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ABSTRACT

We report the discovery of a compact triply eclipsing triple star system in the southern continuous viewing zone of the TESS
space telescope. TIC 278825952 is a previously known, but unstudied circular eclipsing binary with a period of 4.781 d with a
tertiary component in a wider, circular orbit of 235.55-d period that was found from three sets of third-body eclipses and from
light travel-time effect dominated eclipse timing variations. We performed a joint photodynamical analysis of the eclipse timing
variation curves, photometric data, and the spectral energy distribution, coupled with the use of PARSEC stellar isochrones. We
find that the inner binary consists of slightly evolved, near twin stars of masses of 1.12 and 1.09 Mg, and radii of 1.40 and 1.31
Rg. The third, less massive star has a mass of 0.75 Mg, and radius of 0.70 Rg. The low mutual inclination and eccentricities of
the orbits show that the system is highly coplanar and surprisingly circular.
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1 INTRODUCTION

Triply eclipsing hierarchical triple systems are not easy to spot.
The reason for this is that their discoveries need not only a lucky
orbital configuration of the stars, but also long-term, continuous,
and precise photometric observations are essential to detect them.
Thanks to the rapidly growing number of available light curves with
such advantages produced by space-based photometric surveys (e.g.
CoRoT, Kepler, K2, TESS), their numbers are slowly, but steadily
increasing.

These systems are very important in the field of stellar parameter
determination because they allow us to derive the orbital and physical
parameters of all of the constituent stars (e.g. their individual masses)
with a high precision. Moreover, with the appropriate data set,
e.g. containing both light and radial velocity curves, this can be
accomplished in a completely model-independent way. Almost all
theoretical fields of stellar astronomy benefit from these precise
parameters derived from observations. They can be used, e.g. to
fine-tune star formation and stellar evolution theories or to analyse
short- and long-term dynamical evolution of stellar systems (see, e.g.
Tauris & van den Heuvel 2014; de Vries, Portegies Zwart & Figueira
2014; Moe & Kratter 2018).

Until now, less than two dozen triply eclipsing hierarchical triple
stellar systems are known in the literature (see an informative
collection of them in Borkovits et al. 2020b). While, in order to
observe both inner and outer eclipses in a hierarchical triple system,
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it is necessary to view both the inner and outer orbits almost edge-on,
there are no restrictions (at least in theory) on the mutual inclination
of the inner and outer orbital planes' (see Conroy et al. 2014). It is, of
course, another question as to how the orbital plane precession, which
necessarily occurs for non-coplanar systems, affects the visibility
intervals of third-body eclipses, or even inner binary events, thereby
providing a chance to detect such systems. This problem, in the
context of transiting circumbinary planets, was discussed in the
papers of Martin & Triaud (2015) and Martin (2017).

Regarding the above-mentioned relative, or mutual, inclination of
the inner and outer orbits, it is one of the most relevant parameters
of a triple, or multiple stellar system from the point of view of
its formation, and past and future evolutionary history (see, e.g.
Toonen, Hamers & Portegies Zwart 2016; Toonen et al. 2020,
for recent reviews). In this context, flat (coplanar) systems might
have extraordinary importance. The reason is that for most of the
hierarchical triple stars, the mutual inclination is subject to substantial
variations (including even flip-flops from prograde to retrograde
configurations and vice versa) due to various dynamical effects. A
partial list of such effects includes the (eccentric) Lidov—Kozai effect
(see Naoz 2016, for a review), its interplay with tidal friction (see,
e.g. Kiseleva, Eggleton & Mikkola 1998; Naoz & Fabrycky 2014)
(which may freeze the mutual inclination), and resonant interactions

"n this regard, note that KIC 2835289, one of the 17 systems listed in table 1 of
Borkovits et al. (2020b), strictly speaking, is not a triply eclipsing triple, since
in that case, the inner binary does not exhibit eclipses, but only ellipsoidal
variations.
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with stellar spins (Correia, Boué & Laskar 2016). In the case of a
flat system, however, especially, as far as none of its components
have undergone a Roche lobe filling stage, one can expect that the
alignment of the orbital planes is a certain relic of the formation
process of the given triple star (in this regard see, e.g. Tokovinin &
Moe 2020, and references therein).

The subset of compact, extremely flat systems with very accurately
known mutual inclinations is very small, and listed in table 5 of
Borkovits et al. (2020b). More than half of these systems (four
of seven) come from the triply eclipsing triples, emphasizing the
extremely fortuitous role of such systems in determining accurate
mutual inclinations. Among these objects, only one (HD 181068;
Derekas et al. 2011; Borkovits et al. 2013) has a highly circular outer
orbit which is an unusual configuration for such a system.

