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Solaris Orbital analysis Modelling Conclusions

Solaris network

Solaris: network of four autonomous observatories in the Southern
Hemisphere (Kozłowski et al. 2014, 2017).

Solaris-1 and -2 in the South African Astronomical Observatory
(South Africa).
Solaris-3 in Siding Spring Observatory (Australia).
Solaris-4 in Complejo Astronómico El Leoncito (Argentina).

objective. The instrument is optimized for f/10 input beams and
cameras based on the KAF-1603 CCD chips. After a successful
test campaign, a final production version of Baches has been
installed permanently on the Solaris-1 telescope in South Africa
(Figure 7). To avoid the need of manual instrument changes
(photometry remains the main observing mode of the telescope),
the imaging train has been fitted with a custom-designed guide
and acquisition module (GAM). The unit includes an internal flip
mirror allowing for remote selection of the desired instrument:
CCD camera or spectrograph. The spectrograph setup also
includes a remote calibration unit (RCU) which is used to feed
light from quartz and thorium-argon calibration lamps to the
spectrograph via a fiber. After commissioning, the spectroscopic
mode was thoroughly tested during a dedicated observing
campaign (Kozłowski et al. 2016).

3.2. Computer Hardware

Each observatory is controlled by a single server-grade
computer fitted with a GPS card and a multi-port serial card
(Table 2). Fiber is used where needed (Figure 4) and all
components have UPS backup power. Practice shows that USB
connections can be unstable, especially when large data
throughput is required. To maximize robustness, the following
has been taken into account: USB data cables short as possible,
respecting the standards (e.g., microUSB and similar have
cable length limits), use of tested configurations (e.g., the Icron
USB-fiber extender), use of reliable power supplies with proper
cabling (cable gauge adjusted according to the current, voltage

requirements, and length) and proper grounding of all
equipment.

3.3. Dome and Infrastructure

Dome. Clamshell domes manufactured by Baader Planetar-
ium GmbH were selected for the project. The 3.5-m domes are
made of fiber-reinforced plastic and are self-sustained struc-
tures consisting of a cylindrical dome base and four motorized
segments that allow the dome to be opened fully and provide
an unobscured view of the entire sky. The sandwiched structure
is well insulated. The concrete footing precisely matches
the external circumference of the dome and is separated from
the telescope’s pier base to prevent the transfer of vibrations
from the dome onto the telescope.
Weather stations. Real-time weather information is pro-

vided by two weather stations that measure temperature;
relative humidity (redundant); wind speed and direction;
precipitation (redundant); and the cloud base. One of the rain
sensors is additionally hardwired to the dome controller for
extra security.
All-sky camera. To provide precise cloud coverage

information, all sites have been equipped with an SBIG all-
sky camera and a p2 SkyTM add-on module that provides the
cloud detection functionality. The device analyses the all-sky
images and determines the cloud coverage based on photo-
metric measurements. The results are used as input by the
control system. p2 SkyTM also provides a web interface that
gives access to the configuration options and image database

Figure 3. Solaris-4 site, CASLEO, Argentina. The site is accessible only with a proper 4×4, especially during and after rainfall. The steel cables visible on the right
are guy-wires that support the lightning mast.
(A color version of this figure is available in the online journal.)

5

Publications of the Astronomical Society of the Pacific, 129:105001 (29pp), 2017 October Kozłowski et al.

Solaris-4 site (CASLEO, Argentina)
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Solaris network

Goal: detect exoplanets around binaries and multiple stars using
high cadence and high-precision photometry (Konacki et al. 2012).
∼240 stars observed photometrically by the Solaris network be-
tween 2015 June and 2021 April.
V1200 Centauri observed by Solaris during three main campaigns
between:

2017 February and August (∼75 observation nights).
2018 March and August (∼55 observation nights).
2019 February and April (∼25 observation nights).

⇒ ∼30 000 data points collected both with V and I filters.
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Interest of V1200 Centauri

V1200 Centauri: eclipsing binary of Algol type (Samus et al. 2017).
Bright detached system (V = 8.5mag; Høg et al. 2000) with an
orbital period of ∼2.5 d (Coronado et al. 2015).
Coronado et al. (2015) reported the presence of a third stellar-mass
companion in a large orbit (P' 352 d).
Coronado et al. (2015): depth of secondary eclipse comparable to
the scatter of data.
⇒ Large uncertainties on the resulting parameters (R , Teff, age).
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LC modelling
3022 F. Marcadon et al.

