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ABSTRACT

We present the discovery of a candidate multiply transiting system, the first one found in the CoRoT mission. Two transit-like features with periods
of 5.11 and 11.76 d are detected in the CoRoT light curve around a main sequence K1V star of r=15.1. If the features are due to transiting
planets around the same star, these would correspond to objects of 3.7+0.4 and 5.0+0.5 Ry, , respectively. Several radial velocities serve to provide
an upper limit of 5.7 M, for the 5.11 d signal and to tentatively measure a mass of 287]] Mg for the object transiting with a 11.76 d period.
These measurements imply low density objects, with a significant gaseous envelope. The detailed analysis of the photometric and spectroscopic
data serve to estimate the probability that the observations are caused by transiting Neptune-sized planets as >26X higher than a blend scenario
involving only one transiting planet and >900% higher than a scenario involving two blends and no planets. The radial velocities show a long-term
modulation that might be attributed to a 1.5 My,, planet orbiting at 1.8 A.U. from the host, but more data are required to determine the precise

orbital parameters of this companion.
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1. Introduction

With the exquisite photometric precision of the space missions,
the field of exoplanets has reached several milestones in recent
years. To enumerate a few, transiting planets with moderate tem-
peratures like CoRoT-9b (Deeg et al.|2010), with periods of sev-
eral months, are key objects for studying the effect of the incom-
ing flux from the host stars on their atmospheres. The detection
of transit time variations was achieved in the system Kepler-9
(Holman et al.|2010), and they have been used to measure the
masses of several of the transiting planets found with the Kepler
mission (e.g., [Lissauer et al.[2011} |[Fabrycky et al.|2012| |Steffen
et al.[2013)). All the currently known transiting planets with den-
sities compatible with rocky compositions were detected from
space (e.g., CoRoT-7b, [Léger et al.|[2009, Kepler-10b, Batalha
et al|[2011] 55-Cnc e, Winn et al|[2011; [Demory et al.[[2011),
because their shallow transits -of a few hundred ppm- are a chal-
lenge for ground-based observations.

While exoplanetary systems have been routinely discov-
ered or confirmed with the radial velocity method, the improve-

* The CoRoT space mission, launched on December 27th 2006,
has been developed and is operated by CNES, with the contribu-
tion of Austria, Belgium, Brazil , ESA (RSSD and Science Program),
Germany, and Spain. Some of the observations were made with the
HARPS spectrograph at ESO La Silla Observatory (184.C-0639) and
with the HIRES spectrograph at the Keck telescope (NO35Hr, N143Hr
260 and NO95Hr). Partly based on observations obtained at ESO
Paranal Observatory, Chile (086.C-0235(A) and B).

ments in photometric precision and transit detection capabilities
with the space missions CoRoT (Baglin et al.|[2006) and Kepler
(Borucki et al.[|2010) allow for detection of transit-like features
equivalent to objects with the size of an Earth and smaller (e.g.,
Barclay et al.[2013)). The weakest transit signals demand consid-
erable resources, as shown, for instance, with the intense effort
needed to measure the mass of CoRoT-7b (Queloz et al.|[2009).
Not only is the radial-velocity amplitude smaller, but the rel-
ative importance of the contribution by stellar activity is also
higher, and new techniques need to be used to correct for this.
This claim is supported by the more than six different analyses
that have been published using the same radial velocity data set.
When the transits are found around fainter host stars and/or with
longer orbital periods, the current spectrographs do not reach the
precision needed to measure the masses of the planets. In these
cases, a study of the probabilities of the different scenarios that
are compatible with all the follow-up observations performed on
the target can result in a validation of a planet candidate. This
is the approach started by [Torres et al.| (2004)) and used in recent
Kepler discovery papers (e.g., Fressin et al.|201 1LCochran et al.
2011, Ballard et al.|2011},|Lissauer et al.[2014, Rowe et al.[2014).
For small planets, it is also more difficult to exclude background
eclipsing binaries, since fainter background stars could mimic
the transit signal.

This paper presents the discovery of the first multiply tran-
siting system found by CoRoTand, as such, is the first one that
can be observed from the southern hemisphere observatories. We
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describe the CoRoT data in the next section. After the analysis,
in Section [3] of the two transit signals that appear in the data,
we describe the follow-up observations in Sections [ [5] and|[6]
A study of the multiple stellar systems that are compatible with
the data is presented in Section[/| and the probabilities of these
systems are discussed in Section [§]

2. CoRoT observations

The target star CoRoT-24 was observed on the detector E1 of
the CoRoT satellite during its second Long Run pointing at the
direction opposite to the approximate galactic center (“anticen-
ter” in the CoRoT jargon). The observations lasted from Nov 16,
2008 until March 8, 2009, covering a total span of 111.64 days.
The target is faint, having a r mag of 15.1 (see Table[3). A transit
signal with a period of 11.76 d was detected in the framework of
the alarm mode (Surace et al.|2008) close to the end of the obser-
vations, and thus the last 10.7 days of the run are sampled with a
32 s cadence, instead of the nominal 512 s of the rest of the ob-
servations. The EN2 data produclﬂ consists of 45593 data points,
out of which 28672 are sampled with a 32 s cadence. The aper-
ture used on-board is a monochromatic one, since the telemetry
only allows for a recovery of chromatic information on a lim-
ited number of targets. Owing to the passage of the satellite over
the south atlantic anomaly (SAA) and other instrumental effects,
about 15% of the data are flagged as bad data points. A detailed
description of the performance and pipeline of CoRoT can be
found in|Auvergne et al.|(2009).

As in previous analyses, the power spectrum of the curve
without the data points flagged as invalid shows several peaks at
the satellite orbital period and its daily aliases. The period of the
satellite orbit is about 1.7 h, and thus it might affect the deter-
minations of the transit parameters, because the time scales are
comparable. To filter out this signal, we corrected each orbit i
with a model that was estimated by computing a Savitzky-Golay
smoothed version of the 30 closest orbits to i, normalized in-
dependently (Alonso et al.|2008). While this process performs
satisfactorily in removing the peak in the power spectrum at the
orbital frequency, the daily aliases remain as a consequence of
the gaps introduced in the data by removing the points that were
flagged as bad. To avoid this side effect, we interpolated the data
in the gaps by the use of an inpainting technique (Sato et al.
2010). The power spectrum before and after this correction is
plotted in Fig.[T|and the filtered light curve is plotted in Fig.

