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ABSTRACT

We report the discovery in TESS Sectors 3 and 4 of a compacttriply eclipsing triple star system. TIC
209409435 is a previously unknown eclipsing binary with,a period of 5.717 days, and the presence
of a third star in an outer eccentric orbit of 121.872’day period was found from two sets of third-
body eclipses and from eclipse timing variations./Thedatter exhibit signatures of strong 3rd-body
perturbations. After the discovery, we obtained follow-up ground-based photometric observations
of several binary eclipses as well as another of\the third-body eclipses. We carried out comprehen-
sive analyses, including the simultaneous-phetodynamical modelling of TESS and ground-based
lightcurves (including both archival WASP data, ’and our own follow-up measurements), as well as
eclipse timing variation curves. Also, we have included in the simultaneous fits multiple star spectral
energy distribution data and theoretical PARSEC stellar isochrones. We find that the inner binary
consists of near twin stars of mass 0.900M; and radius 0.88 Rg. The third star is just 9% more
massive and 18% larger in radius."The inner binary has a rather small eccentricity while the outer
orbit has e = 0.40. The inner binaty and outer orbit have inclination angles within 0.1° and 0.2° of
90°, respectively. The mutual inglination angle is < 1/4°. All of these results were obtained without

radial velocity observations.

Key words: binaries: eclipsing — binaries: close — stars: individual: TIC 209409435

1 INTRODUCTION

Compact higrarchicaltriple-star systems are interesting be-
cause: (1) they bear on stellar formation scenarios (for a
concise recent réview, see Czekala et al. 2019, Section 4,
anddurther references therein); (2) long-term Kozai-Lidov
cyelestmay drive the evolution of the inner binary (Lidov
19625 Kozai 1962; Fabrycky & Tremaine 2007; Toonen et al.

* E-mail: borko@electra.bajaobs.hu

2020); (3) there can be measurable dynamical interactions
that allow for masses and orbital parameters to be deter-
mined (see, e.g., Borkovits et al. 2015, Borkovits et al. 2016,
Borkovits et al. 2019a); and (4) a complete cycle of per-
turbations takes place on the timescale of the outer orbit,
i.e., months to years (Borkovits et al. 2015). Clearly the
latter factor is important when trying to determine sys-
tem parameters on the timescale of satellite observations
(months to years) for CoRoT (Baglin et al. 2006), Kepler
(Borucki et al. 2010), K2 (Howell et al. 2014), and TESS

© 2020 The Author(s) Published by Oxford University Press on behalf of the Royal Astronomical Society

020z AInr €1 uo Jasn AlisiaAlun o189y Aq S61.985// 181 BRIS/SBIUW/SE0 L 0 | /I0P/A0BISB-8oIE/SBIuUW/ /W02 dNo dIwapeae//:sdiy Wol) papeojuMo(]



2 Borkovits et al.

(Ricker et al. 2015), not to mention other human timescales
involving theses and careers in astronomy.

In this and previous work on hierarchical stellar systems
we have focused on what can be learned from photometric
measurements, as opposed to radial velocity studies. There
are four principle photometric effects that contribute to a
successful search for, and subsequent study of, these com-
pact hierarchical triple systems: (1) binary eclipse timing
variations (‘ETVs’) due to the classical Roemer delays (or
light travel time effects); (2) ETVs due to what is referred to
as “dynamical delays”, i.e., where the presence of the third
body physically changes the orbital period of the inner bi-
nary; (3) the shapes of the binary eclipses; and (4) when
very lucky, eclipses of the third body by the binary and vice
versa.

The Roemer delay has an amplitude of
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(see, e. g. Rappaport et al. 2013), where Mc and Magc are
the masses of the third body and the whole triple system,
respectively, while P, i2, e2, and w2 are the orbital period,
inclination angle, eccentricity, and argument of periastron
of the outer orbit of the triple star system, respectively. By
contrast, the amplitude of the dynamical delay is given ap-
proximately

5 e
8m Magc P2

Adyn = (1—e3)" e, (2)
(see Rappaport et al. 2013), for the case of near co-planarity
of the orbital planes, where P; is the orbital period of the
inner binary.

We illustrate the magnitudes of these delays in Fig. 1.
To keep the plot simple, we fix all the masses at 1 Mg, the
eccentricity e2 = 0.3, the orbit inclination angle i2 = 60°,
and w2 = 45°. The plot shows contours of constant delay
amplitudes for both the Roemer and physical delays at 50,
100, 200, 500, and 1000 s. In addition, we show contours of
constant probability for outer, or third-body, eclipses:, The
latter are based on assumed circular orbits and/stars of1
Re.

In all, with the CoRoT, Kepler, K2, and now"['ESS mis-
sions, there are more than 200 compact triple (or quadru-
ple) systems where ETV measurements haveyrevealed the
hierarchical nature of these systems(see, Borkovits et al.
2016; Hajdu et al. 2017 and references thetein). In addition,
in a very small subset of thesejcases, the orbital planes of
the outer third star (or binary) are fortuitously aligned well
enough with our line of sight,sothat there are so-called “third
body” eclipsing events. These third body eclipses greatly en-
hance our ability terdiagnose the system parameters. To our
knowledge, theretareonly 17 such triply eclipsing systems’
with known euter periods (see Table1l). We show these in
Fig. 1 as heavy Afilled circles. The outer orbits range from
34 days-te. 1100 _days, while the binary periods cover an in-
terval“of 0.25 to 32 days. We also show in Fig. 1, as fainter

I Here we do not count TIC 167692429 for which an outer eclipse
was-Observed in 2012, because nowdays this triple is no longer a
triply eclipsing system due to the rapid precession of its orbital
plane (see Borkovits et al. 2020).