In this paper, we report the discovery and the first study of
TIC 278825952 as a triply eclipsing compact, hierarchical triple stel-
lar system that joins the company of HD 181068 with a surprisingly
circular outer orbit. The system is located in the southern continuous
viewing zone (SCVZ) of the TESS spacecraft and, therefore, was
observed nearly continuously during Year 1 of the ongoing TESS
mission. This high-precision and almost uninterrupted data set was
essential in order to discover the triply eclipsing nature of the object
and to determine its astrophysical and orbital parameters precisely. In
Section 2, we describe all the available observational data and their
preparation for the complex, joint photodynamical analysis, which
is discussed in Section 3. Then, the results are discussed and, finally,
summarized in Sections 4 and 5.

2 OBSERVATIONAL DATA

2.1 Catalogue data

In Table 1, we collected photometric passband magnitudes of the
system from different surveys, e.g. APASS (AAVSO Photometric
All Sky Survey; Munari et al. 2014), 2MASS (Two Micron All-Sky
Survey; Skrutskie et al. 2006), AUWISE (Wide-field Infrared Survey
Explorer: All-Sky Data Release; Cutri et al. 2013), and Gaia in order
to construct the spectral energy distribution (‘SED’) of the system.
The SED along with theoretical isochrones and the photodynamical
model of the system provides an opportunity to determine the masses
of the components in a model-dependent way (see Section 3 for
details).

We found only two dedicated spectroscopic surveys containing
data about TIC 278825952 (RAVE DRS5; Radial Velocity Exper-
iment, Kunder et al. 2017; TESS-HERMES DR1, Sharma et al.
2018), despite the fact that this is a relatively bright system. These
catalogues list spectroscopically determined effective temperature,
log g, and metallicity values assuming that the two stars in the binary
dominate the light and are near twins. We can use these values to
compare with our results from photometry, and thus we have included
these quantities in Table 1 as well. We also note that the Gaia DR2
catalogue lists a large rms scatter for its radial velocity measurements
(from 11 spectra), directly indicating the binary, or multiple, nature
of the source.

2.2 TESS photometry

The TESS space telescope (Ricker et al. 2015) is monitoring a
significant fraction of the sky, spending about a month on each
22° x 96° sector of the sky. Nearly a whole hemisphere is thereby
covered in a year. Regions close to the ecliptic poles are observed
almost continuously, resulting in a year long data set for objects

Triply eclipsing triple star TIC 278825952 6035

Table 1. Main properties of TIC278825952 from different

catalogues.

Parameter Value References
RA (°) 100.470 64 1
Dec. (°) —55.794 94 1
URA (masyr—!) 1.16 £ 0.06 1
IDec, (masyr—!) 13.52 £ 0.05 1
G (mag) 11.8484 + 0.0004 1
Ggp (mag) 12.147 £ 0.010 1
Ggp (mag) 11.401 £ 0.019 1
T (mag) 11.457 £ 0.006 2
B (mag) 12.611 £+ 0.172 3
V (mag) 12.062 £+ 0.168 3
¢ (mag) 12.284 + 0.175 3
r (mag) 11.911 £ 0.182 3
i (mag) 11.893 + 0.269 3
J (mag) 10.897 + 0.026 4
H (mag) 10.617 £ 0.024 4
K (mag) 10.526 + 0.020 4
W1 (mag) 10.529 + 0.023 5
W2 (mag) 10.547 + 0.019 5
Distance (pc) 561 + 8 6
Tefr, RaVE (K) 6175 + 83 7
log gravE (dex) 4.19 £ 0.16 7
[M/H]RravE (dex) —0.32 £+ 0.12 7
Tefr, TESS—HERMES (K) 6202 £ 120 8
log g TESS—HERMES (dex) 431 £ 0.20 8
[M/H]tEss—HERMES (dex) —0.38 £ 0.10 8

References. (1) Gaia DR2 (Gaia Collaboration et al. 2018); (2) TIC-
8 catalogue (Stassun et al. 2018); (3) APASS Landolt-Sloan BVgri
Photometry of RAVE Stars — I (Munari et al. 2014); (4) 2MASS All-
Sky Catalogue of Point Sources (Skrutskie et al. 2006); (5) AIWISE
catalogue (Cutri et al. 2013); (6) Bailer-Jones et al. (2018); (7) RAVE
DRS (Kunder et al. 2017); (8) TESS-HERMES DRI (Sharma et al.
2013).

located in these regions. TIC 278825952 has been observed during
the first 13 sectors of TESS with a 30-min cadence on the full-frame
images (FFIs). However, data from Sector 7 are missing because
our target fell between two CCDs due to its unfortunate positioning.
Nevertheless, we still have a 1-yr-long continuous photometric data
with a one-month-long gap in the middle, which is more than suitable
for further analysis of the system.

