of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 514, 200-207 (2022)
Advance Access publication 2022 May 17

https://doi.org/10.1093/mnras/stac1343

Discovery of a highly eccentric, chromospherically active binary:
ASASSN-V J192114.84+624950.8

Zachary S. Way “,* T. Jayasinghe “,>*1 C. S. Kochanek,>? K. Z. Stanek,>? Patrick Vallely “,%{ Todd

A. Thompson “,%* Thomas W.-S. Holoien “#§ and Benjamin J. Shappee?

' Department of Physics and Astronomy, Georgia State University, Atlanta, GA 30303, USA

2Department of Astronomy, The Ohio State University, 140 West 18th Avenue, Columbus, OH 43210, USA

3 Center for Cosmology and AstroParticle Physics, The Ohio State University, 191 W. Woodruff Avenue, Columbus, OH 43210, USA
4The Observatories of the Carnegie Institution for Science, 813 Santa Barbara Street, Pasadena, CA 91101, USA

3 Institute for Astronomy, University of Hawai’i, 2680 Woodlawn Drive, Honolulu, HI 96822, USA

Accepted 2022 May 9. Received 2022 April 11; in original form 2021 September 15

ABSTRACT

As part of an All-Sky Automated Survey for SuperNovae (ASAS-SN) search for sources with large flux decrements, we
discovered a transient where the quiescent, stellar source ASASSN-V J192114.844-624950.8 rapidly decreased in flux by
~ 55 per cent (~0.9 mag) in the g band. The Transiting Exoplanet Survey Satellite light curve revealed that the source is a
highly eccentric, eclipsing binary. Fits to the light curve using PHOEBE find the binary orbit to have e = 0.79, Py, = 18.462 d,
and i = 88.6°, and the ratios of the stellar radii and temperatures to be R»/R; = 0.71 and T.»/T.; = 0.82. Both stars are
chromospherically active, allowing us to determine their rotational periods of P; = 1.52 d and P, = 1.79 d, respectively. A Large
Binocular Telescope/Multi-Object Double Spectrograph spectrum shows that the primary is a late-G- or early-K-type dwarf. Fits
to the spectral energy distribution show that the luminosities and temperatures of the two stars are L} = 0.48 L, 71 = 5050K,
L, =0.12Lg, and 7, = 4190 K. We conclude that ASASSN-V J192114.84+624950.8 consists of two chromospherically active,

rotational variable stars in a highly elliptical eclipsing orbit.
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1 INTRODUCTION

The All-Sky Automated Survey for SuperNovae (ASAS-SN;
Shappee et al. 2014; Kochanek et al. 2017) is a survey designed to
carry out unbiased searches for supernovae and other bright transient
events. However, ASAS-SN simultaneously monitors the brightness
of ~100 million stars with g < 18 mag, allowing it to systematically
identify and classify variable stars as well (Jayasinghe et al. 2018,
2021). Some types of variability are not automatically identified
when searching for transients or normal variable stars. In particular,
stars that drop suddenly and infrequently in brightness can be missed.
Beginning in 2019, we began systematically searching for sources
that dropped by >0.75 mag. We have reported several unusual objects
with such variability, including ASASSN-V J060000.76-310027.83
(Way et al. 2019c), a likely R Coronae Borealis (RCB) variable (Way
et al. 2019b), and a star with deep, dimming episodes that does not
appear to be an RCB candidate (Way et al. 2019a).

One class of variable stars that is often missed by automated
light-curve searches is eclipsing binaries with long periods or very
short eclipses. Two ASAS-SN examples of the former are an
eclipsing giant star with a 750-d orbit (Jayasinghe et al. 2020) and
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a giant star eclipsing binary with a 12-yr orbit (Way et al. 2021).
Here, we discuss an interesting example of the latter. ASASSN-V
J192114.844-624950.8 (J1921 hereafter) is a binary consisting of
two chromospherically active, rotational variable stars in a highly
eccentric, 18-d orbit where the eclipses span only ~ 2 per cent of the
total phase.

