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Transiting exoplanets from the CoRoT space mission*
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ABSTRACT

We report the discovery by the CoRoT satellite of a new ttargsigiant planet in a 2.83 days orbit abouva15.5 solar analog staM, =
1.08+0.08 Mg, R. = 1.1+ 0.1 Ry, Ter = 5675+ 80 K). This new planet, CoRoT-12b, has a mass.82@ 0.07 M, and a radius of #4+ 0.13
Ruup. Its low density can be explained by standard models fodiatad planets.
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1. Introduction lar analog star. We present the CoRoT discovery photometry i
Sec. 2. The follow-up ground-based observations estaitjsh
the planetary nature of CoRoT-12b are presented in Sec.i& wh
he spectroscopic determination of the parameters of thiestar

Because of their special geometric configuration, a wedlih-o
formation can be learned about transiting extrasolar péjesg.,

Winn 2010), making them very important for our understands gescriped in Sec. 4. A global Bayesian analysis of the JoRo
ing of the vast planetary population hosted by our galaxeyTh o follow-up data is presented with its results in Sec. Bal,

are the only exoplanets for which accurate measurement®of .o iscuss the inferred properties of the CoRoT-12 system in
mass and radius are available. Furthermore, their atmasphg,. ¢

properties can be studied during their transits and odintiz
(e.g., Deming & Seager 2009).
More than 70 extrasolar planets transiting their pare@t CoRoT photometric observations

stars are now knowhn most of which having been discovere . .
g dﬁ}ble 1 presents the ID, coordinates and magnitude of CoRoT-

This star is located in a field near the galactic anti-@ent
% ction, in theMonoceros constellation. It was monitored by
OROT during its rurLRa01 that took place from October 24,
007 to March 3, 2008. The particularities of that CoRoT nen a
escribed by Rauer et al. (2009) and Carone et al. (in prep.).

by dedicated photometric surveys. Among these, the CoR
(Convection, RCtation, and planetary Transits) space mission
(Baglin et al. 2009) stands out as a pionner project. Becal
of its excellent instrumental capabilities and its low Baot-
bit, CoRoT can monitor the same fields of view with a very hig
hotometric precision for up to five months. This makes Si . ;
Itohe detectiorﬁ)of planets thgt would be out of reach for Ig?gund The transits of CoRoT-12b were noticed after 29 days by the
based surveys, as demonstrated for instance by its discoterS0-called ‘alarm mode’ pipeline (Surace et al. 2008). Threeti
the first transiting ‘Super-Earth’ CORoT-7b (Léger et 09 sampling was then changed from 512s, the nominal value, to

ot ¢ ) i 32s. The processed light curve (LC) of CoRoT-12 is shown in
I l. 2 he f egas
8gﬁeqtzcit§oT-gt??E)’eingdett ae|_ |£%tlg<§.mperate transitin Fig. 1. This monochromatic LC consists of 258 043 photornetri

easurements for a total duration of 131 days. It results fro
‘the processing of the raw CoRoT measurements by the stan-
dard CoRoT pipeline (version 2.1, see Auvergne et al. 2009),
Send offprint requests to: michael.gillon@ulg.ac.be fo!lowed by a furth_er_processing _(outIiers. rejection anstsgn-

* The CoRoT space mission, launched on December 27th 20 CS correction) similar to what is described .by’ €.g..gaaet
has been developed and is operated by CNES, with the cotinribu &- (2008) and Alonso et al. (2008). 47 transits of CoRoT-12b
of Austria, Belgium, Brazil , ESA (RSSD and Science Prograspm are present in the LC, 36 of them being found in its oversam-

We report here the discovery of a new planet by CoRoT
‘hot Jupiter’ called CoRoT-12b, that transitsrd = 155 so-

Germany and Spain. pled part. Some discontinuities are presentin the LC. Thenew
! See, e.g., Jean Schneider's Extrasolar Planet Encyckpadi caused by energetic particles hits during the crossingsief t
httpy/exoplanet.eu South-Atlantic Anomaly by the satellite. A large jump of the
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CoRoT window ID LRa01 E2 3459