Table 1. List of the known close binaries exhibiting outer eclipses
(in increasing order of the outer period)

Identifier Py P> References
KOI-126 1.77 33.92 1

HD 144548 1.63 33.95 2

HD 181068 0.91 45.47 3
CoRoT 104079133 2.76 90(?7) 4
KIC 4150611 1.52 94.2 5,6
TIC 209409435 5.72 121.9 7
EPIC 249432662 8.19 188.4 8
KIC 2856960 0.26 204.8 9, 10
KIC 7668648 27.83 204.8 11, 12
KIC 6964043 10.73  239.1 11
KIC 7289157 5.27 243.4 11, 12
OGLE-BLG-ECL-187370 11.96  280.5 13
KIC 9007918 1.39 470.9 14

b Persei 1.52 704.5 15
KIC 2835289 0.86 755 16
KIC 5255552 32.47 8621 11
KIC 6543674 2.39 1101.4 11,17

References: (1) Carter et al. (2011); (2)sAlonso et al. (2015);
(3) Derekas et al. (2011); (4) Hajdu et al. (2017); (5)
Shibahashi & Kurtz (2012); (6) Hetlminiak’et al. (2017); (7) This
paper; (8) Borkovits et al. (2019a)3(9)/Armstrong et al. (2012);
(10) Marsh et al. (2014); (11) Borkovits et al. (2015); (12) Orosz
(2015); (13) unpublished, ongoing analysis; (14) Borkovits et al.
(2016); (15) Collins etyal. (2014) (16) Conroy et al. (2014); (17)
Magsuda et al. (2015)

points, the‘remaining ~200 triple systems measured with
Kepler that have known or estimated outer orbital periods
(see Borkoyits et al. 2016).

Tn the triply eclipsing systems, when eclipse timing vari-
ations ar€ combined with a photodynamical analysis (see,
e.g., Borkovits et al. 2019a), including spectral energy dis-
tributions (‘SEDs’), stellar isochrone models, and the Gaia
distance, many of the system parameters can be determined.
This includes all three masses, periods, eccentricities, and
inclination angles of the various orbital planes.

In this paper, we report on TIC 209409435, the first of
the compact triply eclipsing triples found with TESS, plus a
full orbital solution for the system. The system consists of a
5.7-day binary in orbit with a third star in a 122-day outer
orbit. The photometric properties of the composite system
are summarized in Table 2. In Section 2 we describes all the
available observational data, as well as their preparation for
the analysis. Then, Section 3 provides a full explanation of
the steps of the joint physical and dynamical modeling of the
light- and ETV curves, SED, parallax and stellar isochrones.
In Section 4 we discuss the results from astrophysical and
dynamical points of views. Finally, in Sect. 5 we summarize
our findings and draw conclusions from our work.

2 OBSERVATIONAL DATA
2.1 TESS Observations of TIC 209409435

In addition to conventional computer searches through the
TESS data for periodic signals, e.g., due to transiting plan-
ets and eclipsing binaries, a group of us has been visually
surveying all the the full-frame image (‘FFI’) stars down to
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Figure 1. Roemer and dynamical delays that manifest themselves in the eclipse timing variations of binary stars with third-body
companions. The results are shown in the plane of binary orbital period vs. the period of the outer third body-(i‘e., of the triple star
system). The colored horizontal lines are contours of typical amplitudes for the Roemer delay, while/theydiagonal lines are contours of
typical physical delays (Borkovits et al. 2015). The horizontal dashed lines are crude estimates of the eclipse'probability for a third body
orbiting the binary. The 16 filled black circles are known triply eclipsing triple systems (see Table®l)yzand the red square is for TIC
209409435, the system reported in this work. The fainter dots are some 200 other triple systems found with Kepler that have measured
or estimated outer orbital periods (see Borkovits et al. 2016).
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Figure 2. Thée TESS lightcurve from Sector 3, in which it was first discovered, and Sector 4. The full frame images have 30-minute
cadence. The four/arrows mark the times of the anomalous third-body eclipses. The first two of these correspond to the inner binary
eclipsingthe third star, while the second set is the opposite situation where the 3rd star eclipses the inner binary.
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Table 2. Archival Properties of the TIC 209409435 Triple System

Parameter Value

RA (J2000) 45.21625
Dec (J2000) —34.45707
Te 13.208 + 0.006
Qe 13.647 + 0.002
Gpp° 13.985 + 0.001
Grp© 13.149 4+ 0.001
Be 14.427 4+ 0.019
Vb 13.777 4+ 0.018
gt 14.065 + 0.018
0 13.613 £ 0.029
i’ 13.435 4 0.047
Jd 12.622 + 0.024
H? 12.267 £ 0.024
K¢ 12.222 4 0.023
Wwie 12.155 4 0.023
wae 12.193 + 0.022
Ww3e 11.973 4+ 0.19
W4e > 9.464
Tog (K)© 5795 4 30

L (Le)© 2.4740.1
Distance (pc)f 949 £15
Pa (mas yr=1)¢  —1.09 £ 0.02

ps (mas yr—1)e +2.77 £ 0.03

Notes. (a) TIC-8 catalog (Stassun et al. 2018). (b) AAVSO
Photometric All Sky Survey (APASS) DR9, (Henden et al.
2015), http://vizier.u-strasbg.fr/viz-bin/VizieR?
-source=I1/336/apass9. (¢c) Gaia DR2 (Gaia collaboration
2018). (d) 2MASS catalog (Skrutskie et al. 2006). (¢) WISE
point source catalog (Cutri et al. 2013). (f) Bailer-Jones et al.
(2018).

about TESS magnitude 13.5. The lightcurves that we use
for surveying the data are from the MIT Quicklook pipeline
(‘QLP’; Huang et al. 2019). For each star, five lightcurves
are extracted from apertures with different sizes ranging
from 1.75 — 8 pixels®. The best aperture is chosen fot stars
in a particular magnitude bin based on the photontetric pre/
cision after detrending. Fainter stars have relatively/smaller
photometric apertures. The 1.75-pixel apertures,arejalmost
never used because our method is differénce=-image-based,
and we automatically deblend the sourcesflux, based on the
target’s T magnitude. This requires“that we have an aper-
ture that includes most of the light fromithe source, and the
1.75-pixel aperture is not really sufficient for that.