3. Analysis of the CoRoT light curve

A box-fitting least squares (BLS) search (Kovacs et al.[2002)
shows a peak in the signal detection efficiency (SDE) with an
amplitude 13.7 times greater than the standard deviation and
no other peaks of comparable amplitude (Fig. 3. Its period of
11.75 d corresponds to the period of the transit identified by the
alarm mode, and labelled as CoRoT-24c. This transit was mod-
eled with the (Giménez| (2006) formalism, as done for previous
CoRoT discoveries. As in the case of CoRoT-7b (Léger et al.
2009), the shallow depth of the transits prevents a precise deter-
mination of the mean stellar density of CoRoT-24 and we rely on
the radius estimation from the spectroscopic analysis described
in Sect. @ The fit parameters were the transit center, the radii
ratio k, and the inclination. The limb darkening coefficients [

! publicly available at http://idoc-corot.ias.u-psud.fr

2 Described by a quadratic law on the form I(u) = I(1)[1 — u,(1 —
) = up(l = p)*]
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Fig. 1. Amplitude spectrum of the light curve, showing peaks
at the frequencies of the satellite’s orbital signal and the daily
harmonics, before and after the correction described in Sect.[2]

were estimated from |Sing| (2010) and an error bar of 0.04 was
attributed to both u, and u,. The AMOEBA simplex minimization
method (Press et al.||1992) was used to find the minimum )(2 SO-
lution, and a residual permutation (prayer-bead) with a random
variation of the limb darkening coefficients according to the val-
ues given before was used to estimate the uncertainties of each
parameter. The eccentricity was fixed to zero. The phase folded
light curve and the best fit model are plotted in Fig. 4] Once
the best fit model was found, the transits of CoRoT-24c were
removed from the light curve. A new BLS search on the resid-
uals shows a peak at 5.11 days with a shallower depth (second
panel of Fig. [3) and a peak with an amplitude 11.8 times larger
than the standard deviation. This was fit using the same formal-
ism as above. The phase-folded and best fit curves are plotted
in Fig [5] and the candidate was labelled as CoRoT-24b . As a
final step, and to minimize the possible contribution of the tran-
sits of CoR0T-24b to the phase-folded curve of CoRoT-24c, we
removed the best fit solution of CoRoT-24b from the light curve
and repeated the process to estimate the final values for the pa-
rameters of CoRoT-24c¢ that are given in Table

4. Ground-based photometry

Due to the relatively large point spread function (PSF) of CoRoT
that allows one to get color information on the bright targets,
there might be several stars inside the PSF that will either cause
slightly different parameters obtained from the transit fit if not
taken into account, or in the worst case that could have deep
eclipses which are diluted by the brightest star in the PSF. Thus,
a photometric follow-up with telescopes that provide a narrower
PSF is performed in the CoRoT framework. The instruments and
techniques are detailed in [Deeg et al.|(2009), in this section we
briefly describe the observations carried out on CoRoT-24.

The BEST-II telescope (Kabath et al.| [2009) performed
pre-characterization observations of the LRa02 field between
November 2007 and February 2008, and none of the stars close
to the target detected with BEST-II showed any variation with
CoRoT ephemeris. The PSF of these observations has a typi-
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Fig. 2. Filtered light curve of CoRoT-24 . The black dots are the 512 s sampled data, while the blue curve has been combined in 1 h
bins only for display purposes. The inset shows a zoom, where individual transits can be barely detected. The vertical lines show
the positions of the transits of CoRoT-24b (dashed light blue) and CoRoT-24c¢ (solid dark blue).

2.0x107*
1.5%x107*

1.0x107*

5.0x107°
0

1.5%x107*

1.0x107*

BLS SDE

5.0x107°

0

T
o
=
o
=
o
w
=]

1.5x107*
1.0x107*
5.0x107° gl
0 E|
5 10 15 20 25
Period (d)

Fig. 3. SDE of the BLS search of the original normalized curve,
showing the peak due to CoRoT-24c (top); after removal of the
transits of CoRoT-24c, showing the peak due to CoRoT-24b
(middle), and after removal of b and ¢, showing no significant
peaks (bottom).

cal FWHM of about 6”, thus higher angular resolution than the
CoRoT dispersed PSF of 20-30”. The transit itself is too shallow
to be detected with this instrument. The star at about 28" SW in
Fig. [6] was observed as LRa02-E1-5235 by CoRoT , and it does
not exhibit eclipses or transits at the ephemeris of CoRoT-24 b
nor c.

We obtained higher resolution images on both the 82 cm
TAC-80 and the 2 m Faulkes Telescope North (FTN) telescopes.
These observations revealed at least four faint stars at distances
of about 10” from the target, as seen in Fig. @ and labelled as A,
B, C, and D. Only a small amount of the light from these targets
is entering into the CoRoT photometric aperture. If we consider
the worst -unrealistic- case in which all the flux from these stars
is included into the aperture, they would have to show eclipses of
atleast 30% in depth to match the depth of the transits of CoRoT-
24cand at least 17% to match that of CoRoT-24b. The required
depth of the eclipses of each star is summarized in Table

To check for this worst case scenario and in an effort to try
to refine the ephemeris of CoRoT-24¢, we observed the target in
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Fig. 4. Phase folded transit of the 11.75 d period CoRoT-24c.
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Fig. 5. Phase folded transit of the 5.11 d period CoRoT-24b.

two sequences using the 1.2 m Euler telescope, on January 2nd,
2010, from 00:41 to 09:37 UT, and with the new EulerCam de-
tector on November 12th, 2010, from 5:24 to 08:15 UT. None of
the four stars showed variations larger than 20% for the first se-
quence, and 10% for the second one. While the second sequence
only covers from slightly after the middle of the predicted transit
to the 1-0- upper limit of the fourth contact (using the ephemeris
from Table [), the January 2010 observations should have de-
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Table 1. Required depth of the eclipses in the contaminants A,
B, C, D of Fig[f]

EulerCam

A B C D
Relative R flux (target =1) 0.0075  0.0057 0.0080 0.0058
To match depth of CoRoT-24b 18% 25% 17.5% 24%
To match depth of CoRoT-24c 35% 46% 32% 45%

tected an ingress or egress of any of the four stars considering
the error in the ephemeris. Since this was not the case and, fur-
thermore, since none of the four stars are fully included into the
CoRoT aperture, we conclude that the transits of CoRoT-24c take
place on the target. Three new stars that were closer to the tar-
get were detected in the Euler images, but they are too faint to
explain the transits of CoRoT-24 b or c.