CoRoT ID 0102671819 Lir i
UCAC2ID 31290403 F 1
USNO-A2 ID 0825-03015398 [ ]
USNO-B1 ID 0887-0101512 1.05 - .
2MASS ID J06430476-0117471 = F B
GSC2.31D SB3BK006251 E [ ]
1 |
Coordinates i WWWWWWW ]
RA (J2000) 06 43 03.76 [ ]
Dec (J2000) -01 17 47.12 0.95 4(‘)0 — 45‘)0 — 5(‘)0 —
M itudes HJD — 2454000.
agni
Filter Mag Error 1.01 ]
B? 16.343 0.080 [ ]
va 15.515 0.052 1 E ]
ra 15.211 0.040 L
ire 14.685 0.069 2 099 L .
F 14.024 0.029 S ;
HP 13.630 0.030 [ ]
Kb 13.557 0.041 0.98 ¢ 7

@ Provided by Exo-Dat (Deleuil et al, 2009). oy e v v L R B
b from 2MASS catalog (Skrustkie et al. 2006). 4521 4522 4623 4524 4625 4526

HJID — 2454000.
Table 1. IDs, coordinates and magnitudes for the star CoRoT-12.

Fig. 1. Top: Normalized CoRoT LC of the star CoRoT-12. The over-
sampled part of the LC was binned to the same time bin tharrsts fi
measured flux (more than 5%) caused by the impact of a Cosmt for the sake of Clarit)BOttom: zoom on a transit of CoRoT-12b.
ray on the detector can also be noticed in the last part of e L
The processed LC shown in Fig. 1 has an excellent duty cycle of .
91%. 1 arcmin
Despite that its CoRoT LC shows some kind of irregular
variations with a peak-to-peak amplitude of 2.3%, CoRoT-12
appears to be a photometrically quiet star. Except for the-tr
sit signal (see below), the discrete Fourier-transformhefltC N
shows no clear periodicity over the noise level. The rotetio
period of the star cannot thus be constrained from the CoRoT
photometry.
Periodic transit-like signals are clearly visible in the l&3
can be seen in Fig. 1. Initial values for the orbital peried
and transit epocfiy were determined by trapezoidal fitting of
the transit centers, as described by Alonso et al. (20083. Th
resulting values werdy = 25453986305+ 0.0002 HJD and E
P = 2.82805+ 0.00005 days. These values were used to sch
ule the groun_d_-k_)ased follow-up observations (See_ next(B_Qct Left: Rfilter image with a resolution of 1.3” taken with the INVFC.
and also as initial guesses for the global analysis predente Right: Image taken by CoRoT, at the same scale and orientation. The

Sec. 5. jagged outline in its center is the photometric aperturekniaslicated
are also CoRoT's x and y image coordinates and positions afoge
stars from the Exo-Dat (Deleuil et al 2009) database.

¥ pix

e o e =]

xd ¥

elglb 2. The sky area around CoRoT-12 (brightest star near the gentre

3. Ground-based observations

The following ground-based observations were performesio

tablish the planetary nature of CoRoT-12b and to betterazhar et al. 2009). It found no nearby contaminating star thatcte!
terize the system. a potential false alarm source, i.e. that mimiks CoRoT &g
while being an eclipsing binary star (see Fig. 2).

Using the method describe by Deeg et al. (2009), the fraction
of contamination in the CoRoT-12 photometric aperture mask
CoRoT has a rather poor optical resolution, so performighhi Was estimated to be.3+ 0.5%. It is mostly due to a 3.5 mag
resolution ground_based |mag|ng of its fields is ”'nportamﬂ:| fainter St.a.r that is 8.5_” SW. This Sma" dilution was taketoin
only to assess the possibility that the eclipse signalsctiedeby account in our analysis presented in Sec. 5.

CoRoT are due to contaminating eclipsing binaries, but &dso
estimate the dilution of the eclipses measured by CoRoTechu
by contaminating stars (see Deeg et al. 2009 for details).

Imaging of the target field was undertaken with the 2.5m INFour radial velocity (RV) measurements were obtained with t
telescope during pre-launch preparations (Deleuil e2809) HARPS spectrograph (Pepe et al. 2002b, Mayor et al. 2003) on
and with the IAC80 telescope during candidate follow-upd@e the 3.6-m telescope at ESO La Silla Observatory (Chile), on

3.1. Imaging - contamination

3.2. Radial velocities - spectroscopy
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October 2008 (HARPS program 082.C-0120). These first daelipsing binary. Taking into the fact that CoRoT-12 is aasol
were made using the highficiency mode EGGS in order toanalog star (see Sect. 4), we interpret thus the eclipsestdet
establish the planetary nature of the companion, showingra th CoRoT photometry as transits of a new giant planet, CoRoT-
tectable and low-amplitude radial velocity variation inagk 12b.