TIC 209409435 was observed, by the TESS spacecraft
(Ricker et al. 2015) during|Year 1 in Sectors 3 and 4. No 2
minute cadence data were available, thus, this triple-star sys-
tem was observed serendipitously as part of the FFI coverage
of those sectors. Forvthe FFIs, the observational cadence is
30 minutes.

While surveying these images using the LcTools soft-
ware system,(Schmitt et al. 2019), two of us (RG and TJ)
independently discovered the triple nature of this source (on
19 and 24 November, 2019). The QLP TESS lightcurve is
shown in Fig. 2. Aside from an unremarkable 5.7-day binary
with two nearly equal eclipses per orbit, it is apparent that

2 Each TESS pixel is 20" x 20"
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Figure 3. Expanded view of the two sets of anomalous third-
body eclipses. The dark blue circles represent those data points
that‘were used for the photodynamical model (see Sect. 3), while
the other out-of-eclipse data (not used in the modelling) are plot-
ted’as\pale blue circles. The red curve is the photodynamical
model’solution corrected for the 30-minute integration time; the
residuals to the model are also shown below the lightcurves. The
top panel shows the first two events where the inner binary passes
in front of the third star and produces two eclipses in addition
to the regular binary eclipses spaced every 5.717 = 2 days. The
broader of the anomalous eclipses occurs in between two regular
eclipses where the transverse motion of the binary stars across
the sky is at a relative minimum. The bottom panel shows the
two anomalous eclipses when the third star passes in front of the
inner binary. By chance circumstances, the pattern of the two
anomalous events in the top and bottom panels, with respect to
the regular eclipses, is nearly identical.

there are four anomalous eclipses (marked with arrows in the
figure). The two sets of closely spaced anomalous eclipses are
separated by ~32 days. The anomalous eclipses are shown
in more detail in Fig. 3. The red curve is a model fit which
will be discussed later in the paper. Because of the temporal
pattern of the anomalous eclipses, we immediately suspected
that these were due to a third body orbiting the binary.
We then computed an eclipse timing variations (‘ETV”)
curve for the 17 available eclipses (see Fig. 2). The results
are shown in Fig. 4, and tabulated in Table 3. (Note, due to
a lack of data points on the ingress of the very first eclipse,
it was dropped from the ETV curve used for the complex
photodynamical analysis in Sect. 3, and not listed in the ta-
ble.) The red and blue points represent the primary and sec-
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Figure 4. Eclipse timing variations of TIC 209409435 during
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significant non-linear behavior is a clear indication that the third
star is perturbing the binary. The smooth curves are fits to an ad
hoc third-order polynomial just to guide the eye.
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Figure 5. Two sections of SuperWASP data for TIC 209209435.
The pale and dark’blue points are the original and the 1-hr aver-
aged WASP photometric data for this target, respectively. Only
the” dark*blue’ points were used in the fit. The solid red curve is
the photedynamical model back-projected more than a decade
from the recent TESS observations.

ondary eclipses, respectively, while the smooth curves are fits
to a cubic function just to guide the eye. The offset between
the two curves by ~20 minutes indicates that the binary or-
bit has a small eccentricity. The non-linear behavior of the
ETVs, over just the 50-day interval of the TESS observa-
tions, confirms that there are dynamical interactions with
the third body.

2.2 WASP Observations

Fortuitously for our study, TIC 209409435 was observed
within the field of the WASP-South project (Pollacco et al.
2006; Collier Cameron et al 2006) during three seasons be-
tween June 2006 and January 2012. (There was a huge gap
in the observations between January 2008 and August, 2011.)
The WASP instruments each consist of an array ef 8'eam-
eras with Canon 200-mm f/1.8 lenses and 2kx2k e2W. CCD
detectors providing images with a field-of-view,of7:8° x 7.8°
at an image scale of 13.7 arcsec/pixel. linages are obtained
through a broad-band filter covering 400-700 nm. Fluxes are
measured in an aperture with a radiussef 48 arcsec for the
WASP data. The data are procéssed with the SYSRem al-
gorithm (Tamuz et al. 2005) to,remove instrumental effects.

Almost two dozen eclipsesican be identified in the
WASP archival observations..of TIC 209409435. Although
many of these eclipses were observed only partially and,
therefore, we were ablesto determine mid-eclipse times for
only a portion (of them (see in Table3), these data were
essential for our ‘analysis. In particular, they helped to con-
strain: (i) the“outer orbital period — not only through the
ETV of.the regular eclipses, but also by narrowing the pos-
siblelocations of the outer eclipses; (ii) the ‘flatness’ of the
triple 'system through the presence, or the lack of eclipse
depth  variations which might be forced by nodal preces-
sion. inf case of non-coplanarity of the inner and outer orbital
planes; and also (iii) the dynamically forced apsidal motion,
and in such a way, the dynamical properties of this strongly
gravitationally interacting triple. Therefore, we used the en-
tire WASP lightcurve for the complex photodynamical anal-
ysis (see Sect. 3). We plot two sections of the WASP data in
Fig. 5.

2.3 Follow-up Ground-Based Observations

Following the discovery of this triply eclipsing triple star
system we organized a photometric follow-up observational
campaign with the participation of three amateur as-
tronomers operating their own private observatories. We de-
scribe the observatories and the observations in the following
subsections.