Figure 3. Phase-folded light curves of V1200 Cen from TESS (top) and
Solaris in the I band (bottom). Red dots denote the observations while the
blue line corresponds to the best-fitting model obtained with JKTEBOP. Fitting
residuals are shown in lower panels. The I-band light curve was detrended
before fitting in order to remove the long-term variability of the comparison
star and the short-term atmospheric fluctuations. We used a detrending
algorithm, namely Wōtan, which offers the possibility of masking the eclipses
during the procedure. For the TESS light curve, we proceeded in the way
described in Section 3.1. For graphical clarity, we removed the linear trend
and the three sine waves from the TESS data before plotting them.

the periodogram were then added, one by one, to the light curves.
This allows us to take the contribution of stellar activity, such as spots,
into account. In this way, periodic variations with a semi-amplitude
higher than about 0.7 mmag were removed from the TESS light curve,
which is shown in Fig. 3. For each model, we checked that the derived
parameters are still consistent within their error bars. In contrast to the
previous analysis of Coronado et al. (2015), the orbital eccentricity
was found to be slightly different from zero. Indeed, a value of e =
0.01 is required to properly fit the high-precision TESS light curve.
We then kept the eccentricity fixed to this value when modelling
the Solaris light curves. Furthermore, using TESS photometry, we
reduced by a factor of ∼7 the uncertainty on the orbital inclination
such as derived by Coronado et al. (2015). This can be seen in Fig. 4
where we plotted the distribution of the inclination as a function
of r1 + r2 and k (for a comparison, see fig. 3 of Coronado et al.
2015). Again, we adopted the value derived from TESS photometry,
i = 81.38◦ ± 0.18◦, as a fixed parameter in the model fitting of the
Solaris light curves. In Fig. 3, we presented the observed TESS and
Solaris light curves associated with their best-fitting models derived

Figure 4. Results of the Monte Carlo analysis performed with JKTEBOP on
the TESS data. Both plots present the distribution of the best-fitting models
in the i versus r1 + r2 (left) and i versus k = r2/r1 (right) planes. Black stars
with error bars indicate the mean values of the different parameters with their
corresponding 1σ uncertainties.

from our analysis. The root mean squares (rms) of the residuals are
0.6 and 12.0 mmag, respectively.

In order to derive reliable uncertainties, we performed Monte
Carlo simulations on the TESS and Solaris light curves, with 10 000
runs each, as implemented in JKTEBOP (Southworth et al. 2005).
For the Solaris light curves, the model parameters that were held
fixed during the fitting procedure, i.e. e and i, were then perturbed
in the Monte Carlo error analysis. Thus, the correlation between
the fitted parameters can be assessed (see Fig. 4). In Table 1, we
summarized the results derived in this work, as well as those obtained
by Coronado et al. (2015) from the All-Sky Automated Survey
(ASAS; Pojmanski 2002; Paczyński et al. 2006) and Wide Angle
Search for Planets (SuperWASP; Pollacco et al. 2006) surveys. We
obtained very consistent results between the four surveys, based
on various approaches. The main difference concerns the fractional
radius of the secondary star, r2, for which our estimate is about
4 per cent higher than the value adopted by Coronado et al. (2015).
This is consistent with the correlations shown in Fig. 4, where a
lower inclination implies larger values of r1 + r2 and k, and thus a
larger fractional secondary radius. Thanks to the high precision of
the TESS photometry, we also significantly improved the precision
on the fractional radii (∼1 per cent). From the fit of the SAP
light curve, adopting the same approach as for the PDCSAP light
curve, we obtained consistent results within their error bars, i.e.
r1 = 0.137 9 ± 0.002 9, r2 = 0.116 1 ± 0.005 6, and i = 81.27◦ ±
0.25◦. Thus, the use of either the SAP or PDCSAP light curves does
not change our conclusions. The implications of these results will be
discussed in detail in Section 4.

