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Abstract

Several hundreds of thousands of eclipsing binaries (EBs) are expected to be detected in the Transiting
Exoplanet Survey Satellite (TESS) full frame images (FFIs). This represents a significant increase in the
number of EBs available for eclipse timing variation studies. In this paper, we investigate the feasibility of
performing precise eclipse timing of TESS EBs using the FFIs. To this end, we developed a fast, automated
method and applied it to a sample of ∼100 EBs selected from the Villanova TESS EB catalog. Our timing
analysis resulted in the detection of 10 new triple candidates with outer periods shorter than ∼1300 days. For
five of them, we were able to constrain the outer orbit by analyzing independently the short-cadence (SC) and
FFI data and to derive the minimum mass of the third body with a precision better than 4% for SC and 11% for
FFI data. We then compared the results obtained from the two data sets and found that using the FFI data leads
to (1) a degradation of both the accuracy and precision of the tertiary mass determination for the tightest EBs
and (2) an overall underestimation of the third component’s mass. However, we stress that our main
conclusions on the nature of the detected signals do not depend on which data set is used. This confirms the
great potential of TESS FFIs, which will allow us to search for rare objects such as substellar circumbinary
companions and compact triple stellar systems.

Unified Astronomy Thesaurus concepts: Multiple stars (1081); Eclipsing binary minima timing method (443);
Eclipsing binary stars (444)
Materials only available in the online version of record: machine-readable table

1. Introduction

Since its launch in 2018, the Transiting Exoplanet Survey
Satellite (TESS; G. R. Ricker et al. 2015) has been surveying
the majority of the sky, resulting in the detection of thousands
of exoplanet candidates (N. M. Guerrero et al. 2021), solar-like
oscillators (E. Hatt et al. 2023), and eclipsing binaries (EBs;
A. Prša et al. 2022) among ∼200,000 preselected stars
observed in 2 minute short-cadence (SC) mode during the 2
yr prime mission (Sectors 1–26). In addition, TESS acquired
images of each observing sector, referred to as full frame
images (FFIs) every 30 minutes. Over a billion stars were
observed in this mode, therefore providing a huge data-mining
archive for large ensemble studies, such as galactic archeology
(V. Silva Aguirre et al. 2020). During the first extended mission
(Sectors 27–55), the FFI cadence was reduced to 10 minutes,
and a new 20 s ultra-SC mode was implemented. TESS is
currently in its second extended mission (Sectors 56–69), and
observes 2000 stars at 20 s cadence and 12,000 stars at 2
minute cadence per sector, while FFIs are now retrieved at a
shorter 200 s cadence.

Based on the SC data collected during the prime mission,
A. Prša et al. (2022) produced a catalog1 of 4584 EBs detected
among the ∼200,000 preselected TESS targets. EBs are among
the most fundamental calibrators of stellar physics. In

particular, it is possible to measure the masses and radii of
each component of a double-lined (SB2) EB with an exquisite
precision, better than ∼1%–3%, and to derive its age without
resorting to more advanced stellar modeling (K. G. Hełminiak
et al. 2021). For example, EBs hosting oscillating red giants are
valuable benchmarks to test the ability of ensemble aster-
oseismology to reproduce the stellar properties (M. Benbakoura
et al. 2021) and to calibrate model parameters, such as the
mixing-length parameter (T. Li et al. 2018). EBs have also
proven to be powerful tools for distance determinations of
Local Group galaxies (G. Pietrzyński et al. 2019). Finally, EBs
that belong to multiple stellar systems are ideal to study the
orbital architecture and dynamics (F. Marcadon et al. 2020;
A. Moharana et al. 2023).
Stellar multiplicity is an ubiquitous outcome of star