After downloading the FFI data from the MAST portal,”> the
light curve from each sector was obtained by a convolution-based
differential photometric pipeline based on the FITSH package (Pal
2012) — see also Borkovits et al. (2020a) for more details about
the practical implementation. For a final step, we converted the
magnitudes to normalized fluxes and applied a careful detrending
method using the WOTAN package (Hippke et al. 2019), which filters
out any instrumental trends and preserves all other features in the
light curves. Sections of the detrended light curve of TIC 278825952
based on all available TESS observations can be seen in Fig. 1. It
shows primary and secondary eclipses of the inner binary stars with
an orbital period of 4.78 d. The light curve also reveals three pairs
of extra eclipses (in Sectors 3, 8, and 12) caused by the third star
on a wider (‘outer’) orbit passing in front of and behind the inner
binary components. This immediately shows that the target is at least
a hierarchical triple star with an outer orbital period of 235.5 d.

Zhttps://mast.stsci.edu.
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Figure 1. Three sets of third-body eclipses. The blue circles represent TESS
observations. The red curve is the photodynamical model solution corrected
for the 30-min integration time (see later, in Section 3); the residuals to the
model are also shown below the light curves. The top and bottom panels show
events where the less massive distant companion passes separately in front
of the two members of the inner binary. The middle panel displays the two
anomalous eclipses when the two components of the inner pair passes in front
of the third star.

2.3 WASP photometry

TIC 278825952 was also observed in the images of the WASP-
South project (Collier Cameron et al. 2006; Pollacco et al. 2006)
during four seasons between 2008 September and 2012 March. The
WASP instruments each consists of an array of eight cameras with
Canon 200-mm /1.8 lenses and 2k x 2k €2V CCD detectors providing
images with a field of view of 7°8 x 7¢8 at an image scale of
13.7 arcsec pixel ' Images are obtained through a broad-band filter
covering 400-700 nm. Fluxes are measured in an aperture with a
radius of 48 arcsec for the WASP data. The data are processed with
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Figure 2. Two sections of WASP observations for TIC 278825952. The pale
and dark blue points are the original and the 1-h averaged WASP photometric
data for this target, respectively. Only the dark blue points were used in the
fit. The solid red curve is the photodynamical model.

the SYSRem algorithm (Tamuz, Mazeh & Zucker 2005) to remove
instrumental effects.

While archival WASP data have lower quality than the high-
accuracy TESS observations, and are also subjected to diurnal and
seasonal data gaps, their use was essential for, and therefore they
were included in, our analyses (see Section 3). Sections of WASP
data are plotted in Fig. 2.

2.4 ASAS-SN photometry

ASAS-SN? (All-Sky Automated Survey for Supernovae) currently
has 24 telescopes around the Earth covering the entire sky.
TIC 278825952 was included in a targeted, supplementary survey
towards the SCVZ of TESS conducted by the ASAS-SN network
(Jayasinghe et al. 2019). As aresult, it was catalogued as an eclipsing
binary with the identifier of ASASSN-V J064152.94-554741.9. For
these observations, the units named ‘Brutus’ (Haleakala, Hawaii)
and ‘Cassius’ (CTIO, Chile) were used, which comprise of four
14-cm telescopes each with a field of view of 4.5 deg? and a pixel
size of 8 arcsec. The images were processed using image subtraction
combined with aperture photometry, and the resultant light curves
are publicly available in the ASAS-SN light-curve server* (Shappee
et al. 2014; Kochanek et al. 2017). According to the back-projected
photodynamical model (see Section 3), two ASAS-SN photometry
points belong to ‘extra’ third-body eclipsing events. One of them

3http://www.astronomy.ohio-state.edu/asassn/index.shtml.
“https://asas-sn.osu.edu/.
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Figure 3. A 50-d-long section of ASAS-SN observations of TIC 278825952.
The pale blue points are the original V-band observations converted into
normalized flux values (and also times to BJD). The solid red curve is the
photodynamical model calculated for the appropriate dates. (The ASAS-SN
data themselves were not included into the complex photodynamical mod-
elling.) The bottom panel shows the residuals to the photodynamical model.

is shown in that 50-d-long section of the ASAS-SN observations,
which is plotted in Fig. 3.

2.5 ETV data

We determined mid-eclipse times of the regular eclipses of the inner
binary pair from both the TESS and WASP data in the manner
described by Borkovits et al. (2016). For the inner binary, we found
the following linear ephemeris:

MIN;, [BID] = 2458328.9473 + 447810765 x E, (1)

using the resultant eclipse timing variation (ETV) curve where E
denotes the cycle number (integer and half-integer for primary and
secondary eclipses, respectively). The eclipse times are tabulated in
Table 2.

