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ABSTRACT

Aims. We report the discovery of CoRoT-16b, a low density hot jupiter that orbits a faint G5V star (mV = 15.63) in 5.3523 + 0.0002 days with
slight eccentricity. A fit of the data with no a priori assumptions on the orbit leads to an eccentricity of 0.33 + 0.1. We discuss this value and also
derive the mass and radius of the planet.

Methods. We analyse the photometric transit curve of CoRoT-16 given by the CoRoT satellite, and radial velocity data from the HARPS and
HIRES spectrometers. A combined analysis using a Markov chain Monte Carlo algorithm is used to get the system parameters.

Results. CoRoT-16b is a 0.535 —0.083/+0.085 M;, 1.17 —0.14/+0.16 Ry hot Jupiter with a density of 0.44 —0.14/+0.21 gcm™>. Despite its short
orbital distance (0.0618 + 0.0015 AU) and the age of the parent star (6.73 + 2.8 Gyr), the planet orbit exhibits significantly non-zero eccentricity.
This is very uncommon for this type of objects as tidal effects tend to circularise the orbit. This value is discussed taking into account the

characteristics of the star and the observation accuracy.

Key words. stars: fundamental parameters — techniques: photometric — techniques: spectroscopic — techniques: radial velocities —

planetary systems

1. Introduction

Since the first detections of extrasolar planets in the beginning
of 1990s, several programs for the systematic search for these
objects have started, mainly based on radial velocity and pho-
tometric transit measurements. These programs have led to the
discovery of more than 750 new planets of which more than
25% orbit at a distance closer than 0.07 AU from their parent star
and with periods shorter than 6 days (http://exoplanet.eu).
Because of their proximity to the star, these planets are consid-
ered as “hot planets”. Their present position within the planetary
system is thought to result from the interaction with either other
planets of the system, nearby stars, the protoplanetary disk or a
combination of all these effets (Papaloizou & Terquem 2006).
These interactions lead to an orbital migration within the plan-
etary system that not only brought the planet close to its parent
star, but also usually circularised the orbit thanks to a strong tidal
effect between star and planet. As a consequence, about 87% of
the planets with an orbital period shorter than 6 days have an

* The CoRoT space mission, launched on December 27, 2006, has

been developed and is operated by the CNES with the contribution of
Austria, Belgium, Brasil, ESA, Germany, and Spain.
** Observations made with the HARPS spectrograph at ESO La Silla
Observatory (HARPS programs 083.C-0186 and 184.C-0639) and the
HIRES spectrograph at the Keck Observatory (NASA-Keck programs
NO35Hr, N143Hr and NO95HTr).

Article published by EDP Sciences

eccentricity smaller than 0.1, and only 2 of them have an ec-
centricity bigger than or equal to 0.3. The highest eccentricity
is 0.5171 for HD 147506b (HAT-P-2 b), a massive giant planet
(8.74 + 0.26 Mjy) around a F8 star (Bakos et al. 2007). Short pe-
riod eccentric systems are thus very unusual and results certainly
from complex evolution processes.

This paper reports the discovery of CoRoT-16b, a hot Jupiter
around a G5V star of magnitude mV = 15, 63. A fit of the radial
velocity data within a Monte Carlo Markhov chain (MCMC)
analysis leads to a value of the orbital eccentricity of 0.33
—0.1/+0.09. This is one of the highest orbital eccentricities found
for such a short period object.

The photometric data were obtained by the CoRoT space
telescope. CoRoT conducts a survey dedicated to the search
extrasolar planets via photometric measurements (Baglin et al.
2006). A detailed description of the mission and the instru-
ment can be found in the pre-launch book (CoRoT 2006). An
overview of the global performance of the CoRoT Observatory
after the launch and two years of activity can be found in
Auvergne et al. (2009).

We first describe the photometric lightcurve and study the
potential sources of photometric contamination thanks to high
resolution imaging. We then derive the parameters of the par-
ent star from the high resolution spectroscopic data analysis and
describe the analysis of the radial velocity data. We show that,
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Fig. 1. CoRoT-16 filtered lightcurve.

taking into account the fact that the star is faint, a better estima-
tion of the planetary system parameters can be obtained thanks
to a combined MCMC analysis. We finally discuss the planetary
orbital parameters and theoretically the structure and evolution
of CoRoT-16b.

2. Photometric observations and contamination
analysis

2.1. Photometric analysis

The photometric data of LRc03_E2_2590, called later CoRoT-
16b (see Table 3 for other denominations) provided by
CoRoT consist of 132124 photometric measurements cover-
ing 89.19 days of effective observation from HDJ-2450000 =
4925.42 to HDJ-2450000 = 5014.61 sampled at a rate of one
measurement every 512 s. Starting at HDJ-2450 000 = 4964.94
the sampling rate was increased to one measurement every 32 s.
For brighter stars in the CoRoT exoplanet field prisms provide
light curves in three color bands. However, this target was too
faint (mV = 15.63) so only white color photometric data ex-
ist. It is thus not possible to use the chromatic information to
disentangle from complex false positive cases, for instance, in-
volving nearby contaminating stars, eclipsing binaries, etc. other
phenomena.