with the CoRoT ephemeris, with the shortest exposure tire. T

additionnal measurements were recorded with HARPS, from -

November 27, 2009 to February 05, 2010 (HARPS program HJD RvV orv  Bisector
184.C-0639). These newer data points were acquired using th (days) (kms') (kms?') (kms?)

high accuracy mode HAM to increase the precision of the RV ArpsEcas

measurements compared to the about 30'no§systematic er-

rors of the high #iciency mode (Moutou et al. 2009), and with- gjggjg'ggggg ﬁ'égﬂ 8'8223 '8'(1):2)3?

out simultaneous thorium (ol{B mode) in order to monitor the 2454747 86641 12.0904 00198 :0'0320

Moon background light on the second fiber B. 245476381411 119856 0.0121  -0.0435
HARPS HAM and EGGS data were reduced with the on-line HARPS HAM

standard pipeline except for three of our ten HAM measurésnen
which were strongly contamined by the Moon background light 2495163.73528 12.1193  0.0458  0.0429
that dfected both the RV measurements, in the range between 2455165.71941 11.9857  0.0263  -0.0310

140ms? and 560mst, and the bisector lines. We have cor- gigg%%'ggéig g'gggg 8'8%"2 _%%11%51
rected these three measurements with a special softwaezeor ;55550 68849 122435 0.0167  -0.0188
tion using Moon spectra simultaneously acquired on thersitco  5455226.66329 12.2126 0.0168  0.0246
fiber B (Bonomo et al., in prep.). We could not apply this cotre 2455227 68971 12.0348 0.0442 0.0335
tion to EGGS observations due to the absence of the fiber B in 2455229.64150 12.2355  0.0292 0.0259
this mode. However, these EGGS spectra did not need camecti  2455231.68894 12.1640 0.0240  0.0167
because they were observed without the presence of the Moon. 2455233.60091 11.9993  0.0292  -0.0945
Radial velocities were obtained by computing weighted £r0s  HIRES (transit)
correlation with a numerical G2 mask (Baranne etal. 1996eP€ 554839 77813 0.0080  0.0206
etal. 2002a). 2454839.78935 -0.0015  0.0067

Spectra of CoRoT-12 were also acquired with the HIRES 2454839.80022 0.0228  0.0154
spectrograph on the Keck | telescope as part of NASA's key sci  2454839.81152 0.0262  0.0092
ence project in support of the CoRoT mission. Atransitwas co  2454839.82199 -0.0221  0.0131
ered by HIRES in January 2009 (ten spectra). Six more HIRES 2454839.83296 0.0366  0.0061
spectra were obtained between December 2009 and January2454839.84351 -0.0562  0.0119
2010. Diferential RVs were computed from these spectra with gjgjggg-ggggg '8'812; 8822(1)
theAustral code (Endl et al. 2000). We noticed that the set-up of 5454839.87681 20.0242 00165

the slit decker used in January 2009 did not allow a proper sub .
traction of the sky background, leading to RV systematics wi_HIRES (out of transit)

an amplitude of a few dozens of m!'sThis set-up was changed =~ 2455170.99823 -0.0573  0.0286
for the other HIRES RVs, leading then to a proper background 2455223.00984 0.0490  0.0144
subtraction. 2455223.02060 0.0466  0.0144

Our HARPS and HIRES measurements are presented in gjggggi'ggggg _%%%?é% 8-8%2
Table 2. An orbital analysis was performed treating theehre 2455224 94528 20.0979  0.0220

sets of RV measurements (HARPS HAM, HARPS EGGS, and

HIRES) as independent data sets witlietient zero point veloc- Table 2. HARPS and HIRES radial velocity measurements for CoRoT-

ities, after having zero-weighted the HIRES measuremdnts d2. The HARPS RVs are absolute, while the HIRES RVs afteli

tained at the transit phase. The orbital solution was madp-keential (measured relative to a stellar template). The bissavere not

ing the period and ephemeris fixed to the CoRoT values, Bugasured from the HIRES spectra.

allowing the zero point fisets to be fit in a least square way.