The overall ETV curve for TIC 278825952 is plotted in Fig. 4
along with the best-fitting model that is described in the next section.
The points determined both from the regular primary and secondary
eclipses of the TESS data (lower right-hand panel of Fig. 4) both
exhibit the same closely sinusoidal shape curve, with P, = 235.5d,
revealing that both the inner and outer orbits are nearly circular. As
one can see in the lower right-hand panel of Fig. 4, the outer eclipsing
events closely correspond to the extrema of the ETV curve. Since
in the present case the ETV curve is clearly light-travel-time-effect
(LTTE)-dominated (see Section 4 for a discussion), this fact evidently
shows that in the case of the deeper extra eclipses (in Sectors 3 and
12), the third star passes in front of the binary members, while in the
case of the more shallow third-body events (in Sector 8), the situation
is the opposite.

Turning to the older ETV points determined from the archival
WASP data (lower left-hand panel of Fig. 4), they have significantly
larger uncertainties. However, they show that no other periodic
variations can be detected in the system, at least on the time-scale of
a decade.

3 JOINT ANALYSIS OF THE AVAILABLE DATA

We used the software package LIGHTCURVEFACTORY (see Borkovits
et al. 2019, 2020a,b, and further references therein) to carry out a
complex photodynamical modeling of the system based on the data
collected in Section 2. The analysis has followed exactly the same
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steps that were discussed in Borkovits et al. (2020a,b) in detail;
therefore, there is no need to repeat it here. Instead, we note only
some specific points.

For the photodynamical analysis, we fitted simultaneously
(1) the 30-min cadence Year 1 TESS light curve, (ii) the WASP
light curve, (iii) the ETV curves of the primary and secondary
eclipses and, finally, (iv) the observed stellar SED in the form of
catalogued passband magnitudes. As in our previous works, the
SEDs were fitted to theoretical passband magnitudes® calculated
with interpolation from the grids of tabulated theoretical PARSEC
isochrones (Bressan et al. 2012).

In order to reduce computational costs we dropped out from the
analysis the out-of-eclipse sections of both the TESS and WASP light
curves, i.e. in other words, only the ¢ = +(P05 phase sections of the
regular eclipses were kept, with the exception of the outer eclipses,
where longer, 6-8-d-long sections of the light curves were also
retained. Note that, in case of the WASP light curve, our treatment
slightly departed from that which was followed in Borkovits et al.
(2020b), where the full WASP light curve was considered in the
photodynamical analysis. The reason is that, in the present situation,
the TESS light curve by itself made it possible to determine accurately
the outer period and, therefore, we were able to pre-compute the
expected locations of the outer eclipses in the intervals of the
WASP observations. For further reduction in computational costs,
we formed 1-h average points from the WASP observations, and
these data were used for the analysis (naturally, with the appropriate
cadence corrections).

Without radial velocity measurements, the masses of the compo-
nents cannot be determined directly; nevertheless, using theoretical
PARSEC isochrones can help us to construct model-dependent
masses for the components (see Borkovits et al. 2020a). This allowed
us to constrain a physically and dynamically consistent model of the
system and determine its orbital and physical properties.

In the majority of the MCMC (Markov chain Monte Carlo) runs,
the following parameters were adjusted:

(i) Of the 12 orbital element related parameters, 9 describing the
two perturbed, osculating Keplerian orbits at epoch #, = 2458 320.0,
as follows: ejcos wy, e;sin wy, and i} giving the eccentricity, argument
of periastron, and the inclination of the inner orbit; furthermore, the
parameters of the wide, outer orbit, namely P, €,c08 w;, e;sin w,,
ip, the time of the inferior conjunction of the third component, 7;"“,
and the ascending node of the outer orbit, £2,.6

(ii) Three parameters connected to the stellar masses: primary
star’s mass, m,, and the mass ratios of the inner and outer subsystems
q1,2.

(iii) The passband-dependent extra lights £1gss, £wasp account for
two additional parameters.

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

SFor the analysis, we set the uncertainties of each measured passband
magnitude to o = max(0.03, o caalog) in order to take into account the intrinsic,
systematic effects coming from the interpolation of the PARSEC grids and,
furthermore, to avoid the overrepresentation of the extremely accurate Gaia
G magnitude over the other data.

The angular orbital elements are defined in an observer related frame of
which the base plane is the tangential plane of the sky. Furthermore, as ) =
0° was assumed at epoch f for all runs, €2, sets the initial trial value of the
differences of the nodes (AS2), which is the really relevant parameter for the
modelling.
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Table 2. Times of minima of TIC 278825952.