2.8.1 Ground-Based Observatories

PEST Observatory: The observatory is owned and operated
by Thiam-Guan (TG) Tan. PEST is equipped with a 12-inch
Meade LX200 SCT £/10 telescope, an SBIG ST-8XME CCD
camera, a BVRI filter wheel, a focal reducer yielding f/5,
and an Optec TCF-Si focuser controlled by the observatory
computer. PEST has a 31’ x 21’ field of view and a 1.2" per
pixel scale. PEST is located in a suburb of the city of Perth,
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Figure 6. Ground based photometric follow-up observations of TIC 209409435 right before and during its February and*March 2020 outer
eclipsing events. Red and green data points represent the observations in Cousins Rc- (TG Tan at Perth) and Johnson V-bands (F.-J.
Hambsch at ROAD), respectively. (Dots with lighter colors display the original, observed data points, while the darker/ones represent
the binned points, used for the analysis, see, in Sect. 3.) The black line is the photodynamical model light curve infRg-band (see Sect. 3).
The early February event was similar to those that were observed by TESS, i. e., two separate outer eclipses, (around times 8882.0 and
8883.5) which occurred between two regular eclipses, indicating that the two members of the inner binary eclipsed the outer component
separately. By contrast the next outer eclipse event, between 8914 and 8916 displayed a long duration,\arge amplitude, irregular shaped
dip, resembling the one that was observed by Kepler in the triple system EPIC 249432662 (Borkovits'et al. 2019a). In this event the
outer star eclipsed the binary members during their conjunction and, therefore, due to the almost eoplanar configuration, the secondary
of the inner binary had a small velocity relative to the outer star, resulting in the long-lasting eclipse, while the inner pair’s primary,

moving into the opposite direction, produced the sharp dip at the bottom of the main event.

Western Australia. Observations of TIC 209409435 were car-
ried out in Cousins Rc-band, with an exposure time of 60
sec. A custom pipeline based on C-Munipack was used to
calibrate the images and extract the differential time-series
photometry using a photometric aperture of 6.2” radius.

Raemor Vista Observatory and Junk Bond Observatory:
The observations were conducted by T.G. Kaye and the
image sets were calibrated and measured by B. Gary and
T.G. Kaye. Raemor Vista has a 0.4-m Dreamscope with an
Apogee CG 16 M CCD camera. 30-s exposuresdwere used,
and the images were spectrally unfiltered and, binned/into
2 x 2 pixels. The Junk Bond Observatory has a 0.8*m Ritchey
Chrétien telescope with an SBIG STL6303E CCD camera.
30-s exposures were used, and the images, were also unfil-
tered and binned into 2 x 2 pixels.

ROAD Observatory (Remote Observatory Atacama
Desert): The observatory is located in San Pedro de Ata-
cama, Chile and operated by F.-J:yHambsch remotely from
Belgium. It uses a 16-inch \telescope with a FLI ML16803
CCD camera having a 4096 x 4096 Kodak KAF-16803 im-
age sensor. The exposureswere 60 s with a Johnson V fil-
ter. Aperture photometry using the freely available software
LESVEPHOTOMETRY was. use together with reference and check
stars. Dark and sky flat calibration frames were applied to
the images.

2.8.2, Measured Ground-Based Eclipses

Obsetrvations were taken on 13 nights between 30 Novem-
ber 2019 and 7 March 2020. During the first six weeks of
this campaign we were able to observe three regular eclipses

of the inner binary (see Table3), and an almost complete
ingress portion of an additional secondary inner eclipse.
Thesewobservations were essential for the preliminary photo-
dynamical modelling (see Sect.3) which made it possible to
constrain the outer period of the triple and to predict the oc-
currence time of the forthcoming extra (third-body) eclipses
with an accuracy of a few hours. Thanks to these predictions
we were able to successfully observe and detect the upcom-
ing third-body eclipse events which occurred relatively close
to their predicted times (see Fig.6). As it turned out, the
first predicted third-body eclipse on 1 February 2020 was
late in arriving by 6 hours, and this fortuitously gave us the
longitude coverage on the Earth to detect it.

2.4 Overview of the Triple System

Based on the lightcurve information discussed in the previ-
ous subsections, we have carried out a detailed photodynam-
ical evaluation of the system parameters. This is described
in detail in Section 3, which follows next. For now we sim-
ply present a to-scale drawing of what the TIC 209409435
triple-star system looks like—see Fig.7. The red and blue
lines in Fig. 7 represent the inner binary with its 5.717-d pe-
riod, while the green curve is the orbit of the outer third
body with a period of 121.87 days. The observer is viewing
the system from a distant position along the —Y axis. The
outer orbit is sufficiently eccentric that, at least according
to the drawing, it is easy to understand why the intervals
between 3rd body events are not nearly equally spaced.

We next describe how the photometry data alone, with-
out any radial velocity measurements, are sufficient to de-
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Table 3. Times of minima of TIC 209409435

Compact Triply Eclipsing Triple TIC 209409435

BJD Cycle std. dev. BJD Cycle std. dev. BJD Cycle  std. dev.
—2400 000 no. (d) —2400 000 no. (d) —2400000 no. (d)

53953.574400 -775.0 0.003295 55899.366840 -435.0 0.015246 58414.588636 4.5 0.001370
53993.623179 -768.0 0.010601  58388.803073 0.0 0.000565  58417.434057 5.0 0.000672
53996.487379  -767.5 0.001758  58391.677119 0.5 0.000589  58423.167677 6.0 0.002938
54036.557633  -760.5  0.025052  58394.524148 1.0 0.001387 58426.053529 6.5 0.000701
54365.608594  -703.0  0.002298  58397.398966 1.5 0.000756  58428.907548 7.0 0.000853
54368.487180 -702.5 0.023878  58400.247192 2.0 0.000516  58431.785006 7.5 0.014449
54391.368020 -698.5  0.002840  58403.123639 2.5 0.006389  58434.632628 8.0  0.000910
54411.414138  -695.0  0.002780  58405.973836 3.0 0.000455 58818.060304 75.0 0.000156
54414.281903 -694.5  0.004802  58408.855770 3.5 0.000880 58838.092983 78.5  0.000154
54454.330712  -687.5  0.004301  58411.706419 4.0 0.000672  58858.091655 82.0 0.000239

7

Notes. Integer and half-integer cycle numbers refer to primary and secondary eclipses, respectively. Eclipses between cycle nos./~755.0

and —435.0 were observed in the WASP project. Eclipse times between cycle nos. 0.0 and 8.0 were determined from the TESS

measurements. Finally, the last three eclipses (cycle nos. 75.0 — 82.0) were observed at PEST observatory within the timeframe ofiour
photometric follow-up campaign.
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Figure 7. To-scale drawing of the orbits of the three stars in the
TIC 209409435 triple system. Red and blue lines represent the
inner binary with its 5.717-d period, while the green curve is the
orbit of the outer third body with a period of 121.87 days. The
system center of mass is at {0,0} and thejobserver is viewing the
system from a distant position along the —¥.axis. All orbits are
moving counterclockwise. The gréen dots along the outer orbit
are spaced by 1 day.

duce the constituent, stellar/masses and system geometry
with remarkabledidelity.