J1921 was discovered as a Ag = 0.88 mag dimming event on UT
2019-06-05.36, along with an earlier, unflagged event on UT 2016-06-
29.55 that also corresponds to the primary eclipse. Fortunately, J1921
also lies close to the Transiting Exoplanet Survey Satellite (TESS;
Ricker et al. 2015) continuous viewing zone, providing a densely
sampled light curve that fully samples the primary and secondary
eclipses.

We also detect two additional periodic signals in the TESS light
curve at P~ 1.79 d and P ~ 1.52 d. We attribute these to the rotation
of the primary and secondary stars. Rapidly rotating main-sequence
stars are generally assumed to be young (Kraft 1967). However, if
the star is in a binary, the rapid rotation could be due to young age
or a rotation period synchronized with the binary’s orbit (Simonian,
Pinsonneault & Terndrup 2019). J1921°s rotational periods are not
synchronized with the orbital period, so we conclude that the rapid
rotation is due to the star’s young age.

The two stars can be classified as either RS Canum Venaticorum
(RS CVn) or BY Draconis (BY Dra) type variables. The Variable
Stars Index (Watson, Henden & Price 2006) lists the requirements for
an RS-CVn-type variable as (1) binary components that are of late F
to late K spectral type (usually giants), (2) the presence of strong Ca Il
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Figure 1. The ASAS-SN g-band (blue) and V-band (orange) light curves. The circled points represent the epochs that this star was dimmer than usual and they
coincide with predicted eclipse times. The most recent example triggered our investigation. The primary eclipse times that coincided with ASAS-SN epochs are
shown as red dashed lines. The grey stripes are the epochs spanned by TESS data.

H and K emission lines, (3) the presence of radio and X-ray emission,
and (4) a sinusoidal light curve outside the eclipses. The criteria
for BY-Dra-type variable stars exclude indicators of chromospheric
activity, where the only requirements are that they are emission-
line dwarfs (dKe—dMe spectral type) and have quasi-periodic light
changes with periods from a fraction of a day to 120 d and amplitudes
from several hundredths to 0.5 mag in V. In the first Catalog of Chro-
mospherically Active Binaries (Strassmeier et al. 1988), they note that
the difference between these two variable types is ‘useful mainly from
a historical viewpoint’ as many chromospherically active stars can be
classified as either type. We will show that J1921 satisfies the criteria
for chromospheric activity and the rotational variable types listed
above.

This system may be helpful in solving the outstanding discrepancy
between model M-dwarf radii and direct observations (Torres &
Ribas 2002; Morrell & Naylor 2019). M-dwarf model radii have been
compared to observed radii in four ways. The first is through double-
lined eclipsing binary systems (e.g. Mann et al. 2019). However,
there are concerns that binary systems may not be representative of
all M-dwarfs because tidal interactions may alter the stellar structure
and inflate the star (Kraus et al. 2011). The second method is by
directly measuring the radii using interferometry (see Boyajian et al.
2012). The third method uses model M-star spectra and broad-
band photometry (Mann et al. 2015). Lastly, one can use Gaia
to empirically derive a relationship between mass, luminosity, and
radius (Morrell & Naylor 2019).

We show in this paper that J1921 is composed of two dwarf stars,
a late-G/early-K primary and a dim, M-dwarf secondary. The orbital
period lies above the cut-off for binary circularization, suggesting
that the stellar components are not tidally interacting so as to
synchronize the stars’ rotation with their orbit (Mayor & Mermilliod
1984; Kraus et al. 2011). Each star should then be evolving as if it
were a single star. Because our data are limited, we do not provide
a complete solution to the binary’s parameters (i.e. masses) but a
more thorough analysis would provide a highly constrained model
of this system. This would lend itself to comparisons to current
stellar models of M-dwarfs in a similar way to Torres & Ribas
(2002).

We discuss our observations in Section 2. We perform a frequency
analysis of the ASAS-SN and TESS light curves in Section 3. We use

its spectrum and spectral energy ditribution (SED) to characterize the
primary star in Section 4. In Section 5, we use PHysics Of Eclipsing
BinariEs (PHOEBE; Conroy et al. 2020) to model the orbit and the
ratios of stellar parameters. We end with a brief summary in Section 6.
Throughout our analysis, we use a distance of 315 £ 2 pc from
Bailer-Jones et al. (2018). The Galactic reddening in the direction of
J1921 is E(B — V) = 0.047 mag (Schlafly & Finkbeiner 2011), but
we expect most of the dust to be behind J1921 due to its proximity.