BID Cycle Std. dev. BID Cycle Std. dev. BID Cycle Std. dev.
—2400000 no. (d) —2400000 no. (d) —2400000 no. (d)
54757.482270 —747.0 0.000387 58388.712235 12.5 0.000150  58558.438283 48.0 0.000 130
54793.337351* —1739.5 0.020 109 58391.102794 13.0 0.000149  58560.829015 48.5 0.000 176
54824.418762 —733.0 0.000 588 58393.493445 13.5 0.000167  58563.219460 49.0 0.000 172
54836.371648 —1730.5 0.000 142 58395.883921 14.0 0.000168  58565.610072 49.5 0.000 136
54855.496260 —726.5 0.000 193 58398.274543 14.5 0.000 141 58568.000771 50.0 0.000 165
54867.449100 —1724.0 0.000 195 58403.055679 155 0.000117  58570.391562 50.5 0.000 159
54879.402087 —721.5 0.000 161 58405.446033 16.0 0.000178  58572.782019 51.0 0.000 146
54891.353369* —1719.0 0.000 744 58407.836754 16.5 0.000 158  58575.172544 51.5 0.000 151
54915.259506 —714.0 0.000 346 58412.617970 17.5 0.000126  58577.563250 52.0 0.000173
55216.464593 —651.0 0.000 248 58415.008195 18.0 0.000184  58579.953796 52.5 0.000 133
55228.419356 —648.5 0.000 286 58417.398842 18.5 0.000 148 58584.734955 53.5 0.000 134
55240.370789 —646.0 0.000 149 58422.179783 19.5 0.000152  58587.125764 54.0 0.000 144
55486.597328 —594.5 0.001 164 58426.960811 20.5 0.000135  58589.516421 54.5 0.000 157
55632.421040* —564.0 0.005078 58429.351259 21.0 0.000191  58591.906868 55.0 0.000 177
55859.521341 —516.5 0.000742 58431.741750 21.5 0.000 158 58594.297521 55.5 0.000 148
55883.424951 —511.5 0.000 663 58434.131950 22.0 0.000164  58599.078853 56.5 0.000 145
55902.550569 —507.5 0.001333 58436.522479 22.5 0.000159  58601.469374 57.0 0.000 197
55907.332211 —506.5 0.002 108 58438.912970 23.0 0.000175  58603.859911 57.5 0.000 156
55926.455406 —502.5 0.000 547 58441.303409 23.5 0.000121  58606.250831 58.0 0.000210
55938.406971 —500.0 0.000539 58443.693772 24.0 0.000192  58608.641388 58.5 0.000 139
55950.361557 —497.5 0.001 466 58446.084414 24.5 0.000138  58611.031836 59.0 0.000 181
55962.313877 —495.0 0.000 700 58448.474692 25.0 0.000183  58613.422325 59.5 0.000 136
55981.437680 —491.0 0.000400 58453.255522 26.0 0.000222  58615.813062 60.0 0.000 164
55993.392108 —488.5 0.000915 58455.646086 26.5 0.000129  58618.203678 60.5 0.000 123
56005.345204 —486.0 0.000 504 58458.036424 27.0 0.000131  58620.594258 61.0 0.000 188
58326.556287 -0.5 0.000 132 58460.426973 27.5 0.000134  58622.984802 61.5 0.000 144
58328.946803 0.0 0.000 153 58462.817170 28.0 0.000136  58625.375442 62.0 0.000202
58331.337452 0.5 0.000 141 58469.988543 29.5 0.000146  58627.766024 62.5 0.000 117
58333.728048 1.0 0.000 161 58472.378923 30.0 0.000160  58630.156508 63.0 0.000173
58336.118809 1.5 0.000 148 58474.769537 30.5 0.000167  58632.547150 63.5 0.000 127
58340.899927 2.5 0.000 135 58479.550257 31.5 0.000155  58634.937808 64.0 0.000 175
58343.290533 3.0 0.000 179 58481.940766 32.0 0.000177  58642.109352 65.5 0.000 143
58345.681238 35 0.000 131 58484.331260 32.5 0.000182  58644.499886 66.0 0.000 184
58348.071763 4.0 0.000235 58486.721705 33.0 0.000182  58646.890471 66.5 0.000 155
58350.462410 4.5 0.000 161 58489.112072 335 0.000138  58649.280977 67.0 0.000 145
58352.853152 5.0 0.000 163 58517.798008 39.5 0.000126  58651.671307 67.5 0.000 134
58355.243884 5.5 0.000 187 58520.188724 40.0 0.000195  58654.062113 68.0 0.000 160
58357.634292 6.0 0.000 152 58522.579331 40.5 0.000 129 58656.452612 68.5 0.000 125
58360.024965 6.5 0.000 158 58524.969818 41.0 0.000165 58658.842895 69.0 0.000 159
58362.415560 7.0 0.000200 58527.360298 415 0.000 121 58661.233378 69.5 0.000 131
58364.806310 7.5 0.000 120 58536.922685 435 0.000150  58663.623904 70.0 0.000 150
58369.587388 8.5 0.000 157 58539.313401 44.0 0.000179  58666.014466 70.5 0.000 125
58371.978000 9.0 0.000 183 58541.703979 44.5 0.000123  58670.795344 71.5 0.000 141
58374.368682 9.5 0.000 158 58544.094661 45.0 0.000182  58673.185772 72.0 0.000 177
58376.759237 10.0 0.000 177 58546.485117 455 0.000158  58675.576364 72.5 0.000 152
58379.149732 10.5 0.000 143 58548.875749 46.0 0.000199  58677.966599 73.0 0.000 158
58383.931120 11.5 0.000 120 58551.266533 46.5 0.000125  58680.357076 73.5 0.000 152
58386.321564 12.0 0.000 158 58553.656951 47.0 0.000226

