStl may have been triggered during an eruptive
phase from an Ofpe/WN9 star that is now obscured or
outshined by dense circumbinary or circumstellar mate-
rial.

Earlier, van der Hucht et al. (1989) had proposed that
NaSt1 may host an Ofpe/WN9 star; however, Crowther
& Smith (1999) argued against this based on dissimi-
larities of its optical spectrum compared to the WN10
star HDE 269582 (previously classified as Ofpe/WN9Y;
Crowther & Smith 1997). Crowther & Smith (1999)
instead suggested that NaSt1l hosts an early-type WN
star based on the high temperatures required for the
ionization source of its nebula. Our hypothesis on the
nature of NaStl is still consistent with the interpreta-
tion by Crowther & Smith (1999): after its eruption,
the WR star may no longer resemble an Ofpe/WN9
star and could have transitioned to a hotter, earlier-type
WN phase (e.g., WNT7) like the Ofpe/WN9 star MCA-
1B studied by Smith et al. (2020). It is also possible that
envelope stripping from the WR star in NaSt1 has led
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to a more advanced chemical composition than the WN
phase such as the WC phase. The deficiency of carbon
in the circumstellar environment around NaStl would
require a very recent transition to a WC star. In the
following section, we indeed argue that mass transfer
has recently ceased in NaSt1.

4.3. No More Mass Transfer in NaSt1

It is important to address whether the binary in
NaSt1 is still interacting and undergoing RLOF. We can
estimate the current radius of the WR star and com-
pare it to the Roche-lobe radius (R; ~ 140-440 Rgp)
derived above. First, we obtain an estimate of the lumi-
nosity of the system from its apparent V = 14.4 mag.
By adopting the interstellar extinction correction toward
NaSt1l by Crowther & Smith (1999) of Ay = 6.5 mag
and using the Gaia-derived distance of d = 3.03 kpc
(Rate & Crowther 2020), the absolute magnitude of
NaStl is My = —4.5. Adopting the 30,000 K lower
limit of the temperature derived for the ionizing source
in NaStl by Crowther & Smith (1999) from optical
spectroscopy, the appropriate bolometric correction is
BCy = —3 mag and the luminosity of the source is
L ~ 7.9 x 10* Ly. The radius of such a 30,000 K
star is therefore R, ~ 10 R, which is more than
an order of magnitude from filling the Roche-lobe ra-
dius. We note that although temperatures higher than
30,000 K will require larger bolometric corrections and
thus lead to higher luminosities, the resulting radii will
be smaller than that of a 30,000 K star. For exam-
ple, a star with a temperature of 200,000 K, which is
the upper limit of the ionizing source temperature de-
rived by Crowther & Smith (1999), would imply a lu-
minosity of L ~ 3.1 x 105 Ly and a stellar radius of
R, =~ 1.5 Rg given the appropriate bolometric correc-
tion of BCy = —7 mag. Based on these constraints, we
claim that mass transfer has ceased in NaSt1.

Assuming that the extended [N11] nebula around
NaStl formed when the system was undergoing mass
transfer (Mauerhan et al. 2015), we can provide an up-
per limit on how long ago mass transfer ceased. The
diameter of the [N1I] nebula is 6.8”, or 21,000 au at
d = 3.03 kpc. Assuming an expansion velocity of 15
km s~ for the nebula (Crowther & Smith 1999), mass
transfer must have ceased < 3400 yr ago in NaSt1.

5. CONCLUSIONS

We presented the discovery of a ~ 300 d period from
the interacting massive binary NaStl with optical and
near-IR light curves obtained between 2014 July and
2020 Oct. (Fig. 1). With a combined fit utilizing all
light curves simultaneously, we derive a well-constrained

sinusoidal period of Poomp = 305.2 = 1.0 d. The sinu-
soidal variability of NaSt1 exhibited different amplitudes
at various wavelengths as well as a significant phase
shift between the sine models fit to the r-band and
J-band light curves (Table 3, Fig. 3). Based on pre-
viously cataloged optical emission lines from the neb-
ula surrounding NaStl (Crowther & Smith 1999), we
determine that nebular emission lines contribute more
than ~ 10% to the BgV Rr photometry (Table 3) and
may therefore be linked to the differing variability am-
plitudes at each wavelength filter. Historical IR light
curves from 1983-1989 suggest that that NaSt1 exhibits
variability on ~decade timescales in addition to its peri-
odic ~ 300 d sinusoidal variability (Fig. 4). Mid-IR spec-
tra of NaSt1, which were taken semicontemporaneously
with ZTF and PGIR observations, demonstrated that
its 3-13 pm emission is also variable and appears to be
correlated with the optical/near-IR variability (Fig. 5).

We claim that the ~ 300 d optical/near-IR periodic,
sinusoidal variability is associated with the orbital pe-
riod of a binary system in NaStl, thus confirming its
binary nature. Although the properties of the stars in
this binary system are still unknown, we use the ~ 300 d
orbital period to estimate an orbital separation of ~ 2—
4 au assuming the total combined mass of the binary is
20-100 Mg, (Fig. 7, Top).

Given the nearly edge-on geometry of NaStl’s ex-
tended nebula (Mauerhan et al. 2015), we present pos-
sible origins of variability including (1) eclipses of a
circumbinary disk from an optically and geometrically
thick circumstellar disk around one of the stars, (2) vari-
ations in the line-of-sight optical depth to optical/near-
IR emitting regions due to colliding-wind dust forma-
tion, and (3) ellipsoidal variability from a tidally elon-
gated star (Fig. 7, Bottom). We favor the colliding-wind
dust formation hypothesis; however, future work with
3D radiative transfer modeling is crucial to reproduce
optical and IR light curves that incorporate the line-of-
sight optical depth variability throughout the orbit of a
highly inclined dust-forming colliding-wind binary. Ad-
ditionally, the explanation for the observed phase offsets
and long-term variability are still open questions.

Based on the CNO-enriched material in NaSt1’s neb-
ula and the estimated range of sizes for the Roche-lobe
radius of the mass donor star in NaSt1 (~ 140-440 Rg),
we suggest that mass transfer was triggered by an LBV-
like eruptive phase in an Ofpe/WN9 star in NaSt1 that
filled its Roche lobe as it expanded. This interpreta-
tion is bolstered with recent observations by Smith et
al. (2020) that confirmed Ofpe/WN9 stars can undergo
LBV-like eruptions and expand to double the size of
their quiescent radius. Owing to the mass loss from
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its outer envelope, it is possible that the WR star in
NaStl no longer resembles an Ofpe/WN9 star. The
WR star may have transitioned to either a hotter, ear-
lier WN spectral subtype or a more chemically advanced
WC phase. Lastly, based on the inferred orbital sepa-
ration, radius estimates of the star that dominates the
V-band emission, and the extent of its [N 11] nebula, we
conclude that the binary in NaSt1 recently (< 3400 yr)
ceased RLOF mass transfer.

The results we presented on NaStl provide new in-
sights into an important transitional evolutionary phase
of massive stars. NaStl is notably one of the few sys-
tems known from which we can probe this binary mass-
transfer process. Multiwavelength follow-up observa-
tions and continued spectroscopic and photometric mon-
itoring will therefore be valuable for addressing the open
questions that remain on the nature of NaSt1.
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