3 JOINT PHYSICAL AND DYNAMICAL
MODELLING OF ALL THE AVAILABLE
OBSERVATIONAL DATA

We carried out complex photodynamical modelling of
TIC209409435 with the use of the software package
LIGHTCURVEFACTORY (see Borkovits et al. 2019a, 2020, and
further references therein). In order to obtain a comprehen-

sive, as well as physically and dynamically consistent model
for this triple we simultaneously analysed: (i) four sets of
photometric lightcurves (the twogeetors of TESS measure-
ments, the historical WASP observations, and T.G. Tan’s
Cousins R¢-band and F.-J..Hambsch’s Johnson V-band ob-
servations obtained during our, photometric follow-up cam-
paign); (ii) both the primary and secondary ETV curves de-
duced from these lightcurves.(see Table 3); and also (iii) the
archived stellar energy/distribution (SED) for this system,
in the form of different photometric passband magnitudes
(see in Table2).

The_advantages of such a simultaneous, comprehen-
sive analysis, as well as the consecutive steps of the com-
plete procedure were explained in detail in a series of pa-
pers(Rappaport et al. 2017; Borkovits et al. 2018, 2019a,b,
2020)/and we believe that it is not necessary to repeat them
here. Therefore, here we discuss only those details that are
specific to the current study.

Before carrying out the photodynamical analysis we fur-
ther prepared the four sets of lightcurves as described in the
following three paragraphs.

For the photodynamical analysis of the TESS data
we processed the original TESS full-frame images using a
convolution-based differential photometric pipeline, based
on the various tasks of the FITsH package (P4l 2012). Then,
from the raw lightcurve obtained from this process we re-
moved what are likely instrumental effects using the software
package WOTAN (Hippke et al. 2019). We also restricted the
intervals of time within the lightcurves to be modelled to
the orbital phase domain £0.04 orbital cycles around each
eclipse. The major exceptions to this were the regions around
the third-body eclipses. For these, we also utilized the flat,
out-of-eclipse lightcurves between the two consecutive regu-
lar eclipses preceding and following the two pairs of third-
body eclipses (see in Fig. 3).

Regarding the WASP measurements, we utilized data
from the entire time domain because even the out-of-eclipse
regions for the inner binary also carried potentially signifi-
cant information about where the third body eclipses might
have occurred. However, in order to reduce computational
costs we formed 1-hr averages from these out-of-eclipse data
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Figure 8. Eclipse timing variations of TIC209409435. The large red filled circles and blue squares are calculated from the observed
eclipse events, while the corresponding smaller) symbols with lighter colors are determined from the photodynamical model solution.
These model ETV points are connected to each’other simply to guide the reader’s eye. For better visibility, bottom panels show zoom-ins
of the ETV curves for the epochs(of the SuperWASP (lower left panel) and the TESS plus recent ground-based follow up observations
(lower right panel). In these lower panels'the continuous curves represent approximative analytic solution obtained with the formulae of
Borkovits et al. (2015). The residuals of the observed vs photodynamically modelled ETVs are plotted in the bottommost panels.

points, and these(binned data were then used for the analy-
sis.

Similarly, in"the case of the ground-based photometric
follow-up ‘ebservations, instead of the original data, we used
their’15:minute averages.

In‘the first stage of our study we carried out a joint, si-
multaneous photodynamical analysis of the prepared TESS
and /WASP lightcurves, as well as the first few ground-
based regular eclipse observations of T.G. Tan, together
with the ETV curves derived from them. From this anal-

ysis, we were able to determine not only the outer period,
together with the other orbital elements of the outer orbit,
but also well constrained relative (i.e., dimensionless) stellar
parameters (i.e., fractional radii and ratios of temperatures
and masses). With these parameters in hand we were thereby
able to predict the occurrence times of the forthcoming ex-
tra eclipses with sufficient accuracy to guide us in making
further ground-based follow-up observations.

In the absence of radial velocity measurements, how-
ever, we were unable to determine model-independent, dy-
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Compact Triply Eclipsing Triple TIC 209409435 9

namical masses for each component. Therefore, in the second
stage of the analysis, in order to obtain physical quantities
within the framework of a self-consistent model, similar to
the method followed in Borkovits et al. (2020), we added the
observed composite SED of the triple system to the fit, and
made efforts to find consistent, coeval PARSEC evolutionary
tracks (Bressan et al. 2012) for the three stars.

For this latter purpose we used machine readable PAR-
SEC isochrone tables generated via the web based tool CMD
3.3%. These tables contain theoretically computed funda-
mental stellar parameters and absolute passband magni-
tudes in several different photometric systems, for a large
three-dimensional grid of ages, metallicities and initial stel-
lar masses (see also Chen et al. 2019, and further references
therein). The preselection of the most appropriate subsets
of the tabulated isochrones for the current analysis, as well
as the interpolation of fundamental stellar parameters and
absolute passband magnitudes from the grid of values for an
actual trial run is described in Section 3 of Borkovits et al.
(2020).