We checked for eclipses on the four stars during one ex-
pected transit of CoRoT-24b on December 29th, 2011, centered
at 06:44 UT using the ephemeris of Table ] We took images
in four different 20-min observing windows centered at about
02:15, 04:15, 05:15 and 06:45 UT, also with the EulerCam de-
tector, and built difference images with a similar observing se-
quence taken a few days after. None of the images reveals a
change in flux of any of the four stars of more than 18%. Since
the 1-0 error in the ephemeris at this epoch was 2h50m and the
transit duration about 2h51m, these observations discard back-
ground eclipsing binaries with the ephemeris of CoRoT-24b only
partially, covering eclipses centered from about -20- to +0.30
from the ephemeris. Further observations are needed to extend
this coverage to eclipses happening later than expected.

Finally, we explored the possibility of having other stars
closer to the target that lie in the glare of CoRoT-24 and that
would have not been detected in the other photometric obser-
vations. We used the instrument NACO at the VLT to obtain a
deep image in J filter with high angular resolution (Guenther
et al.[2013). This filter was selected in order to detect faint back-
ground stars that have red colors due to the extinction.The com-
bined image is shown in Fig. [6] where the faint stars that were
distinguishable in the Euler images now appear well resolved.
A normalized PSF profile of CoRoT-24 is shown in Fig.[7} to-
gether with the flux limits that a star should reach in order to
reproduce the transits of CoRoT-24 b and c, for the conservative
cases of a 100% eclipse and a 50% one. To remain undetected
in this high resolution image, potential eclipsing binaries should
lie closer than 1.3”7and 0.9”to the target to explain the targets of
CoRoT-24 b and c, respectivelyﬂ

5. Radial velocities

Two of the spectrographs that have shown to reach the preci-
sion required to discover super-Earth like planets were used in
an effort to measure the masses of the planets in the system (see
Santerne et al.[201 1| for details on the CoRoT radial velocity fol-
low up strategy). 37 spectra were taken with the HIRES/Keck1
spectrograph (Vogt et al.[[1994) as part of NASA’s key science
project in support of the CoRoT mission, and 34 measurements
were performed with the HARPS/ESO-3.6 spectrograph (Mayor

3 These numbers are obtained under the assumption that there is no
significant color difference between the stars observed in the CoRoT;
bandpass vs. the NACO J-band 1mage. A background star redder than
the target would require deeper eclipses in the NACO image to explain
the observed depths in CoRoT. This would shift the horizontal lines of]
Fig. [/lupward, resulting in more stringent limits to the distance of the
stars to remain unresolved in the NACO 1mage.

N

wull

Fig. 6. Region around CoRoT-24, from the image of CoRoT
taken at the beginning of the observations (left), imaged with
the 1.2 m Euler telescope (top right), and with the VLT/NACO
(bottom right). The red lines delimit the aperture used to extract
the photometry.
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Fig.7. Normalised PSF profile around CoRoT-24, from a
VLT/NACO combined image. The horizontal lines delimit the
flux level that a contaminant included in the CoRoT ’s PSF
should reach in order to produce the observed diluted transit
depth. Two lines are plotted, for an unrealistic contaminant com-
pletely disappearing during eclipse (100% eclipse line), and a
50% eclipse. Dashed line is for CoRoT-24c, while dotted line is
for CoRoT-24b. Realistic potential background eclipsing bina-
ries should lie closer than 1.3”and 0.9”to the main star to explain
the transit depths of CoRoT-24b and c, respectively.

et al.|2003)). These measurements are summarized in Table|2|, and
plotted in Figure[8] The data show a long term modulation that is
compatible with the presence of a longer period object in the sys-
tem, with a period of ~940 d, a K~35 m s~ and an eccentricity
close to 0.4. It would correspond to an object with a minimum
mass of ~1.5 My, and a semi-major axis of 1.8 A.U. The ob-
tained parameters for this candidate planet rely strongly on the
two single data points taken in 2010, which sample the phases of
minimum observed radial velocity. Further observations are thus
encouraged to confirm and better constrain the orbital parame-
ters of this candidate signal, especially around the phases of the
next predicted maximum radial velocity, which should happen
around January, 2015.

The periodogram of the combined HARPS + HIRES data
set, after the removal of the long period signal, is shown in Fig.[9]
Several peaks are identified at around 27.3 d, 13.5d, 9 d and
6.6 d, that could correspond to the rotational period of the star
and its harmonics (P;ot/2, Prot/3, Prot/4). A rotational period of
27.3 d is compatible with the value of the vsini, reported be-
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low assuming i, close to 90° and with the autocorrelation of the
photometric curve.

The region close to the photometrically determined period
of CoRoT-24c shows increased power, taking the observational
RV window function into account. In fact, the peak with most
power is consistent with the second harmonics of the window
function, and it is found at ~11.038 d. Since the orbital period
is well determined from the photometry, we evaluated the false
alarm probability of this signal by constructing sets of mock data
shuffling the RV data points, keeping the same time stamps. We
computed the integrated power of the periodogram in the re-
gions between the period of CoRoT-24c¢ and three times the error
listed in Table ] and in each of the harmonics due to the win-
dow function (which shows two peaks in frequency at 0.00277
and 0.005535 c/d, corresponding to the annual and seasonal ob-
serving windows). The false alarm probability was estimated by
counting the number of times the integrated power in these re-
gions was higher than in the data, resulting in a value of 11%.

Under the assumption that the RV signal from the two tran-
siting candidates is present in the data, we first estimated the
respective K-amplitudes of CoRoT-24b and CoRoT-24c¢ by per-
forming a two-sine component fit to the data after removing the
long-term trend. The periods and phases were fixed to the transit
ephemerides. The orbital solution was calculated using the gen-
eral nonlinear least squares fitting program GaussFit (Jefferys
et al.|1988). This resulted in K, = 0.80 £ 3.0 ms™' and K, = 5.2
+ 3.2 ms~!. This suggests that any short-term variations in the
RV measurements are dominated by CoRoT-24c.

We then fitted the RV measurements using a variation of the
floating offset fitting technique employed in detecting CoRoT-7b
(Hatzes et al.|[2011). The RV data were divided into eleven sub-
set data, four for Keck and seven for HARPS. The time span of
each data subset ranged from two to seven days, with a median
value of five days. On several nights there were three Keck RV
measurements and for the fit we used the median value. An or-
bital fit was made keeping the period and phase fixed to transit
values, but allowing the K-amplitude and zero-point offsets of
the subset data to vary.