Figure 3 shows the resulting orbital solution which is in gha

with the CoRoT photometric signal. The resulting ecceitric

(0.03+0.13) Waslconsistent with zero while the semi-amplitude

was 124+ 15 m.s*. Assuming a solar-mass host star, this semj

amplitude translates into a transiting object with a maszboiut k. Stellar parameters

0.9M;. In Section 5 we present a revised orbit obtained usinglao master spectra were used to determine the atmospheric pa

global analysis. rameters of the star. The first of them was made by co-addition
An analysis was made on the residual RVs after removing tbéthe seven HARPS HAM spectra which were not strongly con-

orbit to look for the possible presence of additional conipas.  tamined by the Moon background light. The resulting master

No significant variations were found, but given the sparseé spectrum had a signal-to-noise ratio (SNR) about 40 in time co

the measurements we cannot exclude the presence of addlititimuum. The second master spectrum was obtained from the co-

companions with a good confidence. addition of two Keck spectra and had a SNR about 100 in the
The HARPS cross-correlation functions were analyzed ussntinuum.

ing the line-bisector technique (Queloz et al. 2000). Nderce The used methodology was similar to the one described by,

for a clear correlation between the RV variations and thedis e.g., Deleuil et al. (2008). A first estimate of thieetive tem-

tor spans was found (Fig. 4), discarding thus the possililiiat peraturele; of the star was obtained from the two master spectra

the periodic signal detected in these RVs is caused by a &tendsing theH, line profile. For the HARPS master spectrum, we
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Fig. 3. HARPS and HIRES RVs phase-folded on the CoRoT epheme
and overimposed on the best fit orbital model.

precision. Here we find 8 of 5875 K, a logy of 4.51, an
[Fe/H] of +0.21 dex and asinl of 29+ 1 km s,

A third estimate and a more careful determination of the
abundances is gained by using the semi-automatic package
VWA (Bruntt et al. 2002, 2008), which performs iterative fit-
ting of synthetic spectra to reasonably isolated spedtras) to
analyse the HIRES master spectrum. The atmospheric parame-
ters and elemental abundances derived with VWA for CoRoT-12
were considered as our final values and are presented inJable

The Li | line at 670.78 nm was not detected in both master
spectra, nor any hint of chromospheric activity. From tkhe
small rotational velocity measured in the spectra, and halls
photometric variability noticed in the CoRoT LC, CoRoT-12 a
pears thus to be a quiet and slowly rotating solar analog star

Using Ter and logg from the VWA spectroscopic analy-
sis, we estimated the absolute magnitudg M4.75 mag and
golour excess EX- K) =~ 0.08 mag from the Allen’s tables (Cox
2000). We calculated the corresponding interstellar adisnr
Ay =~ 0.46 (using A = (5.82+ 0.1) x E(J — K); Cox 2000), to
estimate, with th&/ apparent magnitude, the distance of the star
to be d= 1150+ 85 pc.

{0 e o e e s s s e e s s e s s s s e e
i } T ] Terr 5675+ 80 K
100 — B — logg 4.52+0.08
2 i | | X ) il Vi 0.6+ 0.2 kms?
FEE T - N e i Vinac 1.5+ 0.3 kms?
&0 ; ‘ , - vsin| 1.0+ 1.0 kms?!
- %% - H’ﬁ% 1 d 1150+ 85 pc
° b - - 1 [Fe/H] 0.16+ 0.10
o B [Na/H] 0.17+0.06
i 1 1 [Mg/H] 0.13+0.07
I ] T T R R I PR PR, [AlI/H] 0.15+0.10
-200 -150 -100  -50 0 50 100 150 200 [Si/H] 0.12+0.08
Radial Velocity (m/s) [Ca/H] 0.09+ 0.10
Fig. 4. Bisector versus RV measured from the HARPS spectra. Errors [SgH] 0.22+0.15
of twice the RV errors were adopted for all the bisector messents. [Ti/H] 0.05+ 0.09
[V/H] 0.02+0.08
. . [Cr/H] 0.17+0.09
used_the_ method described in Bruntt et al. (2004) and based on [Mn/H] 0204013
the division of the stellaH,, profile by that of the Sun observed
with the same instrumental configuration. Our best fit valas w [CoH] 0.16+0.14
Ter = 5600 K. For the HIRES spectrum, a classical line profile [Ni/H] 0.21+0.08

fitting method yielded a best fit temperature of 5500 K.

A second estimate is based on using the Spectroscopy Magge 3. Stellar parameters and elemental abundances derived for
Easy (SME 2.1) package (Valenti & Piskunov 1996, Valenti &oRoT-12 from our VWA spectroscopic analysis.