2 OBSERVATIONS

In this section, we discuss the ASAS-SN and TESS light curves along
with a spectrum observed using the MODS instrument at the Large
Binocular Telescope (LBT).

ASAS-SN is an all-sky survey composed of automated,
quadruple-mounted 14-cm telescopes at five sites. Each individual
telescope has a field of view of ~4.5 deg?, a cadence of ~1 d, a
pixel scale of § arcsec, and the image full width at half-maximum
(FWHM) is ~2 pixels. Here, we use data taken at the Haleakala
Observatory (Hawaii) and the Cerro Tololo International Observatory
(CTIO, Chile) sites. The light curve, shown in Fig. 1, was generated
using ASAS-SN’s image subtraction pipeline. A more complete
description of ASAS-SN’s instrumentation, as well as public access
to its data, can be found in Kochanek et al. (2017).

The TESS satellite observes the sky in predetermined sectors. It
has a pixel scale of 21 arcsec, FWHM of ~40 arcsec, and a cadence
of 30 min (Ricker et al. 2015). The TESS light curve, shown in
Fig. 2, was produced using an image subtraction pipeline modelled
after ASAS-SN’s. This pipeline is discussed in detail in section 2 of
Vallely et al. (2021). Because the TESS pixels are so large, crowding
may be an issue. The nearest stars to J1921 are 16.8 and 22.0 arcsec
away (Bailer-Jones et al. 2018). These sources have respective Gaia
magnitudes G = 15.8 mag and G = 19.6 mag. We discuss possible
confounding effects of the former star in Section 3 but the latter is
too dim to matter in this paper. We do not see any flaring activity for
J1921 in either the TESS or ASAS-SN light curves.

Lastly, ~we obtained a spectrum of ASASSN-V
J192114.844-624950.8 on 2019 December 21 using the Multi-
Object Double Spectrographs (MODS) mounted on the twin 8.4m
LBT (Pogge et al. 2010). This spectrum was reduced using a
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Figure 2. Top panel: The normalized TESS light curve. Bottom panel: The light curve folded over the orbital phase with a window showing the eclipses in more

detail.

standard combination of the MODSCCDRED' PYTHON package, and
the MODSIDL pipeline.? The data are shown in Fig. 6. The spectrum
has a resolution of 0.5 A, covers wavelengths from 3200.0 to 9844.5
A, and has a mean signal to noise ratio of S/N = 416.

3 DISCOVERY AND LIGHT CURVES

In this section, we will analyse the general properties of the light
curves observed by ASAS-SN and 7ESS. Fig. 1 shows the ASAS-
SN g- and V-band light curves dating back to UT 2013-02-21.61. The
eclipses captured by these data are shown using big circles, the last of
which motivated us to investigate this source more thoroughly. There
are two, slightly dimmed points on UT 2018-04-23.49 and UT 2018-
09-01.38. The former is outside of both the primary and secondary
eclipse’s FWHM while the latter coincides with a primary eclipse.

A Lomb-Scargle (Scargle 1982) periodogram of the ASAS-SN
V-band data is dominated by diurnal aliasing, causing J1921 to be
rejected as a rotational variable source in Jayasinghe et al. (2018). A
Lomb-Scargle periodogram of the g-band data shows a clear peak
at ~1.79 d that corresponds to one of the rotational signals we find
below. This period was also detected by the Zwicky Transient Facility
(ZTF) (Chen et al. 2020). The second rotational period at ~1.52 d
was not detected in the ground-based data. In addition to the eclipses,
there is a slow, secular rise and fall in the V-band flux that we believe
is real but do not discuss further in this paper.

Fig. 2 shows 11 sectors of TESS observations from UT 2019-07-
18.86 to UT 2019-11-2.17 normalized so that the median flux is 1.