Notes. Integer and half-integer cycle numbers refer to primary and secondary eclipses, respectively. Eclipses between cycle nos. —747.0
and —486.0 were observed in the WASP project. Other eclipse times were determined from the TESS measurements. The eclipse times
denoted by asterisks are considered to be outliers and were omitted from the analysis.

Furthermore, 21 additional parameters were internally con-
strained, as follows:

(i) The inner binary’s orbital period, P}, and the time of an inferior
conjunction 7" of the secondary star of the inner pair at epoch £,
were constrained via the ETV curves (see appendix A of Borkovits
et al. 2019).

(i1) The effective temperatures, T g, ¢, and radii, Ra g, c, of the
three stars were calculated from interpolation at each trial step with
the use of the PARSEC tables (see Borkovits et al. 2020a).
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(iii) The distance of the system was constrained a posteriori by
minimizing the value of x3p.

(iv) Finally, note that similar to our previous modelling efforts, we
applied a logarithmic limb-darkening law of which the coefficients
for each stars in both bands were interpolated from passband-
dependent tables downloaded from the Phoebe 1.0 Legacy page.’
These tables are based on the Castelli & Kurucz (2003) atmospheric

"http://phoebe-project.org/1.0/download.
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Figure 4. Eclipse timing variations of TIC 278825952. The large red filled circles and blue squares are calculated from the observed eclipse events, while the
corresponding smaller symbols with lighter colours 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 WASP (lower left-hand
panel) and the TESS observations (lower right-hand panel). In these lower panels, the continuous curves represent approximate analytic solutions obtained with
the formulae of Borkovits et al. (2015) and, furthermore, in the lower right-hand panel, alternating grey and white stripes show the nominal time intervals of
each sector during Year 1 of the TESS mission, while the brown vertical lines mark the times of the third-body eclipses. The residuals of the observed versus

photodynamically modelled ETVs are plotted in the bottommost panels.

models and were originally implemented in former versions of the
PHOEBE software (PrSa & Zwitter 2005).

4 RESULTS AND DISCUSSION

The median values of the orbital and physical parameters of the
system derived from the MCMC posteriors and their 1o statis-
tical uncertainties are summarized in Table 3. Furthermore, the
synthetic model light curves derived from the best-fit joint so-
Iution are displayed in Figs 1 and 2, while the corresponding

ETV curves are presented in Fig. 4. Finally, in the two panels of
Fig. 5, we illustrate the goodness of the SED-fitting part of the
combined solution both in the flux and the passband magnitude
domain.

According to our model, the inner binary of TIC 278825952
consists of two almost identical, slightly evolved main-sequence stars
with masses of ma = 1.127007 Mg, mp = 1.09700% M, and effec-
tive temperatures of Tu, o = 6261755 and T g = 6229757 K. The
outer tertiary component has a lower mass of mc = 0.757503 Mg,

and effective temperature of Tegr,c = 48941’%%5 K. According to the
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Table 3. Orbital and astrophysical parameters of TIC 278825952 from the joint photodynamical light curve, ETV,

SED, and PARSEC isochrone solution.

Orbital elements?

Subsystem

A-B AB-C
P (d) 4.78102370000 005 235.5499* 00058
a(Ro) 15577932 230.6753
; 0.00027+0.0020 0002715556137
() 331155 144752
i %) 89.93+0.16 90.01470:94
7:2: (BJID-2400000) 58328.9477810:00006 58401.571270:0043
Qe 0.0 0.42%07
i () 0.481033
o (©) 11477 142455
om0 0.39102 0.0975:04
Qi () 44138 224*3%
iiny () 90.00% 05
Qiny ) 0.35%0:39
Mass ratio (g = mgec/mpri) 0~978t8:88§ 0-3391—8:885
Kpii (kms™") 81.50"1 4 1251500
Kgee (km Sil) 83321%:33 37'02J:(1):gg

Stellar parameters
A B

Fractional radius (R/a)
Fractional flux (in TESS band)
Fractional flux (in WASP band)

m (Mg)
R (Ro)
Tg (K)
Ly (Lo)
My
My,

log g¢ (dex)

log (age) (dex)