formation. Indeed, almost half of solar-type stars are in
binaries or multiple systems (∼35% and 10% of the total
population, respectively), as reported by D. Raghavan et al.
(2010) from a survey of stellar multiplicity in the solar
neighborhood. The occurrence rate of close binaries with
tertiary companions (∼20% of the EB population) was
confirmed by K. E. Conroy et al. (2014), who analyzed a
sample of 1279 Kepler EBs using the so-called eclipse timing
variation (ETV) method. ETVs are generally attributed to the
light-travel time effect (LTTE; P. Mayer 1990), also known as
the Rømer delay, caused by the presence of a circumbinary
third body. The ETV method is therefore particularly suitable
for identifying compact hierarchical triples (CHTs; T. Borko-
vits 2022) and substellar circumbinary companions (M. Wolf
et al. 2016, 2018, 2021) from both space-based and ground-
based surveys. Increasing the detection of these objects
will considerably improve our knowledge of the formation of
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A B S T R A C T 
Eclipse timing variations (ETVs) have been a successful tool for detecting circumbinary companions to eclipsing binaries (EBs). 
While TESS and Kepler have been prolific for ETV searches, they sometimes can be limited by time and sky coverage, a limitation 
that can be addressed by specialized ground-based ETV surv e ys. We present the initial results from the Solaris photometric 
surv e y, which uses four 0.5-m robotic telescopes in the Southern hemisphere to look for circumbinary companions. We present 
the method of light-curve extraction, detrending, and EB modelling using observations from the Solaris network. Using these 
light curves, we extract precise eclipse timings for seven EBs and look for companions using a Lomb–Scargle periodogram 
search. We find two possible periodic signals for the target GSC 08814–01026. With the system having strong activity, we 
check for the feasibility of orbital solutions at these two periods. We find that the 245 ± 1 d period is due to an M dwarf-mass 
companion. This makes GSC 08814–01026 a candidate compact hierarchical triple system. The other periodic signal at 146 ± 1 
d is an artefact of stellar activity. 
Key words: techniques: photometric – binaries: eclipsing – stars: individual: GSC 08814-01026 – SU Ind – BK Ind –
HD 60637 – TYC 8504-1018-1 – V889 Ara – CPD-52 10541. 

1  I N T RO D U C T I O N  
The detection of companions to stars has been crucial for understand- 
ing the formation, evolution, and dynamics of stars. It paved the way 
for the study of stellar multiplicity. The theory of the formation of 
low-mass objects such as brown dwarfs and planets has also been 
heavily influenced by observations of stellar multiplicity. 

Most of the early surv e ys of multiplicity began with astrometric, 
radial velocity, and visual detections of companions (Finsen & Wor- 
ley 1970 ; Batten 1973 ; Abt & Levy 1976 ). Fekel ( 1981 ) examined 
one such surv e y and identified an eclipsing binary (EB) in one of 
the stars in a resolved binary. This led to the detection of one of 
the first tertiaries around an EB. Since then, EBs have been used 
e xtensiv ely for multiplicity studies using photometry, in addition to 
other avenues of detection. Photometry itself can be used in three 
distinct ways to detect a companion to an EB: (i) a third light 
in light-curve solutions, (ii) eclipse depth variations (EDVs), and 
(iii) eclipse timing variations (ETVs). While the first method is a 
! E-mail: ayushm@ncac.torun.pl 

qualitative approach, EDV is prominent in highly dynamic systems. 
Furthermore, ETV has pro v ed to be quite reliable in observing the 
light travel-time effect (LTTE) since the work of Chandler ( 1888 ), 
who was the first to give a possible reason for period changes in 
Algol. 

The LTTE is observed owing to the mo v ement of the EB with 
respect to the barycentre of the multiple system. It causes eclipses 
to occur earlier or later than the time expected for an isolated EB. 
Ho we ver, v ariations in the eclipse timings can also be triggered by 
various other physical processes, such as the transfer of magnetic and 
orbital momentum (Applegate 1992 ), the loss of angular momentum 
(Bradstreet & Guinan 1994 ), and starspots (Kalimeris, Rovithis- 
Li v aniou & Rovithis 2002 ; Balaji et al. 2015 ). Ho we ver, these 
effects have different time-scales and can be distinguished from the 
long-term monitoring of the eclipse timings (ETs). This is where 
large-scale photometric surv e ys hav e been helpful for companion 
detection. 