Uhttp://www.astronomy.ohio- state.edu/MODS/Software/modsCCDRed/
Zhttp://www.astronomy.ohio-state.edu/MODS/Software/modsIDL/
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The light curve was produced using the adaption of the ASAS-SN
difference imaging pipeline for TESS data described in Vallely et al.
(2021). Each sector’s differential light curve was normalized to have
a mean flux equal to the TESS Input Catalog source (7' = 12.282
mag). The nature of the source is now clear — both primary and
secondary eclipses of the eccentric orbit are seen against a baseline
of quasiperiodic variability on a time scale much shorter than the
orbital period.

Fig. 3 shows the Lomb-Scargle periodogram (Scargle 1982) of
the TESS data. There are two significant peaks, with a strong signal
at ~1.79 d and a weaker one at ~1.52 d. Fig. 4 shows the TESS data
folded to these periods and excluding the eclipses. Our hypothesis is
that these two periods are due to the rotational modulation of spots
on the primary and secondary stars. There is a dim background star
(G = 15.8 mag) located 16.8 arcseconds away that could account for
the weaker periodic signal. We cannot claim complete certainty that
the two stars in J1921 account for the two signals due to the TESS
image FWHM of ~40 arcsec. However, for the G = 15.8 mag star
to produce an apparent 4 per cent modulation of the observed flux,
its variability amplitude would have to be 50 per cent that is unusual
for rotational variability.

The Lomb-Scargle method does not clearly show a signal at the
orbital period because the algorithm works poorly for systems with
narrow eclipses. We instead used the box least squares algorithm
(Kovécs, Zucker & Mazeh 2002) to find the orbital period. We
masked the out-of-eclipse data by replacing any normalized flux
>0.964 with 1, leaving a flat light curve punctuated by the eclipses.
This prevents the box least squares algorithm from detecting the
rotational signals. The lower panel in Fig. 3 shows the resulting
periodogram with a peak at the eclipsing binary period of Py, =
18.46199 d. Fig. 2 shows the light curve in the top panel folded
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Figure 3. Top panel: The Lomb-Scargle periodogram for the TESS data
shown at short periods to search for the rotational signals. Bottom panel: The
box least square periodogram for the masked TESS data used to search for
the longer orbital period.

to this period. The asymmetry of the eclipse phases means that the
binary orbit is very elliptical. The eclipses at their FWHM only cover
1.05 per cent of the total phase, which explains why ASAS-SN only
observed a few dimming events, even with its ~1 d g-band cadence.

4 CHARACTERIZING THE PRIMARY

We can characterize the primary star by using its SED and spectrum
(shown in Fig. 5 and Fig. 6, respectively). Neither should be strongly
affected by the secondary because it is significantly dimmer than the
primary . The spectrum is that of a late-G- or early-K-type dwarf,
consistent with the temperature and luminosity reported in Gaia DR2
of 499572% K and 0.603 =+ 0.008 L, (Gaia Collaboration 2018).
J1921 shows evidence of strong chromospheric activity, a phe-
nomena associated with rapid rotation and thick convection zones
(Noyes et al. 1984). An exhaustive list of spectroscopic indicators
of chromospheric activity can be found in section 3 of Zhang, Pi &
Zhu (2015). Of these indicators, we see that the Na 1 D; and D,,
Ca II infrared triplet, and Ha absorption features are all partially
filled in by emission. We also see emission peaks inside the broad
Ca H and K absorption lines. Following the method laid out by
Noyes et al. (1984) and Henry et al. (1996), we used the H and K
lines and the APASS B — V colour to find that the chromospheric
emission ratio is log Rj;x = —4.23 with a measured flux index
S = 0.61. This is indicative of very strong chromospheric activity.
J1921 lies well above the minimum value for chromospheric activity
(log Ryx = —4.75) and near the —4.20 cut-off for very active stars
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Figure 7. The top panel shows the TESS data with 100 light curves sampled
within lo of our posterior distribution (see Fig. 8). The bottom panel shows
the flux residuals. The errors of the TESS data are artificially inflated by a
factor of 5 to prevent overfitting.

(seefig. 7 of Henry etal. 1996). These features are shown in the panels
below the full spectrum in Fig. 6. In addition to the spectral indicators
of activity, J1921 is an X-ray source (2RXS J192114.74-624951) in
the second ROSAT survey (Boller et al. 2016). Based on the orbit and
the stellar activity, we classify J1921 as a chromospherically active,

MNRAS 514, 200-207 (2022)

Table 1. Photometry of J1921.