The first step of the photometric analysis consists of a sim-
ple filtering of flagged outliers in the lightcurve provided by the
CoRoT Data Center (CoRoT 2006). The corresponding filtered
lightcurve is shown in Fig. 1. Data were analysed using clas-
sical algorithms employed by the CoRoT team since CoRoT-
1b (Barge et al. 2008). A signal was identified with a period of
5.3516 +0.001 days. Sixteen transit events were identified, start-
ing at HID-2450000 = 4923.9223 +0.0089. These were then
extracted from the lightcurve and a parabolic fit was performed
around each to remove the stellar variability and/or instrumen-
tal residuals. Because of the faintness of the star and thus the
relatively low signal-to-noise ratio (SNR) of the lightcurve, the
photometric lightcurve could not be used independently from
the radial velocity data to extract the orbital parameters of the
planetary system, particularly the period and the eccentricity.

2.2. Contamination analysis

Figure 2 is a piece of the overall field of CoRoT taken at the be-
ginning of LRc03 (third long run of CoRoT in the galactic center
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Fig. 2. CoRoT CCD image of the CoRoT-16 target and its environment.
No evident bright star appears within the target vicinity.

Table 1. Main potential contaminating stars around CoRoT-16 target
(#0) and their characteristics.

# Dist from RA Dec mR  Contam.

center J2000 J2000 (%)
(arcsec) (deg) (deg)

0 0.000 278.524650 -06.002642 14.9 Target

1 6.733 278.524373  -06.004492 18.6 1.4

2 11.617 278.526698  -06.000139 17.5 0.9

3 24.455 278.526420 -06.009203 14.9 0

4 26.830 278.519845  -05.996923 16.8 0

5 28.810 278.516895 -06.004778 17.7 0

6 33.229 278.516542  -05.998150 13.8 0

7 34.634 278.520167 -06.011167 13.5 0

8 36.144 278.514662 -06.001181 17.3 0

9 37.574 278.533928 -06.007520 13.2 0

10 38.317 278.523509  -05.992059 18.5 0

direction), centered around CoRoT-16 target. The shape of the
photometric mask is sketched. No evidence of strong contamina-
tion appears on that image. The contamination analysis has been
performed using the method described in Bordé et al. (2010).
Figure 3 from the Palomar Observatory all Sky Survey II (Reid
et al. 1991) gives a high angular resolution image of CoRoT-16
and its environment, along with the magnitude of each neigh-
bour. Table 1 gives the coordinates and main characteristics of
contaminants as they appear in Fig. 3.

The contamination level, defined as the ratio of the flux
through the photometric mask of all the neighbour stars to the
flux of the target itself through the mask, has been estimated
to be 2.3% + 0.8%. The contamination appears to be due to
2 main stars, at respective distances of 6.73 and 11.62 arcsec to
CoRoT-16 and with respective R magnitudes of 19.0 and 17.8.
Taking into account their distance to the main target and their
individual contaminating factor (see Table 1), these should not
affect significantly the radial velocity measurements of the tar-
get. In addition, only eclipse phenomenon due to the nearest
contaminating star (at a level of 1.4%) may be considered as
a possible alternative cause for the photometric variation ob-
served on the main target. In order to check this possibility, on-
off photometry has been performed using the OGS facility in the
Canary Islands, during the nights of 22 October 2009 (on), and
23rd October 2009 (off). These observations show a 1 +0.5%
deep variation with the right sign on the main target. Nearby
stars do not show any relevant variation confirming the hypoth-
esis of a photometric variation on the main target.
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Fig. 3. POSS II image of the CoRoT-16 target and its environment. The
contaminants R magnitude is given in the column at the right of the
figure. See Table 1 for contamination details.

3. CoRoT-16 stellar parameters

We used the semi-automatic pipeline VWA (Bruntt et al.
2010a,b) to analyse a spectrum of CoRoT-16, obtained with
the HIRES spectrograph on Keck. The signal-to-noise ratio in
the continuum around 6000 A is 80. We estimated the profile
shape by adjusting vsin i and macroturbulence of isolated lines
and determining the best-fit values of these parameters. We re-
lied on the Fel and FeTl lines to determine the combination
of Teg, logg and microturbulence that minimized the correla-
tion of the abundance of FeI with equivalent width and excita-
tion potential. We also required that the mean abundance of FeT
and FeI are the same within the uncertainty. Furthermore, we
used the pressure-sensitive calcium lines at 6122 and 6162 A to
constrain logg. This “classical method” of determining funda-
mental atmospheric parameters has recently been validated by
Bruntt et al. (2010a) after analysing several solar-type stars that
are “fundamental stars”, i.e. stars where T.g and logg are de-
termined from direct methods, e.g. using interferometry to get
T.s and radii and masses for binary systems. They found good
agreement between the spectroscopic values using VWA and the
values using the direct methods. For CoRoT-16 we determine the
parameters given in Table 3. The uncertainties in the parameters
were evaluated as described in Bruntt et al. (2010a) and includes
systematic errors.