The PARSEC tracks during each trial step were used as
follows. The actual trial values of stellar mass, age, and
metallicity determined the position of each star on the set
of PARSEC tracks. Then, using a trilinear interpolation based
on the closest grid points of the pre-calculated tables, the
code interpolated the radius and temperature of each star
as well as their absolute passband magnitudes for the SED
fitting. These stellar radii and temperatures were used as
input parameters to the light curve modelling section of the
code. Furthermore, the interpolated absolute passband mag-
nitudes transformed into model passband magnitudes with
the use of the extinction parameter and the system’s dis-
tance. Then, their sum was compared to the observed magni-
tudes in each passband. Note, however, in the last steps, the
distance (d) was not a free parameter, but was constrained a
posteriori in each trial step by minimizing the value of x2gp.
We intentionally did not use the Gaia DR2 parallax for cont
straining the distance. The reason is that the Gaia DR2 data
might contain systematics for compact triple systems (see,
e.g. the discussion of this problem in Borkovits et al. 2020):
However, as we will discuss above, our results areyin/perfect
agreement with the Gaia DR2 catalog data.

Therefore, in most of the runs we adjustedsthefollowing
parameters:

— Three parameters related to the orbital'elements of the
inner binary as follows: the eccentricity ‘and the argument
of periastron via e; cosw; and’es sin we, and the inclination,
i1.

— Six parameters related, to“the orbital elements of the
wide orbit of the third ‘component: Ps, ez sinwa, ez coswa,
12, the time of thetsuperior ‘conjunction of the outer star,
T5,"P, and the position angle of the node of the wide orbit,
Q. *

— Three mass-related parameters: the mass of the primary
of the inner binary, ma, and the mass ratios of the two orbits

qi1,2.

3 http://stev.oapd.inaf.it/cgi-bin/cmd

4 As’Q = 0° was assumed at epoch tg for all runs, Qo set the
initial trial value of the differences of the nodes (i. e., AQ), which
is the truly relevant parameter for dynamical modelling.

— Four lightcurve-dependent parameters as the passband-
dependent ‘third light(s)’ ¢ress, fwasp, Lro and fy.

— Three parameters for the PARSEC isochrone and SED
fitting: the age, log 7, and the metallicity, [M/H], of the
system and the extinction coefficient E(B — V).

Furthermore, the following parameters were internally
constrained:

— The instantaneous orbital period, P;, of the inner bi-
nary and the inferior conjunction time, 77™, of the sec-
ondary component of the inner binary, i.e., the mid-primary-
eclipse-time at the zero epoch, were constrained via the use
of the ETV curves in the manner explained in Appendix A
of Borkovits et al. (2019a);

— The stellar radii, Ra,B,c, and effective temperatures,
Ta B,c, were calculated from interpolation at each trial/step
from the appropriate grid elements of the PARSEC isochtene
tables;

— and, the distance of the system was eonstrained a pos-
teriori by minimizing the value of x2gp!

Regarding the other lightcutve-related parameters,
we utilized a logarithmic limb-darkening law. The limb-
darkening coefficients were .dnterpolated from passband-
dependent tables in the Phoebe, software (Prsa & Zwitter
2005). In turn, the Phoebe tables were derived from the
Castelli & Kurucz (2004)\stellar atmospheric models. We
have found that due“te the nearly spherical shapes of the
stars in the innér binary, accurate settings of the gravity
darkening coefficients have almost no effect on the lightcurve
solution. Therefore, we simply adopted a fixed value of g =
0.32 which, aceording to the venerable model of Lucy (1967),
is appropriate for stars with a convective envelope. Further-
morejwe neglected the reradiation/illumination effect in or-
der)to save computation time. By contrast, the Doppler-
boosting effect (Loeb & Gaudi 2003; van Kerkwijk et al.
2010), which is also found to be negligible for this system,
réquires only very minor additional computational time, and
was therefore included in the model calculations.

The orbital and astrophysical parameters derived from
the photodynamical analysis are tabulated in Table4 and
will be discussed in the subsequent Section4. The corre-
sponding model lightcurves are presented in Figs. 3, 5, and
6, while the model ETV curves plotted against the observed
ETVs are shown in Fig. 8. Finally, the results of the stellar
SED are plotted in Fig.9.

4 DISCUSSION OF THE RESULTS

According to our results, TIC 209409435 is comprised of
three very similar solar type stars. The two components of
the inner binary pair are perfect twins, having a mass ra-
tio of g1 = 1.002 £ 0.003, while the outer star has a larger
mass only ~9% higher than the inner components. These
mass ratios are very robust and model independent due
to the photodynamical part of our analysis. By contrast,
in the absence of radial velocity data, the actual physical
masses of the stars (and, correspondingly, other fundamental
parameters such as the physical dimensions of the compo-
nents), were obtained in an astrophysical model-dependent
way, with the use of theoretical stellar evolutionary tracks
in the form of PARSEC isochrones. Our combined analysis,
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Table 4. Orbital and astrophysical parameters of TIC 209409435 from the joint photodynamical lightcurve, ETV, SED and PARSEC
isochrone solution. Besides the usual observational system of reference related angular orbital elements (w, ¢, 2), their counterparts in
the system’s invariable plane related dynamical frame of reference are also given (w®™, ¢dy2 Qdyn) Moreover, im denotes the mutual
inclination of the two orbital planes, while i, and Qi give the position of the invariable plane with respect to the tangential plane of
the sky (i.e., in the observational frame of reference).

orbital elements®

subsystem
A-B AB-C
P [days] 5.71747170-000027 121.872310-5010
a [Ro) 16.3510:2) 145.3727
+0.00005 +0.00013

e 0.00407-00005 0.3965370-00013
w [deg] 154.5739 195.3270-08
i [deg] 89.97810-039 89.79510-013
7 [BJID - 2400000] 583386.976 75503 58295.95010-02%
Q [deg] 0.0 0.11375192
im [deg] 0.24316-082
wdy [deg] 187123 54128
i [deg] 0.201%5 067 0.0427 551
QW [deg] 1487130 Cone 328138
iinv [deg] 8948264:00;0%103
Qiny [deg)] 0.09416-0%0
mass ratio [q¢ = msec/Mpri] 1.0021'81:83%12 0.546f§:§§2
Kpri [kms™1] 72.46t9;gg 23‘2@9:%3
Keee [kms™] 72.297 23 42550018

stellar parameters

A B C

Relative quantities®
fractional radius [R/a] 0.053315:0007 0405351 0:0507  0.0070510- 00067
fractional flux [in TESS-band]  0.2616 0.2654 0.4307
fractional flux [in WASP-band] ~ 0.2613 0.2657 0.4566
fractional flux [in Rc-band] 0.2667 0.2708 0.4484
fractional flux [in V-band] 0.2648 0'2692 0.4626