Survey Band Mag Uncertainty
GALEX NUV? 18.7752 0.0510
SDSS u 15.447 0.005
APASS i 12.540 -
APASS r 12.808 0.008
APASS Vv 13.127 0.012
APASS g 13.443 0.040
APASS B 13.897 0.034
2MASS K; 10.806 0.019
2MASS H 10.939 0.021
2MASS J 11.388 0.020
WISE w2 10.774 0.020
WISE w1 10.753 0.023

“Used as an upper bound.
bNo error was given.

rotational variable binary system. Chen et al. (2020) classified J1921
as a BY Dra variable due to its P = 1.79 d rotational modulation.

Table 1 lists the photometry we used to model the primary’s
spectral energy distribution (SED). Because the source is so bright,
many standard sources of photometry are saturated. Here, we use
the AIIWISE catalogue (Cutri & et al. 2013), 2MASS (Cutri et al.
2003), APASS (Henden et al. 2015), and the SDSS u band (Alam
et al. 2015). There is a GALEX (Bianchi, Shiao & Thilker 2017)
NUYV detection that we use as an upper limit because of the evidence
for chromospheric activity.

We fit the SED with DUSTY (Ivezic & Elitzur 1997; Elitzur &
Ivezi¢ 2001) inside a Markov chain Monte Carlo (MCMC) wrapper
(Adams & Kochanek 2015). We use the Gaia DR2 (Bailer-Jones
et al. 2018) distance of 315 pc with no foreground extinction. For
our stellar atmospheres, we used the models in Castelli & Kurucz
(2003) and assumed minimal flux errors of 10 per cent to account for
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Figure 8. The posterior distribution of the binary and stellar parameters optimized in the PHOEBE fits to the TESS data in Section 5.

any systematic issues. This leads to a best-fitting model with x> =
8.4 that has a temperature of 7. = 4930 K and a total luminosity
of L = 0.62 L. This is consistent with our spectral classification
and the Gaia DR2 (Gaia Collaboration 2018) temperature estimate.
Given the results in Section 5 for the radius and temperature ratios
of the two components, we roughly modelled the SED as two
stars and find that the SED is well fit by a 7., = 5050K, L; =
0.48 Ly primary combined with a 7., = 4190K, L, = 0.12 Lo
secondary. The SEDs of the component stars and their sum are shown
in Fig. 5.

5 ECLIPSE MODELLING

We modelled the TESS light curve with the PHOEBE (PrSa & Zwitter
2005; Prsa et al. 2016; Horvat et al. 2018; Conroy et al. 2020)
PYTHON code. We use a fixed period of Py, = 18.46199 d. We
artificially inflate the TESS photometric errors by a factor of 5 because

they are dominated by systematics. Even without radial velocities,
we can constrain the effective temperatures, radii, eccentricity,
argument of periapsis, and inclination of the system. We use the
ELLC (Maxted 2016) package to model our light curves in the PHOEBE
architecture.

We begin our analysis by roughly estimating the ratio of the
effective temperatures. We can approximate this from the 7ESS light
curve using (equation 7.11 of Carroll & Ostlie 2006)

By — B (Te,2)4 o
By — B, T.) '
where By is the out-of-eclipse flux, B; are the flux minima during
eclipse, and T, ; are the component effective temperatures. We find
Te,2/Te,l ~ 0.76.

We then use PHOEBE’s Gaussian eclipse model to estimate the

geometry of the light curve. Using this estimate, we can approximate
the eccentricity (e ~ 0.783) and argument of periapsis (wg ~
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Table 2. The parameters fit in our final MCMC analysis. Variables that are
ratios must be greater than zero. The posterior uncertainties are rounded to
the largest significant figure.