Photometric surv e ys such as the Optical Gravitational Lensing 
Experiment (OGLE; Udalski et al. 1992 ), All-Sky Automated Surv e y 
(ASAS; Pojmanski 1997 ), Super Wide Angle Search for Planets 
(SWASP; Street et al. 2003 ), Hungarian Automated Telescope (HAT; 
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ABSTRACT
We present a new analysis of the multiple-star V1200 Centauri based on the most recent observations for this system. We used the
photometric observations from the Solaris network and the Transiting Exoplanet Survey Satellite telescope, combined with the
new radial velocities from the CHIRON spectrograph and those published in the literature. We confirmed that V1200 Cen consists
of a 2.5-d eclipsing binary orbited by a third body. We derived the parameters of the eclipsing components, which are MAa =
1.393 ± 0.018 M!, RAa = 1.407 ± 0.014 R!, and Teff,Aa = 6588 ± 58 K for the primary, and MAb = 0.8633 ± 0.0081 M!,
RAb = 1.154 ± 0.014 R!, and Teff,Ab = 4475 ± 68 K for the secondary. Regarding the third body, we obtained significantly
different results than those previously published. The period of the outer orbit is found to be 180.4 d, implying a minimum
mass of MB = 0.871 ± 0.020 M!. Thus, we argue that V1200 Cen is a quadruple system with a secondary pair composed of
two low-mass stars. Finally, we determined the ages of each eclipsing component using two evolution codes, namely MESA and
CESTAM. We obtained ages of 16–18.5 and 5.5–7 Myr for the primary and the secondary, respectively. In particular, the secondary
appears larger and hotter than that predicted at the age of the primary. We concluded that dynamical and tidal interactions
occurring in multiples may alter the stellar properties and explain the apparent non-coevality of V1200 Centauri.

Key words: binaries: eclipsing – binaries: spectroscopic – stars: fundamental parameters – stars: individual: V1200 Cen.

1 IN T RO D U C T I O N

Binary or multiple stellar systems are very common in our Galaxy.
Over the past century, stellar duplicity has been reported using
different techniques from ground- and space-based instruments (e.g.
spectroscopy, interferometry, and photometry). Depending on the
nature of the observations, these systems are referred to as spec-
troscopic, visual, eclipsing, or astrometric binaries. More recently,
asteroseismology has allowed the discovery of binary stars showing
solar-like oscillations in both components of the system, that is
seismic binaries (see e.g. Marcadon, Appourchaux & Marques
2018, for a review). For such systems, a model-dependent approach
is required to determine their stellar parameters. In this context,
eclipsing binaries (EBs) that are also double-lined spectroscopic
binaries provide a direct determination of the stellar parameters
through their dynamics. The stellar masses and radii can then be
measured with exquisite precision below ∼1–3 per cent (Torres,
Andersen & Giménez 2010). Precise stellar parameters are actually
crucial for calibrating theoretical models of stars, mainly during the
pre-main-sequence (PMS) phase, where evolution is more rapid.

EBs with low-mass PMS stars represent a real challenge for
theoretical models due to the complexity of the stellar physics
involved (Stassun, Feiden & Torres 2014). These kinds of systems

! E-mail: fmarcadon@ncac.torun.pl

are therefore valuable test cases for models at early stages of
stellar evolution. Unfortunately, there are only few systems with
such features reported in the literature. Gómez Maqueo Chew et al.
(2019) listed 14 known EBs with masses, radii, and ages below
1.4 M!, 2.4 R!, and 17 Myr, respectively (see references therein).
Another system was identified as a possible candidate by Coronado
et al. (2015), namely V1200 Centauri. However, the precision on
the derived parameters, in particular stellar radii, did not allow the
authors to properly determine the individual ages of the eclipsing
components (∼30 Myr). In this work, we propose to re-analyse
V1200 Cen using the most recent observations of the system. From
their radial-velocity (RV) analysis, Coronado et al. (2015) claimed
that V1200 Cen is a hierarchical triple-star system with an outer
period of almost 1 yr. Here, we argue that the third body is itself a
binary system, making V1200 Cen a quadruple-star system with a
180-d outer period.

Due to its multiplicity, V1200 Cen appears to be an interesting
target for studying the dynamical evolution of multiple-star systems.
In particular, the dynamics of hierarchical quadruple systems is a
difficult problem that has been investigated by a number of authors
(see Hamers 2019, and references therein). For triple and quadruple
systems, it has notably been shown that the period distributions of
inner orbits present an enhancement at a few to several tens of days
(Tokovinin 2008). In the case of triple systems, the formation of a
short-period binary can be explained by Lidov–Kozai (Kozai 1962;
Lidov 1962) cycles with tidal friction (see e.g. Toonen, Hamers &

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

Eclipsing binaries (EBs): fundamental calibrators.