The basis for this method is that during the short time in-
terval spanning each subset the variations due to the long-term
trend or stellar variations from rotational modulation is relatively
constant. Although the time span of the subset data is a signifi-
cant fraction of the rotational period (0.07 to 0.17) the star has
a relatively low level of activity, so our assumption seems rea-
sonable. This technique has the advantage of removing the long-
term trend without a functional fit. It also provides a natural way
of combining the HARPS and Keck data, each of which have
their own velocity zero-point.

The floating offset fit to the data using the period of CoRoT-
24c resulted in K. = 8.31 + 2.86 ms~!. Applying the method
using the period of CoRoT-24b resulted in K, = 0.88 + 2.46
ms~!. We then tried fitting the residual velocities using the pe-
riod of CoRoT-24b, but after first subtracting the contribution of
the derived orbit of CoRoT-24c. This resulted in K, = 0.0 + 2.1
ms~!. The floating offset method confirmed the results found
by the two-component sine fitting, namely that CoRoT-24c is
marginally detected (2.907) while CoRoT-24b is undetected.

Fits using the individual RV data sets gave consistent results.
A fit using only the Keck data resulted in K. = 6.64 + 3.60 ms~".
The 1ﬁt to only the HARPS data resulted in K, = 10.76 + 4.62
ms” .

Fig. [I0] shows the RV variations phased to the transit
ephemeris of CoRoT-24c after removing the calculate zero-point

offsets from the respective subset data. To better see the RV vari-
ations we also showed binned values.

50
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Fig. 8. Radial velocities, showing a long-term trend compatible
with a 1.5 My, object with a period of 940 d. Blue points for
HIRES data, red points for HARPS. More data are needed, es-
pecially at the phases of maximum RVs.
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Fig. 9. Periodogram of the combined HARPS + HIRES data set,
after the removal of the ~940 d signal. A low-significance excess
of power around the period of CoRoT-24c (11.759 d) is detected,
and zoomed in the inset plot. The vertical lines show the posi-
tions of the photometrically determined period, and the dashed
and dotted lines the locations of the harmonics due to the obser-
vational window.

The obtained semi-amplitudes correspond to a 1-o- upper
limit for the mass of CoRoT-24b of 5.7 Mg and a mass of
28*11M, for CoRoT-24¢ taking the host star mass estimation
described in the next section into account.

6. Spectral analysis

Seven HARPS spectra of CoRoT-24that were not contaminated
by the moon light were co-added once set in the rest frame of the
star. This provides us a spectrum with a S/N-ratio of 88 per ele-
ment of resolution. We determined the photospheric parameters
of the host star using the same methodology as in past CoRoT
papers: the spectroscopic analysis was done independently us-
ing the semi-automated package vwa (Bruntt et al. 2010, and
references therein) and sMmE (Valenti & Piskunov|1996)). The pa-
rameters obtained are listed in Table [4] The mass and radius of
the star were then estimated using the T, metallicity and logg
derived from the spectroscopic analysis, to fit the evolutionary
tracks of sTarevoL (Palacios, priv. com., see [Turck-Chieze et al.
2010; Lagarde et al.|2012| for a description of the code). It yields
amass of M, = 0917008 M and R.= 0.86*09 R, for the star.
The errors are formal statistic errors, which are known to provide
unrealistically low values due to, among other things, the intrin-
sic errors of the stellar models. We thus adopted in Table ] error
values of 10% for both mass and radius of the star, to account
for these extra errors.
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Fig. 10. Radial velocity measurements folded at the period of
CoRoT-24c, and best fit orbital solution with the parameters
given in the text. Blue dots are for HIRES, red triangles for
HARPS, and black squares data binned for displaying purposes.

We used the derived photospheric parameters and the avail-
able photometry to fit and scale a model spectrum, in order to
determine the interstellar extinction and the distance to the sys-
tem. The spectral energy distribution (SED) nicely follows the
scaled model, as shown in Fig.B.3 of (Guenther et al.| (2013)), and
shows no evidence of any mid-infrared excess.

The projected stellar rotation velocity was determined by fit-
ting the profile of several well-isolated spectral metal lines. We
found vsini,= 2.0*]2kms™'. The autocorrelation of the light
curve shows a peak at about 29 days (Fig. [IT), which is consis-
tent with a rotation with the vsini, found above. As in previous
cases, we found models that reproduce the spectroscopic param-
eters corresponding to a pre-main sequence evolutionary phase.
Due to the vsini, and the estimated rotation period, we did not
consider these solutions, because the star should be rotating at
higher velocity. The age of the star in the main sequence solu-
tions is around 11 Gyr.
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Fig. 11. Autocorrelation of the normalized light curve.

In order to search for late-type stars close to CoRoT-24,
whose brightness difference is much smaller in the infrared
than in the optical, we obtained a high resolution infrared spec-
trum using the CRIRES spectrograph which is mounted on
the VLT-UT1 (Antu), as part of a program for follow up of
CoRoT candidates. The strategy, instrumental configuration and
results for several candidates, including CoRoT-24, is described
in |Guenther et al.| (2013) (the case of CoRoT-24 is described
in its Appendix B.6). These observations exclude non-resolved

physically bound companions with spectral types earlier than
M2.5V.

7. Blend simulations

Without a very significant detection of the radial velocities, we
need to carefully check different blend scenarios that might ex-
plain all the observations described in the previous sections. In
the next paragraphs, we describe the technique we used to sim-
ulate and evaluate the probabilities of the transit signals to be
due to different types of stellar systems involving eclipsing bina-
ries or stars with bigger transiting planets. The method is quite
similar and strongly inspired by the BLENDER software described
in [Torres et al|(2011) and [Fressin et al.| (2011)). We apply it to
systems with either four or five bodies, because we consider the
two periodic transit signals real, and there is no stellar system
that can remain stable with such short periods. The simulations
of systems with four bodies account for those configurations
in which there is one transiting planet around one star, and an
eclipsing binary that can be physically associated or in the line
of sight. Simulations with five bodies are for systems where the
star 1 (the one detected in the spectra) is blended with two stars,
each in an eclipsing system or containing a transiting planet, also
at a wide variety of distances.

As a starting point, we used the cross-correlation function
(CCF) of the HARPS spectra to put flux limits to other stars
that are included in the spectrograph’s fiber. The main peak of
the CCF was subtracted from the individual exposures, and fake
CCFs with different widths were inserted at different velocities.
We quantify a 3-c0 level for non-detection of CCFs correspond-
ing to flux ratios of 0.01 of the main star. This condition was
included in the simulations described below.