3.2 Radial velocities and spectroscopic orbit

In this section, we present the methodology employed to process
the RV measurements of V1200 Cen. Our analysis is based on the
previously published RVs from the PUCHEROS10 and CORALIE11

spectrographs (Coronado et al. 2015), supplemented by our own

10For more details, see Vanzi et al. (2012).
11For more details, see Queloz et al. (2001).
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(Marcadon et al. 2020)

Photometric data from Solaris and TESS
(Transiting Exoplanet Survey Satellite).
Solaris: ∼30 000 data points collected with
a I filter during ∼155 nights (2017–2019).
TESS : ∼14 000 data points obtained in 2-
min cadence for 27.1 d (sector 11).
Light curves fitted using the JKTEBOP
code (Southworth et al. 2004).
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RVs and orbital solution

Radial velocities obtained with different spectrographs.
18 previous measurements from PUCHEROS and CORALIE.
6 new measurements from CHIRON used in this work.

Optimal solution found for a 180-d outer period by fitting a double-
Keplerian orbit.

Analysis of the multiple star V1200 Centauri 5

Table 1. Parameters obtained from our analysis of the TESS and Solaris light curves and from the previous analysis of the
ASAS and SuperWASP (SW) light curves by Coronado et al. (2015). The values without error bars were held fixed during the
fitting procedure. The adopted values are weighted means.

Parameter TESS value Solaris value ASAS value SW value Adopted value

P [d] 2.482 732 7(69) 2.482 961 5(44) 2.482 877 8(43) 2.482 875 2(25) 2.482 881 1(19)
T0 [JD�2 450 000] 1 883.864 432(39) 1 883.860 791(91) 1 883.878 9(31) 1 883.882 7(24) 1 883.863 863(36)
T [JD�2 450 000] 1 883.807 765(39) 1 883.804 266(91) 1 883.878 9(31) 1 883.882 7(24) 1 883.807 212(36)a

e 0.010 108 0(25) 0.010 108 0 0 0 0.010 108 0(25)b

i [�] 81.38± 0.18 81.38 81.9+2.8
�1.3 81.6+1.6

�1.3 81.38± 0.18b

r1 0.138 9± 0.001 9 0.139 1± 0.001 8 0.137+0.014
�0.015 0.138+0.025

�0.034 0.139 0± 0.001 3
r2 0.113 7± 0.003 8 0.114 1± 0.001 4 0.107+0.024

�0.039 0.110+0.038
�0.026 0.114 0± 0.001 3c

Notes. a The term T corresponds to the time of periastron passage, which is di�erent to the time of primary minimum T0
when e , 0. The adopted value of T was thus computed as the weighted mean of the TESS and Solaris values only.
b For e and i, we adopted the well-constrained values from TESS.
c The adopted value of r2 was computed as the weighted mean of the TESS and Solaris values (see text).

Figure 3. RV curves of V1200 Cen described by a double-Keplerian orbital model using radial velocities of stars Aa (blue) and Ab (red). Upper-left panel:
Best-fit solutions for stars Aa (black) and Ab (grey) after having removed the 180-day modulation induced by the third body. The curve is phase-folded at
the orbital period PA ' 2.5 days, where phase 0 is set for the time of primary minimum T0. Upper-right panel: Best-fit solution for the centre of mass of the
eclipsing pair after having removed the orbital motion of stars Aa and Ab. The curve is phase-folded at the orbital period PAB ' 180 days, where phase 0 is
set for the time of periastron passage TAB . Lower panels: Residuals of the fitting procedure.

multiple star can be a�ected by the orbital motion of the system
(Pourbaix 2008). Second, our parallax estimate may be biased by
the e�ective temperatures taken from Coronado et al. (2015). An
accurate Te� determination will then be performed in Section 4.3.

Using the values of MAa and MAb , associated with the quantity
f (MB) in Table 2, we also determined the mass of the third body.
We found that MB = 0.871 ± 0.020 M� , which corresponds to a
minimum value obtained by considering iAB = 90�. As explained
in Section 2.3, we then attempted to search for signatures of the third
body in CHIRON spectra with no success. A possible consequence
is that the third body is itself a binary system with two low-mass
stars of, for example, 0.45 M� each. From our analysis, we argue that
V1200 Cen is actually a quadruple star system with an outer period
of 180.4 days instead of 351.5 days. Understanding the formation
of close binaries in quadruple star systems represents a major issue
in stellar astrophysics (see Hamers 2019, and references therein),
which is beyond the scope of this paper.