Ensemble asteroseismology, model parameters.

Distance determinations of Local Group galaxies.

Architecture and dynamics of multiple systems.

∼20% of EBs are members of multiple systems.
Goal: detect compact hierarchical triples (CHTs) and substellar
circumbinary companions.

Eclipse timing variations (ETVs) caused by the light-traveltime
effect (LTTE).

TESS full frame images (FFIs) contain hundreds of thousands
of EBs.

fmarcadon@camk.edu.pl Precision timing of eclipsing binaries from TESS FFIs 2 / 6
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Targets and data

∼100 targets identified in the Villanova TESS EB catalog.
Continuous viewing zones (long-duration obs.).
Target pixel files (TPFs) in 2-min short cadence (SC).
FFIs collected every 30min, 10min, and 200 s.

FFI light curves (LCs) extracted using the eleanor package (Fein-
stein et al. 2019).

Di↵erence Images Sectors 14 - 14 Target 229771234 / Planet Candidate 01 / Sector 14

2

sector of observations. As such, the FFIs provide a huge data
mining archive for many different areas of astronomy,
including the search for new transiting exoplanet candidates.
Simulations from Barclay et al. (2018) predict that within the
FFIs there will be an additional 3100 detectable exoplanets
orbiting bright (Tmag < 11.0) stars, and a further 10,000
detectable exoplanets orbiting fainter stars. Within the FFIs, the
authors project ∼1500 large planets (Rp> 4 RÅ) and ∼400
small planets (Rp� 4 R⊕) will be identified, with 67% of the
planets orbiting F and G type stars (Barclay et al. 2018).

Asteroseismology, the study of stellar oscillations to probe
the internal structure of stars, will additionally benefit from the
TESS FFIs. The ability to measure stellar oscillations with long-
cadence data has been previously demonstrated with the Kepler
30-minutes cadence data (Hekker & Christensen-Dalsgaard
2017). There is also the possibility to study solar system
objects, and galactic and extragalactic sources using the FFI
data. Using a difference imaging approach and K2 long-
cadence data, Dimitriadis et al. (2018) and Shappee et al.
(2019) were able to obtain a light curve for a supernova,
SN2018oh, roughly 52.7Mpc away. The light curve begins 18
days before peak brightness, which is a feat that cannot be
achieved by even the most advanced surveys that are triggered
by supernova events. In addition to supernovae, teams such as
Molnar et al. (2015) were able to detect extragalactic RR Lyrae
stars in Leo IV, a dwarf galaxy at a distance of ∼154 kpc.
Using K2 observations, they observed the farthest measurement
of the Blazhko effect, or long-period modulations in the period
and amplitude of the light curve. This was the first discovery of
the effect outside of the Milky Way and the Magellanic Clouds.

Despite their substantial scientific potential, there is
significant processing that needs to be completed before
extracting usable light curves from the FFIs. A background
correction can be approximated over the entire FFI, however, it
would not properly account for regions with more localized
issues (see Figure 1). On the FFI scale, systematic effects can
overwhelm astrophysical signals, especially when the telescope
is near perigee. Additionally, the FFIs are not in a user-friendly
format. Each FFI is ∼35 MB. To complete photometry for a
single target in a single sector, the user must have access to
∼45 GB of storage for any given sector and 1 TB for the entire
southern hemisphere. This makes it challenging for users
without vast computational resources to fully exploit the FFIs.