We constructed light curves with the contribution of one of
the planets removed according to the results of the fits described
in the previous sectiorﬂ For each of these curves, we built a
phase folded light curve with the period of the remaining transit.
The goal of having a whole orbital phase curve for each of the
transiting objects is to check for potential secondary eclipses at
any of the orbital phases, since eccentric false positives will also
be checked. To construct these curves, we normalized each of
the planetary orbits with a 7th order polynomial, thus removing
most of the variations due to the stellar activity or uncorrected
instrumental effects. We checked that these low order polynomi-
als would not be able to remove the short (compared to the or-
bit) secondary eclipses. Finally we combined all the orbits into
a normalized phase curve binned in 0.0012 in phase (total of
834 points). To check for systems whose period is twice the one
of the potential planet, which correspond to stellar systems hav-
ing similar primary and secondary eclipses, we also built curves
folded at twice the period. In total, four light curves were built
this way, two for each of the transiting signals to be studied.

These light curves will be compared to many different mod-
els of four or five body systems, as described before. In the five
body scheme, we will call star 1 the one whose parameters were
extracted in the spectroscopic analysis of Section [f] stars 2 and
3 are the components of one of the eclipsing systems, and stars 4
and 5 the components of the other. In the four body scheme, the
only eclipsing binary is composed of stars labelled 3 and 4.

4 We did not consider the case of mutual transit occultations dur-
ing the transit. In the time span of the observations there is a less than
one hour overlap of the transit events centered at about 3285 in the
Fig. 2] Unfortunately, the photometric precision does not allow check-
ing if there are mutual occultations in that event.
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For each of the models, the stellar parameters of star 1 are
fixed to the results of the spectral analysis. We interpolate the
ATLAS9 model atmospheres of |Castelli & Kurucz|(2004) to the
values of the T, log g and metallicity, scale it with the stellar
radius and its distance, apply an extinction law of |Fitzpatrick
(1999) to the E(B — V) of the galactic interstellar extinction
model of Amores & Lépine| (2005)), and finally apply the spec-
tral response function of CoRoT given in|Auvergne et al.[(2009)
to get the observed flux of star 1.

7.1. Four body simulations

The star 1 is orbited by one planet (2), and we simulated eclips-
ing binaries (systems of star 3 and 4, where 4 is also allowed to
be a planet as a particular case). We explored systems where the
period of the planet 2 is that of 5.11 days, and systems where
it was 11.76 d. In each case, the system 3-4 will be assigned
the other period, or twice this value. This is done to account for
the possibility of star 3 and 4 being similar, and thus having no
significant differences between primary and secondary eclipses.
We extracted one value for the age and mass of the star 3-star 4
eclipsing system in the model from an uniform random distribu-
tion. We also chose a value for the eccentricity and the longitude
of the periastron randomly from an uniform distribution, and a
random distance for the eclipsing system. This distance is al-
lowed to vary from O to 10 kpc for the observations towards the
anticenter direction. Once these random values have been gen-
erated for stars 3 and 4, we interpolate the isochrones of Marigo
et al.| (2008) Girardi et al. (ZOIOE assuming solar metallicity,
to get the values of the Teg and log g. Then the ATLAS9 model
atmospheres are interpolated to these values and scaled with the
stellar radius and distance coming from the isochrones. We ap-
ply the same extinction law, model and CoRoT response function
to these spectra, and obtain the observed fluxes of stars 3 and
4. The semi-major axis is calculated from the masses and the
period of stars 3 and 4 and the orbital inclination is estimated
from the primary eclipse duration with the associated error bars
(measured in the light curve), using Eq. 7 in[Tingley & Sackett
(2005). We can then compute the model light curve of the star
1-planet 2 and of the system star 3-star4, using the JKTEBOP code
(Southworth et al.|2004alb, based on EBop Popper & Etzel|1981;
Etzel|[1981) and the limb-darkening coefficients of Sing| (2010),
dilute the system using the observed flux of star 1, and calcu-
late the y? with respect to the CoRoT-24 phase light curves. This
process is repeated for many (6-107) different random realiza-
tions of the parameters of the star 3 and 4, and of planet 2. In
order to speed-up the process, several conservative conditions
are plugged in the system in order not to compute unnecessarily
the eclipsing binary models: for instance, if there are no eclipses
that will match the observed duration, or if the undiluted eclipse
depth will be in any case smaller than the observed transit depth.
We also impose the condition to have the star 1 brighter than
the total of star 3 + star 4. In this case, our models have 13 free
parameters, five for the planet around star 1 (mass, radius, in-
clination, eccentricity and omega), and eight for the star 3-star
4 system (age, initial masses of 3 and 4, distance, inclination,
eccentricity, omega, and possibility of having 2x period). In the
case of the body 4 being a planet the number of free parameters
remains unchanged (age, initial mass of 3, radius and mass of
the planet, distance, inclination, eccentricity, omega).

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

7.2. Five body simulations

We simulated two eclipsing systems, namely star 2-star 3, and
star 4-star 5. In each of the cases the period is allowed to be
one of the periodic signals found in the light curve, or twice this
value. Solutions where the system 3 or 5 is a planet were also
included. The total number of free parameters is 16, i.e., 8 for
each of the systems, the same as in the case of the star 3-star 4
scenario of the four body simulations.

7.3. F-tests

To compare the blend and multiple transiting planetary sys-
tem scenarios we used the F-test, that is based on the ratio
of two reduced y?. The y?> maps were built in the parame-
ter space mass of star 2 (or 3, or 4, depending on the case)
vs distance modulus (A5 = 5 log, (%)) for each scenario.
In each box of the two-dimensional grid, we took the mini-
mum y? of all the models inside that box, and we computed
F= X%educed,blend /X%educed,planeturysysrem :

The results for all the different configurations explored are
plotted in Fig. [T2] Since the radial velocity results provide a
clearer detection of the CoRoT-24c signal, we describe in more
detail the results of the simulations in which one of the stars has
a transiting planet with the period of CoRoT-24¢ and explore the
possible scenarios that are compatible with the data. There are
typically two regions in the maps that are not excluded above a 3-
o level. One corresponds to eclipsing binaries with the primaries
being hot and massive stars, with masses higher than 1.7M,,. In
these cases, a CCF might have not been detected in the radial ve-
locity observations, but they need to lie at large distances in order
not to become the brightest member of the system, what would
give results that are inconsistent with the spectral analysis. The
other set of solutions is for eclipsing binaries with masses of the
primary below 0.9M, at a distance in which the diluted eclipses
could be mistaken with the transits of a planet, but not so close
as to have been detected in the CCF of the spectra.

The five body results are more restrictive, as they require
none of the primaries of the two blended eclipsing systems to be
detected in the CCFs, and each of the systems needs to lie at a
particular physical distance with respect to the brightest object
(star 1).