Variable Prior £1o Posterior
TenlTe 0.83 £+ 0.05 0.820 + 0.004
Ry2/Ry 0.73 £0.10 0.706 + 0.005
(R1 + Ry)la 0.05 £ 0.10 0.0456 £+ 0.0002
Inclination (i) 88.44 + 0.50° 88.65 + 0.06°
e Ccos w 0.71 £0.10 0.7163 £ 0.0006
e sin wg 0.33 £0.10 0.325 + 0.002
et - 0.7864 + 0.0004

“Calculated from posterior distribution.

22.94°). Given these initial estimates, we optimized the model
using the Nelder—Mead simplex algorithm (Gao & Han 2012) to
estimate the ratio of effective temperatures (7,,/7.), the ratio of
radii (R,/R)), the ratio of the summed radii to the semimajor axis
([R1 + R:l/a), inclination (i), eccentricity (e), and argument of
periapsis (wg). We keep the effective temperature (7% ;) and radius
(Ry) of the primary constrained by the single star values found in
Section 4 for this optimization since these fits cannot determine either
quantity.

Finally, we estimated the uncertainties using the EMCEE (Foreman-
Mackey et al. 2013) MCMC package integrated into PHOEBE. Based
on early fits and the SED fit at the end of Section 4, we fix
q =03, T.; =5050K, and R, = 0.907 R, for our analysis. We
used Gaussian priors centred around the Nelder—Mead results and
marginalize over, but do not directly fit, the primary’s passband
luminosity (Lpy). Fig. 7 shows 100 light curves sampled within lo
of our posterior distribution. The full distribution is shown in Fig. 8
with the parameter values listed in the third column of Table 2. For
this model, periastron would occur at phase —0.017. We do not see
any obvious residual anomalies here.
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Our model is incomplete until a radial velocity curve is observed.
However, using the model from Section 5, we can compare the
effective temperatures and radii to MESA Isochrones & Stellar
Tracks (MIST) evolutionary tracks (Paxton et al. 2011, 2013, 2015;
Choi et al. 2016; Dotter 2016). Fig. 9 shows a range of stellar
models with solar metallicity evolving from zero-age main sequence
(ZAMS) to terminal-age main sequence (TAMS). The luminosities
and temperatures of the stars are consistent with masses M; ~
0.71 Mg and M, ~ 0.55 M. This is consistent with our spectral
analysis in Section 4.

6 SUMMARY

During the ongoing ASAS-SN (Shappee et al. 2014; Kochanek
et al. 2017) survey, we discovered the variability of ASASSN-V
J192114.84+4-624950.8 as a Ag = 0.88 mag dip in brightness. Then,
using TESS (Ricker et al. 2015) photometry, we found the source
to be a highly eccentric, eclipsing binary with rotational variation.
A Lomb-Scargle periodogram of the light curve shows the periods
of rotation at P = 1.52 d and P = 1.79 d. A box least squares
periodogram of the light curve, modified to mask the rotational
variability, reveals the orbital period to be Py, = 18.46 d.

In order to characterize the system, a spectrum of J1921 was
taken using the MODS mounted on the twin 8.4m LBT (Pogge
et al. 2010). The spectrum is that of a late-G- or early-K-type dwarf
with indicators of chromospheric activity. We fit the spectral energy
distribution as a sum of the two component stars and find a best-
fitting model with L; = 0.48 L, T} = 5050K, L, = 0.12 L, and
T, = 4190K.

We conclude by using PHOEBE (PrSa & Zwitter 2005; Prsa et al.
2016; Horvat et al. 2018; Conroy et al. 2020) and ELLC (Maxted
2016) to model the light-curve eclipses. After some optimization,
we determine the errors of the orbital parameters with the EMCEE
(Foreman-Mackey et al. 2013) MCMC package. We find the eccen-
tricity and inclination to be e = 0.79 and i = 88.65°. A full list of
parameters and their errors can be found in Table 2.

This system, due to its proximity and peculiar orbit, may be
interesting for the studies of the discrepancy between theoretically
predicted and actual radii of late-type dwarfs (Torres & Ribas
2002; Morrell & Naylor 2019). A thorough analysis of the radial
velocity curve, multiband eclipse observations, and the spectroscopic
properties of the stars should yield a complete solution for the masses,
radii, luminosities, and temperatures of the two stars, allowing
comparisons to stellar models similar to Torres & Ribas (2002) and
Mann et al. (2019).
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