To measure the broadening of the stellar line profiles we
used the approach of Bruntt et al. (2010a). We selected 52 iso-
lated lines of Fe, Ni, Ca, Cr and Ti and adjusted the abundance
of each line so the observed and computed equivalent widths
match. Each line is then convolved by the instrumental spec-
tral resolution of R = 50000 and a combination of vsini and
macroturbulence that was varied from 0 to 4 kms~! in steps of
0.5 kms~!. For each of the 9 x 9 = 81 different combinations
we computed the y? value and the lowest value was chosen as
the best fit. We discarded 6 lines with high y? and evaluated
the mean value of vsini and macroturbulence to be vsini = 0.3
and Umacro = 1.5 kms™!. The distribution of measured values are
not Gaussian, but we adopt a formal uncertainty of 0.5 kms™!
for both broadening parameters. The value of vyacro 1S in agree-
ment with the calibration of Bruntt et al. (2010a) which gives
Umacro = 2.1 + 0.4 kms~!. In conclusion, due to the limited
resolution of the spectrum, we state that the macroturbulence is

I and

typical for the spectral type of the star, vmaero = 2 kms™
vsini is certainly below 1 kms™'.

The Spitzer/IRAC photometry have also been extracted per-
forming aperture photometry on the 3.6, 4.5, 5.8, and 8.0 um
archival image cut-outs (data tag ADS/IRSA.Atlas#2012/0302/
004347_20722) as retrieved from the IRSA-NASA/IPAC
Infrared Science Archive'. These images are parts of the
GLIMPSE survey of the galactic plane (Benjamin et al. 2003).
Following the method described in Gandolfi et al. (2008), we
used the broad-band photometry reported in Table 3 to derive the
interstellar extinction (Ay) and distance (d) to the star. In Table 3,
J, H and Ks photometric data are provided by The Two Micron
All Sky Survey (2MASS, Skrutskie et al. 2006). Assuming a nor-
mal extinction law and a black body emission at the star’s effec-
tive temperature and radius, we found Ay = 2.10 = 0.10 mag and
d = 840 = 90 pc. This high extinction is in agreement with the
absorption seen in the interstellar Na-D resonance lines, which
have zero flux in the stellar spectrum (yielding a lower limit of
Ay = 0.6).

4. Radial velocimetry analysis

We performed radial velocity (RV) observations of CoRoT-
16 with the HARPS spectrograph (Pepe et al. 2002b; Mayor
et al. 2003), based on the 3.6-m ESO telescope (Chile) and
with the HIRES spectrograph based on the 10-m Keck I tele-
scope (Hawaii). 30 HARPS measurements of one hour expo-
sure time on CoRoT-16 were made between August 2009 and
August 2010 (ESO programs 083.C-0186 and 184.C-0639) and
7 HIRES measurements of 20-min exposure time were made be-
tween June 2009 and August 2010 (Keck programs: NO35HTr,
N143Hr and NO95HTr) as part of the NASA’s key science project
in support of the CoRoT mission.

HARPS was used with the observing mode obj_AB, with-
out simultaneous thorium calibration. The intrinsic stability of
this spectrograph does not require the use of simultaneous tho-
rium calibration, the instrumental drift during one night being in
our cases always smaller than the stellar RV photon noise uncer-
tainties. The 5 HARPS first measurements were acquired using
the EGGS mode (R(550 nm) ~ 80000), the others were ob-
tained using the HAM mode (R(550 nm) ~ 110000). HARPS
HAM and EGGS data were reduced with the on-line standard
pipeline and radial velocities were obtained by weighted cross-
correlation with a numerical G2 mask (Baranne et al. 1996; Pepe
et al. 2002a). We quadratically added 30 ms~! to EGGS error bar
in order to take in account the ~30 ms~! of systematic errors of
this mode. The Moon velocity was always too far from the ve-
locity of CoRoT-16 and never affected the radial velocity mea-
surements. We thus did not need to correct any spectra for Moon
scattered light. Because of bad seeing or bad weather conditions,
6 of the 25 HARPS/HAM spectra had too low signal-to-noise ra-
tio (S/N < 3.5 per pix. at 550 nm) and were not included in the
analysis.

HIRES was used with the red cross-disperser and the I,-cell
to measure the 7 RVs. We used a 0.861" wide slit that leads to
a resolving power of R ~ 50000. We compute the RVs by dif-
ferential radial velocities using the Austral Doppler code (Endl
et al. 2000).

The radial velocities from the HARPS and HIRES spectro-
graphs are given in Table 2 and displayed in Fig. 4. The phase
folded radial velocities are shown in Fig. 6 was well as the best fit
found from the MCMC analysis (see below). The phase-folded

! http://irsa.ipac.caltech.edu/
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Fig. 4. Radial velocities of CoRoT-16 as function of time.
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Fig.5. HARPS-HAM bisector span as function of radial velocity.
Bisector error bars are taken as twice the radial velocity uncertainties.
No significant slope is visible between radial velocity and bisector, dis-
carding a blend scenario.

radial velocities are clearly in phase with the CoRoT transit con-
sistent with the reflex motion due to a transiting planetary com-
panion on an eccentric orbit. The accurate determination of the
system parameters is computed in the framework of the global
MCMC analysis that is described in the next section.