The first row of Fig.[T2]shows the case of two planets orbit-
ing around star 2, that after dilution created by star 1 would ap-
pear as small planets. Most of the allowed solutions are for sizes
of the planets of > 1Ry,p. Such a system with two Jupiter-sized
planets orbiting that close to their star has not been discovered
yet, and multiple transiting systems are known to rarely harbour
a transiting giant planet (Latham et al.|2011)).

8. Discussion
8.1. Probabilities for the different scenarios

We used an average image from the second Euler transit se-
quence in order to estimate the density of stars in the direction of
the CoRoT-24 observations. The FWHM of the PSF in this im-
age is about 1”. Fig. [13| shows the cumulative number of stars
per square arcsec, and the upper magnitude limits that a star
can have in order to reproduce the observed depths, neglecting
color effects that might move these lines slightly if the colors of
the contaminants are different between the CoRoT and the RG
bandpasses. From this Fig., we can (conservatively) estimate the
odds for a random alignment of a background/foreground star,
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that would remain undetected in the NACO high resolution im-
ages, and whose brightness is enough to explain one of the two
transiting signals, to about 1:180 (=1:1/0.0055, corresponding
to the crossing of the vertical line on the right of the plot and
the solid line). To this, we need to add the fact that the non re-
solved star should be an eclipsing binary. The fraction of eclips-
ing binaries found by CoRoT in previous fields (IRa01: 145 out
of 9872 sources, 1.47% |Carpano et al|2009, LRcO1: 158 out
of 11408 sources, 1.38% |Cabrera et al.|[2009) is similar in the
center and anticenter directions, and comparable to the results of
the Kepler mission (2165 out of 156453 sources, 1.38% Slawson
et al.[2011). Out of these, close to 50% are not “appropriate” to
be confused with a transiting planet, as they belong to the contact
or semi-detached systems. Thus, the fraction is on the order of
0.7 - 0.8%, and the odds to have a star that is an eclipsing binary
non resolved in the NACO image drop to 1:22000 — 1:26000.

According to the results of the previous section, the eclipsing
binary has also to lie at a particular physical distance from the
main target, and have an adequate primary mass and g-ratio in
order to reproduce the photometric observations. The constraints
imposed by the CCF and the photometry exclude mostE] binaries
with a primary with a mass from 0.9 to 1.7 M. Slightly dif-
ferent distances or g-ratios could produce blended transits with
depths that would be confused with that of a planet of different
size as that of CoRoT-24b. Using the distribution of detached
eclipsing binaries of [Slawson et al.| (2011)) we consider that we
can safely exclude up to 50% of the potential eclipsing binaries
because their primaries are in the mass range mostly excluded
by the CCF. We estimate the odds then to have a star that is an
adequate eclipsing binary, non resolved in the NACO image, and
not detected in the CCF of 1:44000 — 1:52000.

Because the radial velocities of the brightest star do not show
variations at the typical levels for stellar companions (km/s) and
since stellar eclipsing triple systems with periods of five and
eleven days are dynamically not stable, we have to estimate the
probability to have two adequate eclipsing binaries inside the
CoRoT PSF. With the photometric follow-up we have excluded
the case where the CoRoT-24c eclipses happen in any of the stars
that are at about 10” in Fig.[6] But, due to the non complete veri-
fication for eclipses with the ephemeris of CoRoT-24b (excluded
in a window from -20 to +0.30 of the predicted ephemeris),
we can currently only estimate the probability that one of the
five potentially worrying stars is an adequate eclipsing binary as
~5:130 (5 stars -the 4 labelled in Fig. [6] plus an hypothetical
star non resolved in the NACO images-, and a 0.7-0.8% frac-
tion of appropriate eclipsing systems). Thus, the probability to
have a blend of two eclipsing binaries and a single target star can
be currently estimated as <8.8-1077 (=1:44000x5:130). If future
photometric campaigns are able to definitely reject the possibil-
ity of having eclipses in the detected stars at projected distances
of about 10” from the target (see Sect. [ then this probability
could drop to <5.2-107'9 (=1:44000x1:44000).

This is to be compared with the probability of having a
genuine Neptune transiting system. Using the results from the
Kepler mission (Borucki et al.|[201 lﬂ we count 162 planetary
candidates with sizes between 3.3 and 5.5 times the size of

6 some particular -and low probable- systems with similar spectral

type as the target, and the same systemic velocity, or in which one of
the stars has a very fast rotation that avoids the detection of the CCF,
and are not resolved by the NACO images, can not be excluded. This
statement holds for many of the currently known exoplanets.

7 http://exoplanetarchive.ipac.caltech.edu/ , we used the targets la-
belled as “CANDIDATE” in the “Disposition using Kepler data” col-
umn, and the Q1-Q8 catalogue of (Burke et al.|[2014)).
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Fig. 13. Cumulative number of stars per square arcsec, computed
from a combined image of the field of CoRoT-24 that is com-
plete down to RG~25. The two vertical lines correspond to the
extremes of the horizontal lines in Fig.[/] i.e., the highest mag-
nitude a star could have in order to reproduce the observed tran-
sit depth of CoRoT-24b while completely disappearing during
eclipses, and the magnitude of a star with 50% eclipses needed
to explain the transit depth of CoRoT-24c.

the Earth, out of the ~190,751 stars surveyed by the mission.
Assuming that all these are true planets, we get that a fraction
of 0.85-1073 of the stars host a planet with a size in the range of
the candidates around CoRoT-24. Alternatively, we can also es-
timate the fraction of multiple transiting systems with two tran-
siting components using the results of |[Lissauer et al.[(2014)), as
272 candidates out of the observed stars with Kepler, represent-
ing a fraction of 1.4-1073. This later number includes also sys-
tems with sizes smaller than those detectable in the CoRoT-24
light curve, and thus constitutes an upper limit.

Thus, we estimate the five body scenario as >966X less prob-
able than having at least one transiting planet around the main
target (=0.85-1073 / 8.8-1077).

Out of the four body scenarios, in which there is one genuine
transiting planet and an eclipsing binary inside the CoRoT PSF,
the blend scenario having the highest probability is CoRoT-24¢
being a genuine transiting planet, while one of the five stars at
about 10” is an adequate eclipsing binary. Using the same as-
sumptions as above, we estimate the probability to have such a
configuration as 3.3:107 (=5:130x0.85-1073). If the close tar-
gets are excluded as eclipsing binaries (either with a photomet-
ric campaign of with a few radial velocities taken in each of the
stars), then the eclipsing binary should be non resolved in the
NACO image, with a probability of <1:44000 = 2.3-107> esti-
mated above.