Fischer 2005), which uses a grid of stellar models (Kurucdmo

els or MARCS models) to determine the fundamental stellar

parameters iteratively. This is achieved by fitting the obsé
spectrum directly to the synthesized spectrum and minngizi
the discrepancies using a non-linear least-squares tigorin
addition, SME utilises input from the VALD database (Pis&un
et al. 1995, Kupka et al. 1999). The uncertainties using SASE,

5. Global analysis

found by Valenti & Fischer (2005), and based on a large sag-; Description

ple (of more than 1000 stars) are 44KTigr, 0.06 dex in logy,

and 0.03 dex in [VH] per measurement. However, by compaie decided to perform a thorough global analysis of the CoRoT
ing the measurements with model isochrones they found arlardransit photometry and HARPSIRES RVSs to get the strongest
systematic fiset of about 0.1 dex and a scatter that can occasiaonstraints on the system parameters. First, we cut the phrt

ally reach 0.3 dex, in log. For CoRoT-12, we find an internal

the CoRoT LC located within 0.15 days of the transit mid-ime

discrepancy using SME of 0.1 dex depending on which ion vaeeduced from the preliminary transit ephemeris presemed i

use to determine log We therefore assign 0.1 dex as ous1

Sec. 2, getting thus 47 individual transit LCs. Considethngjr
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large number of measurements, we decided to stack the mea-We did not assume a perfectly circular orbit in any of our
surements of the 36 over-sampled transit LCs per 4, to sppedMCMC runs despite that a circular orbit is compatible witke th
our analysis. This binning did noffact our final precision on results of our orbital analysis of the RVs (see Sec. 3.2)eéakl
the system parameters, as the resulting folded LC (see Fig. Smost short-period planets could keep a tiny but non-zererecc
still well sampled. tricity during a major part of their lifetime (Jackson et 2008),

Our analysis was done with the adaptative Markov Cha#wo fixing the eccentricity to zero is not justified by tidal ¢ing
Monte-Carlo (MCMC) algorithm presented by Gillon et aland could lead to overoptimistic error bars on the systerarpar
(2009; 2010). MCMC is a Bayesian inference method baseters.