Physical Quantities
m [Mg)] 0.895$§;§;11§ 0.897;%:%2? 0.976$§;§§§
R’ [Ro] 087275077 0.8757 5078 1.02710 012
T:ﬁ K] 5769_{5;076 57791:‘;081081 60741;—20(;134
L L] rodsages  Toacege  -PTioog0es
Mol D% 2Tenm 0ew
My, 51575715 5131515 4.547575
log ¢ [dex] 45097500 4507000 440601
log(age) [dex] 9.672t8:ggg
[M/ H] {dex] ~0.15570054
E(B— V) [mag] 0.04815-673
extra lighty¢4 [in TESS-band] 0.0847001%
extra light £4 [in WASP-band] 0.03475:057
extta light ¢4 [in Ro-band) 0.008%0000
extra light £4 [in V-band] 0.03070015
(M) 3.71+0:08

. +22

distance [pc] 990777

Notes. a:Instantaneous, osculating orbital elements, calculated for epoch tg = 2458382.0000 (BJD); b: Interpolated from the PARSEC
isochrones.
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Figure 9. The summed SED of the three stars of TIC 209409435 both in the magnitude and the flux domains. The left panel displays the
cataloged values of the passband magnitudes (red filled circles; tabulated in Table 2) versus the model passband magnitudes derived from
the absolute passband magnitudes interpolated with the use of the PARSEC tables (blue filled circles). In the right panelthe dereddened
observed magnitudes are converted into the flux domain (red filled circles), and overplotted with the quasi-continuéus,summeéd SED
for the triple star system (thick black line). This SED is computed from the Castelli & Kurucz (2004) ATLAS9 stellar ‘atmospheres
models (http://wwwuser.oats.inaf.it/castelli/grids/gridp0Ok2odfnew/fp00k2tab.html). The separate SEDs of the /more massive
third component and the twin stars of the inner binary are also shown with thin green and purple lines, respectively:

however, has led to a self-consistent and robust result whose
high fidelity is confirmed by the comparison of the observed
net stellar SED to the model SED. This yields a system dis-
tance of d = 990420 pc, which is about to 2-0 from the Gaia
DR2 distance of dgaiapr2 = 949+ 15 pc. Note, however, that
the triple nature of this source might have resulted in sys-
tematic discrepancies in the Gaia DR2 parallax (see, e. g.
Benedict et al. 2018).

From this same analysis we can state with high con-
fidence that TIC 209490435 is a system having three MS
stars with masses ma g = 0.90 £0.03 M and mc = 0.98 =
0.04 M, with effective temperatures Ta g = 5800 £ 100 K
and Tc = 6070 + 90 K. The system is ~ 573 Gyr-old, and
slightly metal-deficient with [M/H] = —0.16 £ 0.1.

We have found that the triple is very flat, where the
mutual inclination of the inner and outer orbitssis @m =
0°24 £ 0°08. The flatness of the system togethér with the
almost circular inner, and moderately eccentric.outer orbit,
should make the configuration of this triple.stable over the
nuclear lifetime of the stars. We have taken.a step toward
verifying this with a 10 Myr-long numerical\intégration (car-
ried out with the same integrator that was used for the pho-
todynamical modelling). From an observational perspective,
in the near complete absence of orbital plane precession, the
inner pair will remain an eclipsing binary, and the outer star
will also continue to produce/the extra third-body eclipses
over any human time scales) During the 10 Myr-long inte-
gration, the inner“and“euter orbital inclinations oscillated
between 89764, < <\90°01, and 89779 < i < 89786 with
a period of Pprec, 17 yr.> The apsidal precession of the
low-eccentricity inner binary orbit has a very similar period

5 Oneyshéiild keep in mind, however, that in the absence of any
informatien on the axial rotation of the stars in the binary, we
assumed synchronized and aligned rotation for the integration.
Inclined spin axes might result in some orbital plane precession,
and even drastic variations in the configuration of the triple sys-
tem on a longer time scale (see, e.g. Correia et al. 2016).

of P.pse1 = 15yr, while the ‘euter.orbit has a century-long
Papse2 =~ 103 yr apsidalyperiod:, The short-term variations
in some of the orbital elements of the inner and outer or-
bits, obtained from our'mumerical integration, are plotted in
Fig. 10.

Turning back to,the most prominent characteristic of
our triple, i'e."its, flatness, other similarly very flat (im <
5°) andewcompact (P> < 200d) triple systems with accu-
rately known parameters that were reported previously are
HD 181068 (Borkovits et al. 2013), HD 144548 (Alonso et al.
2015),, €Tau (Nemravova et al. 2016), EPIC 249432662
(Borkovits et al. 2019a), HIP 41431 (Borkovits et al. 2019b)
and TTC 220397947 (Borkovits et al. 2020).° All of these sys-
tems show remarkable similarities, as one can see in Table 5.
For example, all systems have high mass-ratio inner bina-
ries (¢g1 > 0.88), and in five of the seven the inner pair is
formed by near twin stars (i.e. ¢ > 0.95). Furthermore, in
all but one of the triples the outer third component is the
more massive. Moreover, all inner orbits are almost circular,
while the outer orbits, apart from HD 181068, have moder-
ate eccentricities.” Such flat triple systems were most likely

6 Note, Borkovits et al. (2016) lists 8 additional compact triples
with Pp < 200 days in the original Kepler-field with mutual in-
clinations most probably less than 5°. But, in the absence of ac-
curate photodynamical solutions, we do not list these systems.
Similarly, we omit A\ Tau, the triple with the shortest outer pe-
riod known (Ebbighausen & Struve 1956; Fekel & Tomkin 1981).
Though, in the absence of any eclipse depth variations over
the last 110 years one can suppose with a great certainty that
this triple is also extremely flat (see, e. g. Soderhjelm 1975;
Kiseleva et al. 1998; Berdyugin et al. 2018). Finally we note that
we made a concerted effort to collect accurate photodynamical
solutions from the literature for similarly flat systems with some-
what longer outer periods of up to P> < 1000 days, but still rel-
atively compact. Unfortunately, we were unsuccessful in finding
any.