Taken together, the scenario in which one of the transiting
signals is due to a planet is at least 966x times more plausible
than a double-blend system. The scenario of a multiple transiting
system in which both transit signals are due to planets is at least
26x more probable than a transiting planet + eclipsing binary
blend (=0.85-1073 / 3.3-107° ). This can rise to 37x if the five
stars at a distance of about 10” from the target are definitely
excluded as eclipsing binaries.

8.2. Dynamical stability

We calculated the orbital separation of CoRoT-24b and CoRoT-
24c in Hill-units, to get an idea of the stability of the system.
With the upper limit estimated for CoRoT-24b and the measure-
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ment of the mass of CoRoT-24c we estimate the orbital separa-
tions in Hill units of around eight. A two-planet system is sup-
posed to be stable in Gyr time scales if this number is larger than
seven (Funk et al.|2010)), so we conclude that dynamical stability
is not a problem for the CoRoT-24 system.

9. Conclusion

The light curve of CoRoT-24 is compatible with the transits of
two Neptune-sized planets (with radii of 3.7 and 5.0 Rg) at 5.11
and 11.76 d periods. We performed different photometric and
spectroscopic measurements to try to secure the planetary na-
ture of the objects and measure their masses and densities. The
relative faintness of the target and the expected low amplitude of
the radial velocity variations do not allow a precise mass mea-
surement of CoRoT-24b and we provide an upper mass limit
of 5.7 Mg, while for CoRoT-24c we obtain a tentative mass
of 28+11 Mg. The deduced low densities, of <0.9 gcm‘3 and
1.3703 gem™ are indicative planets with significant gaseous en-
velopes.

We have studied the different configurations of four and five
body systems that might reproduce the photometric light curve,
which allowed a rejection of several configurations. A combi-
nation of these simulations with a study of the stellar number
density in the direction of the target shows that the planetary sce-
nario is at least 900 times more probable than a blend involving
two eclipsing binary systems, and the multiple transiting planets
scenario is at least 26 times more probable than a single planet +
blend involving one eclipsing binary. In our reasoning, we have
not considered other factors that might contribute to the multi-
ple planet scenario, as the fact that there is a tentative detection
of a ~940 d, slightly eccentric ~1.5 My, object orbiting around
the main target. As there is not enough statistics in the current
sample of known multiplanetary systems, we have not used this
information to favor or penalize the planet scenario.

Thus CoRoT-24 is most probably a multiple transiting sys-
tem consisting of two Neptune-sized planets and a third more
massive object at a larger orbital separation. They orbit a K1V
star with a higher metallicity than the Sun, that shows photomet-
ric activity at a level of about 2% with time scales of about 29 d.
We interpret this as an indication of the stellar rotation period.
The system is thus a good example of the Neptune-sized mul-
tiple transiting candidates found in the Kepler mission [Borucki
et al.| (2011), and shows the intense ground-based effort needed
to confirm these objects and measure their masses, due in part
to the relative faintness, but also to the additional difficulty of
having non-transiting or longer period planets in the system that
complicate the analysis.

To proceed further, more precise light curves of the transit-
ing objects would allow a narrower range of scenarios that might
reproduce all the observables. A photometric search for deep
eclipses in the companions at about 10" of the target should be
performed with the ephemeris of the more challenging candidate
CoRoT-24b. Alternatively, these companions could be detected
spectroscopically. Despite being challenging for ground-based
observations, the progress in the recent years have shown that it
might be possible to detect the transits of CoRoT-24c (and prob-
ably also CoRoT-24b) and thus refine the ephemeris.

A more intense radial velocity campaign devoted to CoRoT-
24 might result in a more precise measurement of the masses of
the planets, and thus their densities. These data could serve to
better model the long period signal seen in the radial velocities,
and to evaluate the effects of additional planetary companions in

the system not considered in this work. Since the star shows pho-
tometric activity at the 2% level and a period of around 29 days,
the observing strategy should be designed in order to minimize
or to understand better the effect of the activity on the measured
masses. The star is currently the only multiple transiting sys-
tem observable from several observatories at the southern hemi-
sphere. Thus, CoRoT-24 could be a good target for future high
resolution spectrographs planned for bigger aperture telescopes,
such as ESPRESSO/VLT.
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Table 2. Radial-velocity measurements

BJD-2,400,000. RV o Instr
[km/s]  [km/s]

55170.975685 0.047 0.021 HIRES
55221.936568 0.022 0.010 HIRES
55222.971497 0.038 0.013 HIRES
55224.880813 0.045 0.011 HIRES
55610.830256 -0.025 0.012  HIRES
55610.999716 -0.035 0.014  HIRES
55934.798229 -0.001  0.006 HIRES
55934.875484 -0.006 0.006 HIRES
55935.069285 -0.032  0.008 HIRES
55935.811141 0.002 0.006  HIRES
55935.912918 0.004 0.006  HIRES
55936.047423 -0.018  0.007 HIRES
55936.802950 -0.015  0.008 HIRES
55936.921978 -0.016 0.006  HIRES
55937.065640 0.028 0.009 HIRES
55937.790470 -0.012  0.005 HIRES
55937.973689 -0.020 0.004  HIRES
55938.068929 -0.008  0.007 HIRES
55961.765078 -0.004 0.006 HIRES
55961.854540 -0.008  0.009 HIRES
55961.978822 -0.005  0.005 HIRES
55962.763358 -0.004  0.008 HIRES
55962.934853 0.015 0.007 HIRES
55963.894449 0.006 0.007 HIRES
55964.761177 -0.010  0.007 HIRES
55964.978007 0.014 0.005 HIRES
55967.760449 -0.008  0.008 HIRES
56314.788992 0.002 0.008 HIRES
56314.883034 -0.024  0.010  HIRES
56315.763203 -0.001  0.007 HIRES
56315.863308 -0.001  0.005 HIRES
56315.983394 0.012 0.009 HIRES
56316.769601 -0.009 0.011 HIRES
56316.990463 0.001 0.011 HIRES
56317.764979 0.001 0.008 HIRES
56317.875384 0.021 0.011 HIRES
56317.989249 0.005 0.011 HIRES
55163.78250 51.367 0.021 HARPS
55168.80944 51.399 0.023 HARPS
55238.60592 51.382 0.019 HARPS
55238.65085 51.332  0.017 HARPS
55239.58374 51.373 0.013 HARPS
55239.62694 51.379 0.012 HARPS
55244.63174 51.360 0.011 HARPS
55244.67206 51.352 0.014 HARPS
55873.82681 51.297 0.015 HARPS
55887.75733 51.315  0.028 HARPS
55888.76728 51.361 0.024 HARPS
55889.71362 51.302 0.048 HARPS
55890.71149 51.330 0.021 HARPS
55891.77165 51.321 0.016 HARPS
55893.70971 51.319 0.020 HARPS
55894.75240 51.301 0.013 HARPS
55895.74860 51.346  0.028 HARPS
55897.73358 51.367 0.017 HARPS
55898.73570 51.365 0.021 HARPS
55899.75383 51.321 0.014 HARPS
55900.72193 51.315 0.030 HARPS
55940.73120 51.314  0.021 HARPS
55941.60339 51.363 0.017 HARPS
55942.59996 51.311 0.030 HARPS
55944.70908 51.321 0.021 HARPS
55945.60067 51.379 0.022 HARPS
55947.70024 51.344 0.015 HARPS
55948.70078 51.312  0.013 HARPS
55949.58968 51.346  0.023 HARPS
55950.60120 51.327 0.018 HARPS
55951.60073 51.337 0.017 HARPS
56248.72977 51.349 0.031 HARPS
56251.77125 51.344 0.015 HARPS
56255.77752 51.328 0.016 HARPS
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Table 4. Planet and star parameters.