The recently ended K2 mission motivated the creation of
several community driven pipelines for data reduction. There is
significant benefit to having multiple pipelines with different
methods for data reduction for the same data sets. For example,
one could find a new planet candidate in the EVEREST light
curves (Luger et al. 2018) and compare with the K2SFF light
curves (Vanderburg & Johnson 2014) to determine if the signal
is real. Additionally, Shaya et al. (2015) created the Kepler
Extra-Galactic Survey, with the goal of producing light curves
for extragalactic sources. These pipelines were especially

useful due to the large systematics found within the K2 data.
Other pipelines, including K2VARCAT (Armstrong et al. 2015),
K2SC (Aigrain et al. 2015), POLAR (Barros et al. 2015), and
K2P2 (Lund et al. 2015) created light curves for the public to
use as well, each with their own methods for removing
systematics, and therefore their own strengths and weaknesses.
In this article, we present the eleanor pipeline10 for light

curve extraction from the TESS FFIs and publicly available
eleanor light curve data products. In Section 2, we describe
the methods used to create our light curves. In Section 3, we
demonstrate the photometric capabilities of eleanor by
presenting early science results, including recovering known
transiting planets, new planet candidates, and other stellar
variability. In Section 4, we discuss the light curve data
products and their availability, and how to download the open-
source software package.

2. Creating Light Curves

In this section, we describe how eleanor extracts light
curves from the FFIs. We first create a pointing model and
assign quality flags on the FFI level. Then, we cut out
intermediate “postcards” (148×104 pixels) that are time-
stacked and background subtracted. The target pixel files
(TPFs; 13×13 pixels) are extracted from the postcards.
eleanor tests multiple apertures to find the best light curve
for transiting exoplanet searches for each target. The TPF pixel

Figure 1. Example FFI from Sector 1, Camera 4. There is noticeable structured
background in the corner of the CCDs 3 and 4 as well as in the center of CCDs
2 and 4. The Large Magellanic Cloud is seen in CCDs 1 and 2.
(A color version of this figure is available in the online journal.)

10 https://github.com/afeinstein20/eleanor

2

Publications of the Astronomical Society of the Pacific, 131:094502 (18pp), 2019 September Feinstein et al.

TPF of TIC 229771234 FFI from Sector 1 Camera 4
fmarcadon@camk.edu.pl Precision timing of eclipsing binaries from TESS FFIs 3 / 6
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Method and analysis

Bayesian approach for the derivation of the times of minima.
Eclipse profile described using the phenomenological model of
Mikulášek (2015):

Reference time of eclipse, orbital period.
Eclipse depth, eclipse width, kurtosis, etc.
Observed-minus-calculated (O − C ) time difference.

TESS SC (left) and FFI (right) LCs of TIC 229771234
(Marcadon & Prša 2024)

fmarcadon@camk.edu.pl Precision timing of eclipsing binaries from TESS FFIs 4 / 6
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Results and conclusions
Identification of 10 EBs with a possible tertiary companion (oc-
currence rate of 10%).
TIC 229771234: overcontact EB with an orbital period of 0.821 d.

New CHT system (Pout = 359.8 d).
Minimum tertiary mass of 0.600+0.063

−0.056M�.
Mass discrepancy of ∼1.7σ.

ETVs for TIC 229771234 determined from the SC (left) and FFI (right) LCs
(Marcadon & Prša 2024)

fmarcadon@camk.edu.pl Precision timing of eclipsing binaries from TESS FFIs 5 / 6
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Future prospects
Comprehensive study of Kepler triples via ETV 4157

Figure 7. Distribution of the outer orbital periods, P2, for 222 triple systems
found in the Kepler field. The vertical red line denotes the duration of the
Kepler mission.

distributions per logarithmic and per linear period intervals, respec-
tively. In that case, F(P2) ≡ P2 f(P2). The possible functional forms
of F(P2) include uniform per logarithmic interval, lognormal with a
peak at about 180 yr which was found to fit the period distribution
of a large sample of binary stars (Abt & Levy 1978; Duquennoy &
Mayor 1991), or even a form with a peak near ∼3000 yr which was
obtained both from observations (Tokovinin 2008) and numerical
simulations (Naoz & Fabrycky 2014) for triples with close binaries.
For any of these three possibilities, f(P2) would vary roughly like
P −1