on stochastic simulations that samples the posterior jpibba  Because the bandpass of CoRoT is broad and its transmis-
ity distributions of adjusted parameters for a given mo@elr  sjon peaks at a wavelength for which thfeet of the stel-
MCMC implementation uses the Metropolis-Hasting algarith |5 imb-darkening is large, it is important to take into agot
(see, e.g., Carlin & Louis 2008) to perform this samplingr Oyne influence of the limb-darkening modeling on the precisio
nominal model was based on a star and a transiting planet@fthe deduced system parameters. We assumed a quadratic
a Keplerian orbit about their center of mass. More SPeCIWa'Iimb-darkening law, and we allowed the quadratic feents
we used a clagsical Kepleriz_m model for .the RVs obtained oyf- and u, to float in our MCMC runs, using as jump param-
side the transit, and in addition, a Rossiter-McLaughlie® eters not these céiicients themselves but the combinations
model (Giménez, 2006) for the MCMC run using the HIREQ, = 2x u; + u, andc, = u; — 2% U, to minimize the correlation
data obtained during a transit. To model the eclipse phatiyme of the obtained uncertainties (Holman et al. 2006). To obtai
we used the photometric eclipse model of Mandel & Agol (2002hp-darkening solution consistent with theory, we dedide
multiplied by a baseline model consisting of dteient fourth- ;se in our nominal MCMC run (labelleMCMC; in Table 4)
order time polynomium for each of the 47 CoRoT time-serieformal prior distributions fou; andu, based on theoretical val-
The codicients of these baseline models were determined P¥s. Sing (2010) presented recently a grid of limb-darkgoos
least-square minimization at each steps of the Markov shaigicients specially computed for the CoRoT non-standard band-
(see Gillon et al. 2010 for details). ass and for several limb-darkening laws. We deduced thesal
Our analysis was composed of a nominal MCMC run, foEl = 0.47+ 0.03 andu, = 0.22+ 0.02 from Sing’s grid for the
lowed by four other MCMC runs having ftiérent specificities spectroscopic parameters of CoRoT-12 and their errorsgTab
that are described below and summarized in Table 4. Eachgy]‘ The Corresponding normal distributiom0‘47’ 0032) and
the MCMC runs was Composed of five Markov chains of 1Q\](022 0022) were used as prior distributions for and u,
steps, the first 20 % of each chain being considered as its by our nominal MCMC analysis. To test the impact of these
in phase and discarded. For each run, the convergence of¢he firiors on the deduced system parameters, another MCMC run
Markov chains was checked using the statistical test pteden(MCMC,) was performed with dierent prior distributions for
by Gelman and Rubin (1992). u; andu, obtained through the following procedure. Theoretical
The correlated noise present in the LCs was taken into aedues foru; andu, and their errorgr,, ando, were deduced
count as described by Gillon et al. (2010), i.e., a scalimgofa from Claret’s tables (2000; 2004) for the V and R filters arel th
was determined for each LC from the standard deviation of tBpectroscopic parameters of CoRoT-12b reported in TatAs 3.
binned and unbinned residuals of a preliminary MCMC analysihe transmission of CoRoT’s bandpass peaks betweevi &l
and it was applied to the error bars (see also Winn et al. 200R)transmission maxima, we took as initial values figrand u,
For the RVs, a fitter’ noise of 5 m:$ was added quadratically the mean of the values obtained for both filters. For the grror
to the error bars, this value being an upper limit for a quitais  we took the mean of the errors deduced for both filters anddadde
type star like CoRoT-12 (Wright 2005). Practically, thisa it quadratically to the dference between both filters to take into
jitter noise has no impact on the posterior distributionsh& account our ignorance of thefective wavelength of the pho-
system parameters, as CoRoT-12 is faint and the RV precisigfetry. We obtained this way the following prior distritmrts:
is photon noisgackground contamination limited. For the fouy; ~ N(0.415 0.05%) andu, ~ N(0.29, 0.02%). Furthermore, we
HARPS measurements obtained with the EGGS mode, a syste@rformed a third MCMC runNICMC3) assuming a uniform
atic error of 30 m.st was also added quadratically to the erroprior distribution foru, andu, to assess our capacity of con-
bars (see Sec. 3.2). straining the limb-darkening céiicients from the CoRoT pho-
In all five MCMC runs, the following parameters were jumpometry alone.
parameters the planefstar area ratioRp/Rs)?, the transit width At each step of the Markov chains, the stellar density de-

(from first to last contactWV, the parameteb’ = acosi/R.  g,ced from the jump parameters, and valueSTter and [F¢H]
(which is the transit impact parameter in case of a circufar Qy.a\yn from the normal distributions deduced from our spectr
bit), Ehe orbl'gal period® and time ofdmlr]lmumhllghtTp, tEe scopic analysis, were used as input for the stellar magsraali
two Lagrangian parameteecosw andesinw wheree is the 15y deduced by Torres et al. (2010) from well-consteain
orbital eccentricity ana is the argument of periastron, and thgjo4ched binary systefdUsing the resulting stellar mass, the
parameteK, = K V1~ € PY/%, whereK is the RV orbital semi- physical parameters of the system were then deduced from the
amplitude (see Gillon et al. 2009, 2010). We assumed a unifojump parameters at each MCMC step. To account for the uncer-
prior distribution for all these jump parameters. To tak® i&c-  tainty on the parameters of the stellar calibration lawthleies
count the small dilution of the signal due to contaminatit®ys for these parameters were randomly drawn at each step of the

(see Sec. 3.1), the jump paramet&ts/Rs)” was divided at each Markov chains from the normal distribution presented by@sr
step of the MCMC by a number drawn from the distributiogt al. (2010).

N(1.033 0.00%) before being used in the computation of the
eclipse model.

3 The stellar calibration law presented by Torres et al. it func-
2 Jump parameters are the parameters that are randomlyhettar tion of T, [Fe/H] and logg. We modified it to use as input the stellar
each step of the MCMC. density instead of the stellar surface gravity (see Andeetal. 2010b).
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In a fourth MCMC run (labelledMICMC, in Table 4), we indicating that the CoRoT data do not constrain much these pa
also used as data the HIRES RV measurements obtained dameters. This is confirmed by the very broad posterioridistr
ing a transit of CoRoT-12b. Without any prior knowledge oa thbutions obtained in the ruRICMCs;. Fortunately, the posterior
actual dfect of the background problem on the measured R\#stributions for the system parameters obtained in thesthuins
(see Sec. 3.2), we decided to add quadratically a consesvatire in excellent agreement, indicating that the priors ehder
value of 50 m s! to the error bars. For this run, the parameterg andu, in our nomimal MCMC run does nofizct the validity
vsinl cosB andvsinl sing, wherevsinl is the projected rota- of our results, their onlyféect being a slight improvement of the
tional speed of the star amtlis the projected spin-orbit angle,precision on the system parameters.
were also jump parameters in the Markov Chains. A uniform Our final precisions on the stellar and planetary masses and
prior distribution was assumed for them, but the normalrprioadii are not excellent (about 7% on the masses and about 10%
distributionN(1, 1°) km st was used for the deduced parametean the radii), and more observations are required to thdriyug
vsinl to get an extra constraint on the posterior distribution @haracterize this system. In this context, improving gigantly