[M/H] (dex)

E(B — V) (mag)

Extra light ¢4 (in TESS band)
Extra light £4 (in WASP band)
(My o

Distance (pc)

Relative quantities®

+0.0003 +0.0005
009022 993 0.0838 ¢ 0005

0.5119 0.4333
0.5224 0.4388
Physical Quantities
111975974 1.094+0:963
140375030 13060037
6261159 622919
2.68370237 2.26510205
3.70150 3.88%00
37155 3.9025%

4.190790%8 4.24370:006
9.682710-078
~0.090%5:557
0.07879027
0.05579003
0.01479008
3.01+0.93

11
590713

0.00003
0.00300 G003
0.0503
0.0382

0.746 0033
0.69540037
4894148
0.250%0 015
6.28%505
6.6175 13
4.62570 005

20z 11dy 0Z uo 1s9nB Aq 08006S/7E09/7/861/2I01HE/SEIUW/WO0d"dNODIWLSPED.//:SA)Y WO} PIPEOjUMOQ

Notes. Besides the usual observational system of reference related angular orbital elements (w, i, 2), their counterparts
in the system’s invariable plane related dynamical frame of reference are also given (w®", %", Q¥™) Moreover, iy,
denotes the mutual inclination of the two orbital planes, while i,y and Qi,y give the position of the invariable plane
with respect to the tangential plane of the sky (i.e. in the observational frame of reference).

nstantaneous, osculating orbital elements, calculated for epoch fo = 2458320.0 (BID). "For the nearly circular orbits
found here, the times of periastron passages () are highly uncertain; therefore, we give the inferior conjunction
times (of the less massive components) for both the close and wide binaries instead. “Interpolated from the PARSEC
isochrones.

SED and PARSEC isochrone-fitting part of the combined analysis,

this 7 = 4-81fgﬁ$‘2‘ Gyr-old systerrg ]gHOSt probably has a solar like than, but within 20 of, the trigonometric distance of dprr =
metallicity of [M/H] = —0.09¥75}. The corresponding distance, 561 =+ 8 pc derived from the Gaia DR2 parallax by Bailer-Jones et al.
obtained after taking into account the reddening of E(B — V) = (2018).

0.08%003, is found to be d = 590" |1 pc, which is slightly higher

MNRAS 498, 6034-6043 (2020)
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Figure 5. The summed SED of the three stars of TIC 278825952 both in the magnitude and the flux domains. The left-hand panel displays the catalogued values
of the passband magnitudes (red filled circles; tabulated in Table 1) 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-hand panel, the dereddened observed magnitudes are converted into the flux
domain (red filled circles), and overplotted with the quasi-continuous summed SED for the triple star system (thick black line). This SED is computed from the
Castelli & Kurucz (2003) ATLASY stellar atmospheres models (http://wwwuser.oats.inaf.it/castelli/grids/gridpOOk2odfnew/fpOOk2tab.html). The separate SEDs
of the twin stars of the inner binary and of the less massive third component are also shown with thin green and purple lines, respectively.

Regarding this slight discrepancy, we show correlation plots of
the a posteriori distributions of m, and metallicity [M/H] versus
photometric distance in the first row of Fig. 6. Use of the Gaia DR2
distance would lead to a primary mass of about ma ~ 1 Mg, and also
a metallicity of [M/H] ~ —0.3 to — 0.4. Note that both spectroscopic
studies cited previously in Section 2 and listed in Table 1 have
resulted in a metallicity in this latter range, while our photodynamical
analyses evidently prefer somewhat different results. These findings
show that some caution is needed in regard to those parameters of our
solution that primarily depends on the evolutionary tracks (especially
ma, [M/H], and log 7). Therefore, dynamical mass determinations
based on future radial velocity measurements are highly desirable
for confirming our results or, helping to refine the PARSEC evolu-
tionary tracks close to the terminal age main-sequence stage of our
stars.

Turning to the astrophysical-model independent dynamical prop-
erties, both the inner and outer orbits are very close to circular and,
as the low value of mutual inclination indicates, the system is also
very flat. This should make the orbital parameters of the system
stable on the nuclear timescale of the stars. While the circular inner
orbit for such an old and close binary is quite natural, one cannot
state the same for the outer orbit. Oppositely, it is quite rare that the
third, distant component of a hierarchical triple star system (even
for quite compact outer orbits) would have an almost circular orbit.
For example, Borkovits et al. (2016) have reported 22 triple star
candidates with outer period P, < 240 d among the eclipsing binaries
in the original Kepler field, and only for 5 of them was an outer
eccentricity of e, < 0.1 found. More specifically, considering only
the flat, compact hierarchical triple systems with accurately known
parameters tabulated in table 5 of Borkovits et al. (2020b), only
one of them has outer orbit less eccentric than e, ~ 0.2. This only
exception, HD 181068 is similar to the present system not only in its
flatness, but it also has two circular orbits (Borkovits et al. 2013).
On the other hand, however, in the case of HD 181068, the distant
component is a red giant revolving on a much closer outer orbit (P,
~ 45.5d), and in such a manner, the circular outer orbit might be
explained by either (i) the much stronger tidal effects during the
red giant phase, or (ii) the effects of mass-loss and mass transfer
in the system. In the case of TIC 278825952, we cannot find any
physical reasons for circularization of the outer orbit, and therefore