In order to examine the possibility that the radial veloc-
ity variation is due to a blended binary scenario, we followed
the procedure described in Bouchy et al. (2009) which consists
in checking the spectral line asymmetries and the dependen-
cies of the RV variations with the cross-correlation mask used.
Asymmetries of spectral lines were computed by measuring the
bisector span of the CCF and are listed in Table 2 and plotted in
Fig. 5. We find a Spearman’s rank-order correlation coefficient
between radial velocity and bisector of —0.05 = 0.19 which ex-
cludes any significant correlation between them. We also com-
puted the CCF with stellar masks appropriate for FO, G2, and
K5 stars. Radial velocity variations caused by a stellar blend or
surface spots would show a different amplitude when using the
different stellar masks. Once again these did not show any cor-
relation between the template used and the RV amplitude. These
two checks tend to exclude that the RV variations are due to a
blended binary and confirms the planetary nature of CoRoT-16b.
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Table 2. Radial velocity measurements of CoRoT-16 obtained by
HARPS and HIRES.

BID RV +lo BIS  Exp.time S§/N/pix.
—2455000 [kms™'] [kms™'] [kms™'] [s] (at 550 nm)
HARPS - EGGS
67.60205 -51.9454 0.0434 -0.0365 3400 6.50
68.62368 -51.9861 0.0466 -0.0820 3600 5.90
69.64102 -52.0760 0.0404 0.0089 3300 7.50
70.64996 -51.9685 0.0394 0.0053 3000 7.60
71.58942 -51.9003 0.0388 0.0833 3000 8.00
HARPS - HAM
78.56893 -51.8960 0.0281 -0.1148 3600 7.40
98.52473  -51.7939 0.0374 -0.0440 3600 4.60
101.52502 -51.9240 0.0693 0.2041 3600 3.50
104.50018 -51.8781 0.0504 0.0613 3600 4.50
320.76896 -52.0428 0.0361 -0.0543 3600 5.60
321.90436 -51.8916 0.0397 0.0218 3600 5.90
323.90457 -51.8282 0.0467 -0.0977 3600 5.00
324.76683 -51.8449 0.0541 0.0641 3600 3.50
325.90390 -52.0418 0.0527 0.2196 3600 4.00
326.81222 -51.9024 0.0562 0.0012 3600 3.80
336.89012 -51.8928 0.0398 -0.0860 3600 5.30
339.79632 -51.9331 0.0392 0.1051 3600 5.10
341.82049 -51.9788 0.0335 -0.1113 3600 6.20
342.79029 -51.9087 0.0524 -0.0047 3600 4.60
352.78220 -52.0062 0.0576 -0.1392 3600 4.00
355.68523 -51.8551 0.0528 -0.0317 3600 4.20
376.74381 -51.8401 0.0398 -0.1109 3600 5.70
411.64142 -52.0072 0.0512 -0.0989 3600 4.40
414.55156 -51.8571 0.0374 -0.0549 3600 5.10
HIRES
12.91010 0.0408  0.0202
14.03745 0.0500  0.0217
368.07812 0.0094  0.0274
368.92843 -0.0430 0.0288
369.11855 -0.1068 0.0584
429.77181 0.0222  0.0277
430.78491 0.0274  0.0186

Notes. BJD is the barycentric Julian date. 30 ms™!

added to EGGS errors.

was quadratically

5. Coupled radial velocimetry/photometric analysis

To get the strongest constraints on the system and realistic values
and associated errors for its parameters, we performed a global
analysis of the CoRoT transit photomety and the HARPS/HIRES
RVs. First, we extracted the parts of the CoRoT lightcurve lo-
cated within 0.15 days of the inferior conjunctions deduced from
the preliminary transit ephemeris determined in Sect. 2.1 and ob-
tained 16 individual transit lightcurves. The over-sampled transit
lightcurves were binned on 2-min intervals to expedite our anal-
ysis. The resulting folded lightcurve (Fig. 6) is still very well
sampled.

The global analysis was performed with the Bayesian
MCMC algorithm mentioned in the CoRoT-12b discovery pa-
per (Gillon et al. 2010), and we refer the reader to that paper for
details.

We performed a first Markov chain to estimate the level of
correlated noise in each lightcurve and to scale respectively the
photometric error bars. The third and eight transits showed a
much larger level of correlated noise than the other transits, and
we decided to discard them from the rest of our analysis.

The jump parameters of the MCMC were: the planet/star
area ratio (Rp/ R)?, the transit width (from first to last contact)
W, the parameter b* = acosi/R, (which is the transit impact
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Fig. 6. Result from the MCMC combined analysis: (/eft) phase folded photometric lightcurve and best fit of the transit and residuals, (right) phase

folded radial velocity curve, best fit and residuals.

parameter in the case of a circular orbit), the orbital period P
and time of minimum light Ty, the two parameters +/e cosw
and +e sin w where e is the orbital eccentricity and w is the ar-

gument of periastron, and the parameter K, = K V1 — 2 P!/3,
where K is the RV orbital semi-amplitude. We assumed a uni-
form prior distribution for all these jump parameters. To take
into account the dilution of the signal due to contaminating stars
(see Sect. 2.2), the jump parameters (Rp/ Ry)? was divided at each
step of the MCMC by a number drawn from the distribution
N(1.023,0.008%) before being used in the computation of the
eclipse model. We assumed a fourth-order time polynomial as
baseline model for each of the 14 CoRoT transit lightcurves. The
coefficients of these baseline models were determined by least-
square minimization at each of the steps of the Markov chains.