4.2 Kinematics

In this work, we checked the validity of the Galactic space ve-
locities (U, V , and W)13 derived by Coronado et al. (2015) for
V1200 Cen. To this end, we adopted the method developed by
Johnson & Soderblom (1987) and implemented in the ��� proce-
dure gal_uvw14. The input parameters of this procedure are the
position (↵,�) at a reference epoch, the parallax ⇡, the proper mo-
tion (µ↵⇤,µ�) and the systemic velocity �AB . We used the values
provided by Gaia Collaboration et al. (2018a), except for �AB where
the value was taken from our best-fit RV solution in Table 2. We
then obtained U = �24.11±0.39 km s�1, V = �32.87±0.49 km s�1

and W = �10.48± 0.22 km s�1. No correction for solar motion was

13 The values of U , V , and W are positive in the directions of the Galactic
centre, rotation, and north pole, respectively.
14 https://idlastro.gsfc.nasa.gov/ftp/pro/astro/gal_uvw.

pro

MNRAS 000, 1–8 (2019)

RV observations and orbital solution for V1200 Cen (Marcadon et al. 2020)
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Physical parameters
Physical parameters derived from our analysis:

MAa = 1.393±0.018M� MAb = 0.863±0.008M�

RAa = 1.407± 0.014R� RAb = 1.154± 0.014R�

Effective temperatures computed using the Gaia DR2 parallax:
Teff,Aa = 6 588± 58K Teff,Ab = 4 475± 68K

Individual ages deduced from the MESA isochrones:
AgeAa = 18.5Myr AgeAb = 7.0Myr

8 F. Marcadon et al.

Figure 4. Comparison between the observed parameters of V1200 Cen and the predictions from MESA isochrones. Left: Radius versus mass plane (upper
panel) and log Te� versus mass plane (lower panel) for star Aa. Green, blue and red lines correspond to isochrones for ages of 17.5, 18.5 and 19.5 Myr,
respectively. Black dots with error bars indicate the derived values of R, M and log Te� with their corresponding 1� uncertainties. The Te� value is taken
from Table 4. Right: Same as left, but for star Ab and isochrones with the ages indicated in the figure.
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APPENDIX A: RADIAL VELOCITIES

In Table A1, we listed all the RV measurements of V1200 Cen
used in this study, together with the final measurement errors �.
For the sake of clarity, we kept the notation introduced by Coro-
nado et al. (2015), where indices 1 and 2 refer respectively to the
primary and secondary components (Aa and Ab) of the eclips-
ing pair. The last column shows the telescope/spectrograph used,
coded as follows: 5/P = OUC 50-cm/PUCHEROS, E/C = Euler 1.2-
m/CORALIE, C/C = CTIO 1.5-m/CHIRON.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Stellar parameters of V1200 Cen and MESA isochrones (Marcadon et al. 2020)
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Physical parameters

Stellar parameters determined with a precision better than 1.5%.
Age difference of 11.5Myr between the two eclipsing components.
⇒ Stars belonging to a multiple system are assumed to have the same age.
⇒ Similar results obtained by J. Marques (IAS, France) using CESTAM.
CESTAM: Code d’évolution stellaire, avec transport, adaptatif et modulaire
(Morel and Lebreton 2008; Marques et al. 2013).

4.55.05.56.06.5
Teff (K) ×103

−0.6

−0.4

−0.2

0.0

0.2

0.4

0.6

lo
g
L
/L
�

4.55.05.56.06.57.07.58.0
Teff (K) ×103

−0.4

−0.2

0.0

0.2

0.4

0.6

0.8

lo
g
L
/L
�

Evolutionary tracks in the HR diagram (Marcadon et al. 2020)
Frédéric MARCADON Analysis of the multiple star V1200 Centauri 7 / 9



Solaris Orbital analysis Modelling Conclusions

Main results

V1200 Centauri: quadruple star system with a 180-d outer period.
⇒ Minimum mass of the third body: MB = 0.871± 0.020M�.
⇒ Consistent with a sub-system B composed of two low-mass stars.
Dynamical interactions between stars in close multiple systems can explain
the observed age difference (Stassun et al. 2014).
⇒ Impact on the stellar parameters during the early evolution stage.
⇒ Impossible to fit both pre-main-sequence stars with the same age.

Broadening function of V1200 Cen (Marcadon et al. 2020)
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Future prospects

PLATO – Planetary transits and oscillations of stars (ESA, 2026).
Future space mission dedicated to asteroseismology and exoplanet
searches.

Research proposal: binary and multiple star systems as benchmarks
for stellar evolutionary models.
⇒ Creating a catalogue of well-characterised binary and multiple
systems in preparation for PLATO.
⇒ Studying the formation and evolution of stars and planets be-
longing to binary or multiple systems.
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