7 In this latter triple the outer component is a red giant, there-
fore, the circularization of the outer orbit can probably be ex-
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Figure 10. Variations of the instantaneous (osculating) anomalistic periods, eccentricities and (observable) arguments of{periastron
of the inner and outer binaries (grey curves in all panels), obtained via numerical integration, together with the one-inner/outer-orbit
averages (black). Furthermore, the red and blue lines connect the instantaneous orbital elements sampled at those integration points that
are closest to the primary and secondary mid-eclipse points of the inner binary, respectively. (Note, for the outer orbit theyred and blue

lines coincide almost perfectly, therefore, we plot only the red one.)

formed by disk fragmentation and accretion-driven migra-
tion. However, the quantitative details of these effects have
not been fully explored (see, e. g. Tokovinin & Moe 2020),
and it is also unclear what the role is of the third star in this
process. Therefore, it is especially important to improve the
sample of compact flat triple systems with accurately known
system parameters.

5 SUMMARY AND CONCLUSIONS

In this work we report on the discovery and analysis of a
new triply eclipsing triple star system, TIC 209409435. The
discovery observations were made with TESS during Sec,
tors 3 and 4. We also made use of archival WASP data as
well as follow-up ground-based observations by amateur as=
tronomers.

We carried out a photodynamical analysis/f the ‘ob-
servational data which included the lightcurvés, EITVs ex-
tracted from the lightcurves, the SEDs, and PARSEC evo-
lution tracks. From this analysis we were able to obtain a
comprehensive set of system masses and orbital-parameters,
all without being able to make RV observations.

In spite of the hundreds of thousands’of eclipsing bina-
ries that have been discovered over the years, including many
whose light curves have been very well studied with CoRoT,
Kepler, K2, and TESS, there are-only 17 known EBs that
have eclipsing third bodies orbiting them, including this new
discovery (see Tabled)=TIC 209409435, among the 17 triply
eclipsing triples¢‘has‘the 6th shortest outer orbital period,
the 4th highest ratio of Pi/ P, and the 6th highest ratio of
P2/ P», thellattefibeing a measure of the dynamical time
delays that are produced.

Thus TIC 209409435 is an impressive interactive sys-
tem withspronounced ETVs and exotic-looking third-body
eclipses twice every 122 days. The presence of the outer body

plained with the more effective tidal damping effects in its present
red giant state.

eclipses helped enable us to make very robust determinations
of the orbital parameters anid the masses (see Table 4). The
stellar masses and radii,are goed to about 3% accuracy on
average. The triple system.is extremely flat and aligned with
the observers with 71"=,89.98° &+ 0.08°, i2 = 89.79° £ 0.09°,
and mutual inclination in, = 0.24° £ 0.08°. The system is
5 Gyr old and is, manifestly highly dynamically stable. The
photometricidistance of 990 + 20 pc matches the Gaia dis-
tance of 949 #415 pc within 2-0.

The photodynamical analysis has led to an orbital
ephemeris that should be able to accurately predict when
future third-body events can be observed from the ground,
including with small telescopes. Moreover, TIC 209409435 is
scheduled to be observed again in TESS Sectors 30 and 31
(i’e., nominally, between 22 Sept and 19 Nov 2020) during
the extended Year 3 TESS mission. During this interval, ex-
tra third-body eclipsing events are expected on 1-3 October
and 3-4 November. Though these dates are somewhat in-
auspicious in the sense that they are close to the mid-times
of the two sectors (i.e. to the data downloading time), some
portions of these events will hopefully be observed, allowing
us to further refine the photodynamical model.

Overall we have found that TIC 209409435 has been a
very gratifying system to have worked on.

DATA AVAILABILITY

The TESS data underlying this article were accessed
from MAST (Barbara A. Mikulski Archive for Space Tele-
scopes) Portal (https://mast.stsci.edu/portal/Mashup/
Clients/Mast/Portal.html). A part of the data were de-
rived from sources in public domain as given in the respec-
tive footnotes. The derived data generated in this research
and the code used for the photodynamical analysis will be
shared on reasonable request to the corresponding author.
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Table 5. Comparison of parameters of flat, compact hierarchical triple stars

Py Py el €2 im Q q2 ma  mg/ma
HD 144548 1.63 3395 <0.0015 0.265 0.2 0.96 0.75 0.98 1.47
HD 181068 0.91 45.47 0.0 0.0 0.8 0.95 1.68 0.92 3.28
HIP 41431 2.93 59.16 0.0087 0.278 2.16 0.98 0.51 0.63 1.01
TIC 220397947 3.55 77.08 0.0011 0.225 0.57 0.95 0.25 1.15 0.49
TIC 209409435 5.72 121.9 0.0041 0.397 0.24 1.00 0.55 0.90 1.09
& Tau 7.15 145.2  0.0000 0.197 250 0.90 0.88 2.23 1.67
EPIC 249432662 8.19 188.4 0.0034 0.221 0.17 0.88 1.14 0.45 2.14
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Note. HIP 41431, £ Tau and (probably) TIC 220397947 have further, more distant stellar components, i.e., these are (at least) 3+1

hierarchical quadruple systems.
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