We assumed a quadratic limb-darkening law and we allowed
the quadratic coefficients u; and u, to float in our MCMC runs,
using as jump parameters the combinations ¢; = 2 X u; + uy and
¢ = u; — 2 X up. We assumed normal prior distributions for u;
(N(0.47,0.022)) and uy (N(0.21,0.0115%)) based on theoretical
values presented by Sing (2010) for the CoRoT non-standard
bandpass and for the spectroscopic parameters of CoRoT-16 (see
Sect. 3).

As for CoRoT-12b, the stellar density deduced from the jump
parameters, and values for T and [Fe/H], drawn from the nor-
mal distributions deduced from our spectroscopic analysis, were
used at each step of the MCMC as input for a modified version of
the stellar mass calibration law deduced by Torres et al. (2010)
from well-constrained detached binary systems. Using the re-
sulting stellar mass, the physical parameters of the system were
then deduced from the jump parameters at each MCMC step. As
the eccentricity of the orbit is not well constrained, the uncer-
tainty on the stellar density is very large, translating into large
errors on all the system physical parameters. Therefore we de-
cided to use the distribution N(4.36,0.10%) resulting from our
spectroscopic analysis as prior distribution for the stellar gravity

log g...

The analysis was composed of two MCMC chains of
500000 steps, the first 20% of each chain being considered as
its burn-in phase and discarded. Table 3 presents the median and
1 — o limits of the resulting marginalized posterior distributions
for the parameters of the system.

6. Blend analysis

We performed photometric blend analysis inspired by the
blender software (Torres et al. 2005, 2011). We call “star 1”
the primary target, “star 2” the primary component of a blended
eclipsing system and “body 3” the secondary component of the
blended eclipsing system that can be either a star (star 3) or a
planet. We first interpolated the ATLAS9 model atmospheres
of Castelli & Kurucz (2004) to the values of the T.g, logg and
metallicity, applied an extinction law of Fitzpatrick (1999) to the
E(B - V) of the galactic interstellar extinction model of Amores
& Lépine (2005), and finally applied the spectral response func-
tion of CoRoT given in Auvergne et al. (2009) to get the ob-
served flux of star 1. Next, we extracted randomly one value for
the mass of the star 2 in a range 0.15-3.00 M, and a mass of the
body 3 from the planetary range up to the mass of the star 2. We
chose a value for the eccentricity and the longitude of the peri-
astron from a normal distribution of the orbital solution from the
MCMC analysis. We chose randomly a distance for the blended
eclipsing system (from 0 to 20 kpc). The orbital inclination was
estimated from the orbital parameters and transit duration, tak-
ing into account its error. To get the physical parameters of star 2
and star 3 we interpolated the isochrones of Marigo et al. (2008)
and Girardi et al. (2010)? using solar metallicity. Their observed
fluxes were estimated from model atmospheres, applying an ex-
tinction law and the spectral response function of CoRoT as we
did for the star 1. To consider the scenario the flux of the blend
observed by CoRoT should be less than the flux observed for
the star 1. Then we computed the light curve of the blended
eclipsing system using the JKTEBOP code (Southworth et al.
2004a,b) based on ebop (Popper & Etzel 1981; Etzel 1981) and
the limb-darkening coefficients computed for CoRoT by Sing
(2010). We diluted the light-curve of the eclipsing system us-
ing the observed flux of star 1 and the flux in the mask from
the contaminating stars, and calculated the y?> with respect to
the CoRoT-16 light curve. In total 1.2 x 10% photometric blend
models were computed and compared to the data.

We also performed radial velocity blend analysis by simulat-
ing HARPS cross-correlation function (CCF) of star 1 blended
by an eclipsing binary composed by star 2 and star 3. To do
that, we first calibrated HARPS — HAM CCFs as a function of

2 http://stev.oapd.inaf.it/cgi-bin/cmd
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Table 3. Star and planet characteristics of the CoRoT-16 system.

Stellar parameters

CoRoT-ID 310247220
CoRoT-WinID LRc03-E2-2590
2MASS 453255296
USNO-B1 0839-0404147

18:34:05.926 —06:00:09.34
16.68, 15.63, 15.54, 14.75
13.496 + 0.026 mag
12.980 + 0.029 mag
12.847 + 0.036 mag
12.671 + 0.072 mag
12.793 + 0.102 mag
12.662 + 0.169 mag
12.573 £ 0.214 mag
G5V
5650 = 100 K
4.36 £ 0.1 (cgs)
0.93 -0.24/+0.33 gecm™3
0.9 + 0.1 (solar units)

Coordinates (J2000)
Magnitudes B, V, ', i’
Magnitude J
Magnitude H
Magnitude Ks
Magnitude at 3.6 um
Magnitude at 4.5 um
Magnitude at 5.8 um
Magnitude at 8.0 um
Spectral type
Effective temperature, Teg
Surface gravity, log g
Stellar density, px
M, IR,

Metallicity, [M/H] +0.19 + 0.06
Micro-turbulent velocity, vpic 0.88 £ 0.14 kms™!
Macro-turbulent velocity, vmac 1.5+ 0.5kms™!
Rotational velocity, v sin i <l kms™!