Ephemeris

Planet b orbital period P [days] 5.1134 + 0.0006
Planet b transit epoch of T, [HID-2400000] 54789.611 = 0.006
Planet b transit duration d,, [h] 2.85+0.25

Planet c orbital period P [days] 11.759 + 0.0063
Planet ¢ transit epoch 7', [HID-2400000] 54795.3803 + 0.0265
Planet c transit duration d,, [h] 48+0.2

Results from radial velocity observations

Radial velocity semi-amplitude K, [ms™T] <2.1

Radial velocity semi-amplitude K, [ms™'] 8.33:3

Systemic velocity V, [ kms™'] ~51.37
Eccentricity b and ¢ 0. (fixed)

Fitted transit parameters

Radius ratio k, = R, /R, 0.0370 + 0.0021
Radius ratio k. = R, /R, 0.0500 + 0.0010
Inclination i, [deg] 86.5+2
Inclination i. [deg] 89 fll'é

Phase of transit ingress 6, ; 0.0116 + 0.0010
Phase of transit ingress 6, . 0.0084 + 0.0003
Adopted parameters

Limb darkening coefficient u, 0.58 + 0.04
Limb darkening coefficient u,, 0.13 £ 0.04
Deduced transit parameters

Scaled semi-major axis a,/R. 109 +2.8
Scaled semi-major axis a./R. 18.0+2.5

ML /R, [solar units], estimated from transits of b 0.88 £ 0.22

M /R, [solar units], estimated from transits of ¢ 0.85+0.13
Impact parameter b, 0.65+0.3
Impact parameter b, 03+04

Spectroscopic parameters

Effective temperature T, ;¢[K] 4950 + 150
Surface gravity log g [dex] 4.55 +0.15
Metallicity [Fe/H] [dex] 0.30 +£0.15
Stellar rotational velocity vsini, [kms™] 20719
Spectral type K1V
Stellar and planetary physical parameters from combined analysis

Star mass [M;] 0.91 + 0.09
Star radius [Ro] 0.86 + 0.09
Distance of the system [pc] 600 + 70
Interstellar extinction [mag] 0.30 +£0.25
Stellar rotation period P,,, [days] ~29

Age of the star ¢ [Gyr] ~11
Orbital semi-major axis a, [AU] 0.056=+ 0.002
Orbital semi-major axis a. [AU] 0.098+ 0.003
Planet b mass M, [M; ] <0.018
Planet ¢ mass M, [M; ] 0.088’:8:8_22
Planet b mass M, [Mg ] <57
Planet ¢ mass M), [Mg ] 28711
Planet b radius R,[R;]* 0.33 +£0.04
Planet ¢ radius R, [R,]* 0.44 + 0.04
Planet b radius R,[Rg]* 3.7+04
Planet ¢ radius R,[Rg]* 50+0.5
Planet b density p, [g cm™] <09
Planet ¢ density p, [g cm™] 1343
Equilibrium temperature ? planet b, Ty K] 1070 = 140
Equilibrium temperature * planet c, Ty [K] 850 = 80

@ Radius and mass of Jupiter taken as 71492 km and 1.8986x10%* g, respectively.
b Zero albedo equilibrium temperature for an isotropic planetary emission.
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Table 3. IDs, coordinates and magnitudes.

CoRoT window ID LRa02-E1-4601

CoRoT ID 300001097

USNO-B1 ID 0862-0103851

UCAC2 ID 30490990

UCAC3 ID 173-47999

DENIS ID J064741.4-034309

2MASS ID 06474141-0343094
Coordinates

RA (J2000) 6h47m41.41s

Dec (J2000) -03°43’09.5”
Magnitudes

Filter Mag Error
re 15.113 -
i 14.305 0.05
JP 13.595 0.021
H? 13.046 0.03
K’ 12.924 0.023

¢ Provided by Exo-Dat (Deleuil et al, 2008);
b from 2MASS catalog.
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Fig. 12. Maps showing the regions where the F-test resulted in solutions not excluded to a level above 3-o- with the multiple
transiting system solution (solutions excluded above 3-0- appear white in the plot). The different explored configurations are sketched
at the left of each plot. The color scale is for the different q ratios of the binary star or for the radii of the planets, and the color
intensities are for different levels of exclusion (more intense meaning less excluded). The ordinate axis shows the distance modulus
(A6 =5 log, (D blend )) Bound, or closer to the observer, second stars are excluded with CRIRES spectra for spectral types later
than M2.5V (Guenther et al.[2013). Regions labelled as “partially excluded by HARPS” are those in which a second CCF would
have been detected in the HARPS data. In the case of rapidly rotating stars, this second CCF might have been unnoticed. In every
case, second stars with masses above 1.7M,, have been assumed to be undetectable in the CCFs, what explains the vertical cuts at
this value. The upper left parts of the plots are typically excluded because the hypothetical system would produce eclipse depths
below the observed values. The diagonal solid lines labelled with different J values are plotted to provide a direct comparison with
the exclusion values from the NACO J-band images given by [Guenther et al.| (2013): a J=17 star would have been detected at (and
above) 0.18”from the primary, a J=18 at 0.23”, and a J=19 at 0.58".
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