2 in the period range of Fig. 7.
As for the lower end of the outer period distribution, the question

arises as to whether the limit is set by observational selection effects
or results from actual dynamical effects. Fig. 8, which shows a
correlation plot of P2 versus P1 for all 222 systems, provides an
answer. In this figure, the blue lines denote the limits of the regions
where the ALTTE and the Adyn amplitudes are likely to exceed 50 s, a
value which roughly approximates the threshold for likely detection
of an ETV. The shaded cyan region indicates the period ranges
where the dynamical delays are still detectable even though the
LTTE delays might not be. There is only one system in this region,
which is KIC 05897826 (=KOI-126). This system, however, was
discovered via its triply eclipsing nature rather than via an ETV
analysis. The region shaded in yellow indicates part of the lower
outer period range where systems should nominally be detectable
via the LTTE delays even though the dynamical delays might be
undetectable. The fact that there are almost no systems in this region,
where detection of the LTTE delays should be straightforward,
proves that our sample of triples at the lower edge of the outer
period distribution has most probably been shaped by dynamical
or evolutionary processes rather than by observational selection
effects. For the cyan region, one might argue that the combination
of tightest binaries and tightest ternary orbits would lead to two
circular or, at least low-eccentricity, nearly aligned orbits due to tidal
effects or other interactions; in that case, Adyn is rather small. For the
yellow region, however, the ETV amplitude is dominated by ALTTE

rather than by Adyn, so this objection is not relevant. Therefore, we
can surely conclude that the tightest EBs, and especially the contact
binaries, do not have very close ternary companions. This result
might imply some additional differences between the dynamical
processes which lead to the formation of the tightest close binaries,

Figure 8. Outer triple orbital period, P2, versus the inner binary period, P1,
for 222 triple systems found in the Kepler field. The vertical red line denotes
the typical minimum orbital period of contact binaries, while the sloped
red line roughly separates regions of stability and instability. The horizontal
and sloped blue lines are boundaries that roughly separate detectable ETVs
from undetectable ETVs assuming that the ETVs must be ∼50 s or greater
in amplitude to be detectable. These amplitudes were calculated using mA
= mB = mC = 1 M⊙, e2 = 0.35, i2 = 60◦, and ω2 = 90◦. The arrows
indicate the direction of greater detectability as long as P2 ! 2000 d. The
shaded cyan region indicates the period ranges where the dynamical delays
are still detectable even though the LTTE delays might not be. There is
only one known system in this region (see the text for a discussion). The
region shaded in yellow indicates the period ranges where systems should
nominally be detectable via the LTTE delays even though the dynamical
delays might be undetectable. The fact that there are almost no systems in
this region may have interesting physical implications (see the text).

e.g. those with P1 ! 1/2 d, and the processes which lead to the
formation of binaries with longer P1.

In Fig. 8, the sloped red line approximately separates dynamically
stable systems from unstable systems. The position of the line is
based on an expression for dynamical stability in hierarchical triples
in Mardling & Aarseth (2001; see equation 27 of Borkovits et al.
2015). In applying this expression, we assumed that the outer orbital
eccentricity e2 is equal to the median value of 0.35 computed from
the eccentricity distribution in Fig. 9. The vertical line in this figure
indicates a value of P2 ≃ 0.2 d, approximately the shortest orbital
period of ordinary contact binaries. All but 3 of the 222 systems
lie between these two limiting curves, and, given the approximate
nature of both constraints, this seems entirely satisfactory.

The outer orbit eccentricities have a wide range of values (Fig. 9).
The distribution is characterized by a broad peak together with a
narrow peak near e2 ≃ 0.28. We have no immediate explanation for
either feature. In any event, the distribution is clearly inconsistent
with a ‘thermal’ distribution of eccentricities such as that originally
posited by Jeans (1919) which would be linearly rising with e2. In
contrast, our finding is in good accord with the eccentricity distribu-
tions of different populations of field binaries obtained from recent
surveys. This may be seen by comparison of the cumulative distri-
bution of the outer eccentricities of our complete sample (Fig. 10)
with the distributions shown in fig. 3 of Duchêne & Kraus (2013)
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(Borkovits et al. 2016)

Locations in the Pin − Pout plane of
222 CHTs detected by Kepler.
Detection limits: amplitudes Adyn and
Altte greater than ∼50 s (blue lines).
Deficit of CHTs with Pin . 0.7 d and
Pout . 200 d (yellow area).

Search for ultra-compact hierarchical triples (UCHTs) in TESS
photometric data.
⇒ Investigate the formation mechanisms of close binaries.
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