1.098 ~0.078/+0.082 Mo,
1.19-0.13/+0.14 Re

Star mass, M,
Star radius, R,

Star age 6.73 + 2.8 Gyr
Stellar extinction Ay 2.10 £ 0.10 mag
Star distance 840 + 90 pc

Planet and transit parameters
Planet period, P

Planet mass, M,

Planet radius, R

Planet density, pj,

Planet orbital semi-major axis, a
Transit epoch, Ty

Transit duration, T4

Transit relative depth, &

Radius ratio, Ry /R«

Scaled semi-major axis, a/Rx
Orbital inclination, i

Impact parameter, b

Radial velocity semi-amplitude, K
Orbital eccentricity, e

Periastron longitude, w

MCMC jump parameter ve cos w
MCMC jump parameter ve sin w

5.35227 + 0.00020 days
0.535 —0.083/+0.085 M;
1.17 =0.14/+0.16 Ry
0.44 —0.14/+0.21 gcm™>
0.0618 + 0.0015 AU
HID 2454 923.9138 —0.0022/+0.0021
2.39+0.09h
(1.020 —0.092/+0.095) x10~2
0.1010 + 0.0046
11.20 —=1.09/+1.21
85.01 —1.20/+0.94 °
0.825 —0.039/+0.030
61.96 —9.35/+9.47 ms~!
0.33 —0.10/+0.09
168.41 —20.93/+22.83
-0.53 -0.09/+0.13
0.11+0.2

CCF area (W), the stellar mass (M) and [Fe/H] by analyzing
the 24 first CoRoT planet host-stars CCF observed by HARPS —
HAM in the same spirit as Boisse et al. (2010). We found for the
G2 mask that log (W) = 0.870-0.343M/M, + 0.203[Fe/H] with
a quite low dispersion due to the low signal-to-noise of the
HARPS — HAM spectra. For the simulations, we assumed that
both systems have the same [Fe/H] and we chose randomly the
parameters of star 2 and 3, which included vsini and masses
that was varying in the same ranges than for the photometric
blend analysis. We also chose randomly the distance and sys-
temic radial velocity of the blended system that led to a total of
6 free parameters. We fixed the orbital parameters to those de-
rived by the MCMC analysis in order to speed up the simulation.
After blending the synthetic CCFs of both stars with respect to
the magnitude, bolometric correction and extinction coefficient
of each star we measured the resulting radial velocity. We inde-
pendently computed 5.5 x 107 sets of CCF models and com-
pute the y* with respect to the CoRoT-16 HARPS — HAM radial
velocity curve. Neither HARPS — EGGS data nor HIRES data
were taken into account for this blend analysis since no CCF
calibration were computed.
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Fig.7. x> Maps of the blend scenario. Top panel represent the photo-
metric x> map with 1-o-, 3-o- and 8-0 contours (red lines). The magni-
tude difference m, between the star 1 and star 2 are over-plotted in blue.
Bottom panel display the radial velocity y? and the 2-0-, 3-0 and 4-0
contours (red lines). Models with a blend system brighter than the target
were not considerated.

We built the RV and photometric y> maps in the pa-
rameter space of mass of star 2, distance modulus (AM =
5 log(distance eclipsing system/distance star 1). In each box of
the two-dimensional grid, we took the minimum Xz of all the
blend models inside that box (see Fig. 7). For the best model in
each box we computed a y> comparing the combined spectral en-
ergy distribution (SED) with the three 2MASS magnitudes and
the four Spitzer/IRAC data, which are the ones less affected by
the extinction, in the way described by Bayo et al. (2008, see
Fig. 8). We note that no model is compatible with the data when
the distance modulus difference is greater than about 2.5 mag
in both RV and light-curve y> maps. This is due to the fact that
the extinction rapidly increases at this distance from the target
hiding most of the background stars. This extinction wall was
one of the main motivation to select this CoRoT exoplanet field
(LRc03).

We computed, in the same way as above, the star-with-planet
scenario y?. Both scenarios are compatible with the RV and
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Fig.8. SED y* maps of the blend scenario. The resulting SED x? is
greater than 7-0.

light-curve data within 2-c- and 1-o (respectively). The SED y?
of the star 1 with a planet is 3.2 (3-0") when its best value for a
blend scenario is 19.0 (7-0). We thus exclude all blend scenarios
with a significant level of more than 7-c-.