we suppose that it is of primordial origin. Formation scenarios for
wide multiple star systems such as this one are quite uncertain, but
a number of interesting idea have been put forth by e.g. Kratter,
Murray-Clay & Youdin (2010), Antognini & Thompson (2016), and
Tokovinin (2017).

Turning to the flatness of the system, we checked the possibility
of a flat, but retrograde configuration, but all the MCMC chains
initiated with 2, ~ 180° resulted in significantly higher x? values,
i.e. we found that (x2; retrograde ~ 1.25 X (X2in)prograde- Therefore,
we conclude that the system most probably has a flat, prograde
configuration.

In table 1 of Borkovits et al. (2020b), we listed the inner and
outer periods of all the 17 triply eclipsing triple stars having
precisely known inner and outer orbital periods. TIC 278825952 now
joins this small group of triple stars. Its outer period (P,) places
it in the 10th position (in increasing order). From a dynamical
point of view, it is one of the most relaxed systems, especially
considering (i) the relatively high period ratio of P,/P; = 49.3
and low outer mass ratio of g, = 0.34, the two parameters that
basically set the amplitude of the dynamical perturbations, and also
(ii) the doubly circular, coplanar configuration of the inner and
outer orbits. These two effects render the lowest order (quadruple)
perturbative terms to be nearly zero (see, e.g. Soderhjelm 1982;
Borkovits et al. 2003, for the ‘apse-node’ and the P,-time-scale
perturbations, respectively). Furthermore, the nearly equal masses
of the inner binary stars (¢; = 0.98) also substantially reduce the
amplitudes of the next, octuple-order perturbations, which disappear
when the inner mass ratio tends toward unity (see again Soderhjelm
1982; Borkovits et al. 2015, for the two above classes of third-body
perturbations).

5 SUMMARY

In this paper, we have reported the discovery and first comprehensive
analysis of the triply eclipsing hierarchical triple star TIC 278825952
observed by the TESS spacecraft almost continuously for ~11
months in its SCVZ. The space-borne observations cover more than
one outer orbital cycle, including third-body eclipsing events around
two consecutive inferior and one superior conjunctions of the distant

MNRAS 498, 6034-6043 (2020)
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Figure 6. Some correlation plots of TIC 278825952. Upper panels: the correlations of the system distance, d, versus the mass of the most massive component,
ma, and the metallicity, [M/H] (left- and right-hand panels, respectively). Lower panels: the primary mass versus metallicity, and the logarithmic age, log 7,
correlations (left- and right-hand panels, respectively), illustrating the natural relations between stellar mass, metallicity, and age, coming from the PARSEC
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the minimum of the x 2 value.

third star, allowing the accurate determination of the dynamical and
astrophysical parameters of the system. In order to obtain these
parameters with the highest available accuracy, we carried out a
joint photodynamical analysis that included not only the above
mentioned TESS light curve, but also earlier archival ground-based
WASP photometry, the ETVs extracted from these observations and,
furthermore, the SED and theoretical PARSEC isochrones. Note,
however, that due to the lack of radial velocity observations, we were
unable to carry out a fully model-independent, purely dynamical
study of the stellar masses.

Our comprehensive analysis revealed that TIC 278825952 consists
of a near-twin pair of slightly evolved main-sequence stars on a
circular orbit with a lower mass outer companion that is also on
a circular orbit. The system is one of the few members of the
currently known class of hierarchical triple star systems exhibiting
outer third-body eclipses in a highly coplanar configuration. Nev-
ertheless, it is unique in that it has the most inherently circular
outer orbit among them, raising a question about the origin of
the low eccentricity of its wide orbit. For a system with such age
and constituent stars, this is unexpected and we could not find any
physical reasons that explain the highly circular nature of the outer
orbit, so we propose that it most probably represents its primordial
configuration.

Because of its fortuitous location in the SCVZ, TIC 278825952 is
also scheduled to be observed in all the 13 sectors of the first year of
the TESS extended mission. According to our model, the forthcoming
outer eclipsing events are expected to be observed during Sectors
29, 33, and 38 (and hopefully will be), leading to a more refined
photodynamical model.
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