7. Discussion
7.1. Effective eccentricity of CoRoT-16b

The answer to the question of whether CoRoT-16b has a sign-
ficant orbital eccentricity is not obvious. The target is faint
(mV = 15.63) and the RV observational data exhibit large error
bars. In order to check the hypothesis of a highly eccentricity or-
bit, several analysis have been performed using several hypothe-
ses. The first one, described in the previous section, assumes no
a priori assumption on the eccentricity probability distribution.
It leads to an orbital eccentricity of 0.33 +0.1. An analysis as-
suming a circular orbit was performed and this led to another
set of slightly different parameters. In order to compare the two
models, the Bayes factor between the eccentric and circular so-
lutions has been obtained using the Chib & Jeliaskov’s method
(Chib & Jeliazkov 2001). Its value is 54.1 and may be consid-
ered as a strong piece of evidence in favor of the eccentric model
(Jeffreys 1961). However, the knowledge of the statistical dis-
tribution of the eccentricity within the hot jupiters population,
computed thanks to more than one hundred known objects al-
lows us to take this parameter into account as one of the in-
puts into the MCMC analysis. In that case, the Bayes ratio is
only 0.7, which moderates strongly the eccentric solution prob-
ability. Finally, if we consider several other models, including
a 2 planet model, reasonable fits of the radial velocity data can
still be obtained even if no other periodic signal from another
transiting planet can be exhibited in the photometric data at the
corresponding period. This shows clearly that the S/N ratio of
both photometric and radial velocity data does not allow us to
reach definitive conclusions. At this level, it is thus not possi-
ble to exclude completely a circular orbit for CoRoT-16b, even
if the eccentric solution appears, at present, to be the best one.
More radial velocity observations would be necessary to make
this scenario stronger.
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Fig. 9. Tidal evolution of the orbital semi-major axis and eccentricity
with the estiated value of the current eccentricity (e = 0.33). The dashed
line shows the evolution coresponding to a smaller value (lower bound
of the interval of confidence) of current eccentricity (e = 0.23).

7.2. The tidal history of CoRoT-16b

CoRoT-16b is a hot Jupiter with a mass and distance from the
star such that tidal effects may occur, but whose eccentricity
has not yet been damped to zero so that the traces of its past
evolution have not yet been completely erased. The tidal evolu-
tion of the star-planet system has been studied assuming a lin-
ear tidal model (Mignard 1979; Hut 1981). In this study, we
have adopted, for the central star, the modified quality factor
Q. = 107, as found by Hansen (2010) and Benitez-Llambay
et al. (2011) from studies of the characteristics of the known sys-
tems with hot Jupiters. For the planet, we have derived one value
from the actually determined Q" of Jupiter (Q], o = 1.36 x 10°
cf. Lainey et al. 2009) which was transformed into the planets

1,0’ taking into account that: (i) Ql’D scales with the tide forc-
ing period (see Ferraz-Mello et al. 2008); (ii) O, scales with

R (cf. Eggleton et al. 1998; Ogilvie & Lin 2004). We thus
obtain, for CoRoT-16b the factor Ql’, = 9 x 10°. It is worth
mentioning that we have used the linear tidal theory to deter-
mine the current rotation period of the planet whose stationary
value (3.18 days) is independent of the adopted dissipation pa-
rameters. Figure 9 shows the variation of the semi-major axis
and eccentricity due to the tidal interaction between the planet
and the star for the adopted parameters. It shows circulariza-
tion about 1 Gyr in the past. The planet rotation is currently in
a stationary super-synchronous state and approaches synchro-
nization when the eccentricity tends to zero (Fig. 10). The most
critical results are obtained when the past evolution is studied.
About 1-2 Gyr before now, the eccentricity would have been
very close to 1. The semi-major axis also appears evolving from
a very-high value. This behavior is not consistent with the age
of the star (6.7 = 2.8 Gyr). All mechanisms discussed in lit-
erature (Malmberg & Davies 2009), as possible explanations
for the exoplanets high-eccentricities concern events expected
to occur in the early stages of the formation of the system. In
order to have compatibility of the various parameters, the cur-
rent eccentricity should be smaller. Often, the small number of
radial velocity observations is responsible for getting initial ec-
centricity determinations larger than the actual one (Giuppone
et al. 2009; Zakamska et al. 2011). However, when transits have
been observed, eccentricities are very well constrained. Indeed,
in the case of CoRoT-16b, if the eccentricity is not taken into
account, the time of the first transit resulting from the radial ve-
locities alone is displaced by several hours. In order to have the
right transit time, the true longitude at the minimum of the in-
tensity during the transit must be equal to 90 degrees. The orbit
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Fig. 10. Tidal evolution of the planetary rotation and orbital periods with
the estiated value of the current eccentricity (e = 0.33). The dashed line
shows the evolution coresponding to a smaller value (lower bound of
the interval of confidence) of current eccentricity (e = 0.23).

determination indicates at the time of the first transit a mean lon-
gitude of 111 + 4 degrees. This difference introduces a strong
constraint in the orbit determination which guarantees a a deter-
mination of both the eccentricity and the longitude of the peri-
center with an accuracy much better than that which is obtained
when only radial velocity data are used. In order to conciliate
the eccentricity thus obtained for CoRoT-16b and the evolution
shown in Fig. 9 we have two possibilities: (i) the age of the star
is smaller; (ii) the actual value of Ql’Dl is larger. Indeed, the time
scale of the tidal evolution of this system is almost linearly re-
lated to the value of the dissipation in the planet (the star tide
is much less efficient in this system than the planetary tide). If
a value QI’)1 ~ 107 is adopted, the time scale of Figs. 9 and 10
is multiplied by ~10 and the past evolution becomes consis-
tent with the age of the star. This value of Q' is however much
higher than the usually considered values and higher than the
corresponding value actually determined for Jupiter. This higher
value would be rather comparable to some results of the sta-
tistical determination carried out by Hansen (2010) indicating
that hot Jupiters have dissipation values mostly in the interval
107 < Ql’)1 < 10%. This result strongly depends on the current
orbital eccentricity and for this reason, Figs. 9 and 10 show also
(dashed line) the evolution which would correspond to the lower
bound of the interval of confidence of the present eccentricity
(e =0.23).

7.3. Internal structure and evolution of the planet

In order to assess the possible bulk composition of CoRoT-16b,
we performed a combined analysis of the star and planet using
photometric, spectroscopic, and radial velocity data and their as-
sociated error bars. This work has been done using a modeling
tool called SET (Stars and Exoplanets modeling Tool, Guillot &
Havel 2011; Havel et al. 2011). Figure 11 shows the results for
the planetary radius as a function of the age of the star. The col-
ored circles indicate the quality of the fit between stellar evolu-
tion models (CESAM, Morel & Lebreton 2008) and the inferred
constraints on the stellar mean density, effective temperature and
metallicity for less than 1o (green), 20 (blue) and 30 (yellow).
We also represent theoretical planetary evolution models (using
CEPAM, Guillot & Morel 1995) assuming a total planetary mass
0of 0.535 Mjyp, a Teq of 1200 K and a different hypotheses: using a
“standard model” (plain lines), i.e. without additional sources of
heat; by dissipating a fraction (0.25% or about 2.6 x 10%® erg s™!)
of the incoming stellar flux in the deep interior of the planet
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Fig. 11. Constraints obtained on the age (in billions years) and radius of
CoRoT-16b (radius in Jupiter units). The colored circles correspond to
stellar models solutions that match the inferred p,-T.s uncertainty el-
lipse within 1o (green), 20 (blue), or 30 (yellow). The evolution tracks
show the contraction of a 0.535 Mjy,, planet with T, ~ 1200 K, in
the so-called “standard approach” (plain lines), and when dissipating
0.25% of the incoming stellar flux, or about 2.6 X 10?® ergs™! at the
center (dashed lines). The line colors correspond to different masses of
the planetary rocky core: 0 Mg (black), 32 M, (red), and 64 Mg (blue).

(dashed lines). The latter case is a standard recipe to explain
inflated giant planets (Guillot 2008), and may possibly be jus-
tified by, for instance, ohmic dissipation (Perna et al. 2010).
Depending on the assumption, CoRoT-16b could be a pure H-
He planet (black lines), or could contain up to 64 Mg (at 1o)
of heavy elements (blue line). This means that between 0 and
~38% of the planet’s total mass is in the core, a weak constraint
compatible with the somehow poorly constrained planetary ra-
dius (an uncertainty of 13%) and age. A better determination of
the stellar parameters would very likely tighten the contraints on
the planetary radius, but is still very difficult because the star is
faint.

In our planetary evolutions calculations, we assumed all
heavy elements to be grouped into a dense central core, sur-
rounded by a solar-composition envelope. The possibility that
these heavy elements may be at least partly mixed in the enve-
lope is not expected to change the results significantly (Guillot
2005; Ikoma et al. 2006; Baraffe et al. 2008).

7.4. CoRoT-16b and theoretical planet statistics

With the significant number of theoretical evolution models con-
sistent with the determined parameters of CoRoT-16b, it is of
interest to look how it fits into the statistics of planetary equilib-
ria in the framework of a general theory of planet formation that
provides statistics of planets consistent with basic physical prin-
ciples (Wuchterl 2011). That puts CoRoT-16b into the context of
what is physically probable.

Figure 11 shows that coreless planets with radii of 0.95 to
1.4 Ry,p are consitent to 1o~ with an age of 4-10 Ga and the con-
straints for the CoRoT-16-system presented here. The combined
analysis gives (Mp, Rp) = (0.535 + 0.085 My, 1.17 + 0.15 Ry).
For a first synopsis we compare the mass to the high resolution
CoRoT-Mark 3 theoretical mass spectra’ for the case of a G2 star

32007 Mark 2 online, available at
http://www.space.unibe.ch/~broeg
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Fig. 12. Probabilistic theoretical mass radius diagram for hypothetical,
physically possible planetary equilibria on orbits between 1 d and 64 d
around CoRoT-16 at an age of 10 Ga. Coloured contours mark the num-
ber density of planetary models. The measured values for CoRoT-16b
are indicated by a magenta error-ellipse.

and an orbital period of 5 days (Broeg 2009). The peak in the
theoretical mass-distribution is between 0.5 and 2.1 Mj (Broeg
2007). Thus CoRoT-16b’s mass is near the high, approximately
Jupiter mass peak of the bimodal mass spectra typical for this
host star mass and orbital period. Theoretically CoRoT-16b is a
likely planet in the sense that many physical configurations exist
that lead to this planet mass. 80% of the theoretical planets have
smaller mass according to the cumulative the Mark 3 distribu-
tions. Accordingly it is a common, somewhat high mass but, not
extreme planet for its environment.

From the theoretical mass distributions the radius distribu-
tions at any given age can be derived by planetary evolution cal-
culations (Wuchterl 2011). In Fig. 12 we show CoRoT-16b in the
probabilistic MRD for an age of 10 Ga. The planet is located to-
wards the high mass end of the theoretical population and within
the observational errors the radius overlaps well with the theoret-
ically expected values for the respective Hot Jupiter population
in a 5 day orbit around a star like CoRoT-16.
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