the precision on the stellar density (about 20%) is desirabl

In our fifth MCMC run (labelledMCMC;s in Table 4), we Such an improvement could be achieved mostly through a bet-
also used as data the parts of the CoRoT LC located within @2 characterization of the orbital parametec®sw andesinw
days of theoccultation mid-times deduced from the best fit tranwith more RV measurements (and possibly occultation phetom
sit ephemeris of our nomin&AICMC run. The goal of this run etry). Indeed, an new MCMC analysis assuming a perfectly cir
was to obtain an upper limit for the depth of the occultation icular orbit leads- 2 times smaller error bars on the planet’s and
the CoRoT photometry. For this run, the occultation deptk watar's radii. The characterization of the system would aksoe-

thus also a jump parameter.

fit from an improved determination of the transit parametétis

Finally, we assessed the perfect periodicity of the trargdit more high-precision transit photometry, if possible acedin a

CoRo0T-12b in our sixth run (labellelCMC;g in Table 4). For
this run, a transit timing variation (TTV) was considereguasp
parameter for each of the 47 transits. Obviously, the drpia

redder bandpass (fainter limb-darkening).
The results of the ruMCMC, show that we cannot con-
strain the value of the projected spin-orbit angldrom the

riod could not be determined unambiguously without anymprigresent data. This is not surprising, considering the srotd-
on these TTVs, so we assumed a normal prior distribution cdienal velocity of the star and the large amplitude of theeys

tered on zero for each of them. Practically, we added theval|
ing Bayesian penalty to our merit function:

TTV:\?
BPtimings= Z ( I)
izT47\ I TTi

whereT TV, is the TTV for thei™ CoRoT transit, and-rr, is the
error on its timing estimated by a preliminary individuabdysis
of this transit.

1)

5.2. Results

Table 5 present the CoRoT-12 system parameters ancet-
ror limits derived from our nominal MCMC rurCMC;). The

results of the five other MCMC runs are presented in Table 6.

atic dfects present in HIRES transit data taken, as illustrated by
Fig. 6. On its side, the ruMCMCs shows that the occultation
of the planet is not detected in the CoRoT data. We can only put
an upper limit on its depth (3=upper limit= 680 ppm).

As expected, the errors drp andP are significantly larger
for the runMCMCs, but the posterior distributions obtained for
the other parameters agree well with ones of the other MCMC
runs. The resulting TTVs are shown in Fig. 7. No transit shaws
significant timing variation. Still, the resulting TTV sed seems
to show a correlated structure. Fitting a sinusoidal fuorcin
this series leads to a best-fit period of about 24 epochsofi.e.
about 68 days. Nevertheless, the resulting false alarmejitity
is high, about 15%, indicating that this correlated strretis
not very significant. Still, it is interesting to notice th#twe
assume a rotational period of 68 days for the star antl sif,

Our MCMC analysis presents CoRoT-12b as an inflaté@nd usingR. = 1.1 R, we obtain a value of 1.2 kms for

Jupiter-mass planeM; = 0.92+ 0.07 Myyp, Ry = 1.44+0.13
Ryup) transiting a solar analog staM{ = 1.08 + 0.08 Mo,

vsinl, in excellent agreement with the value derived from our
spectroscopic analysis (see Table 3). In this context, ailples

R. = 1.1+ 0.1 R,). Using the stellar density deduced from oulnterpretation of the low-amplitude structure visible etTTV

MCMC analysis . = 0.77°322 p,) and the €ective temper-

series is that it is caused by the rotation of the surfaceeétar

ature and metallicity obtained from spectroscopy (Tablea3) and its influence on the transit barycenters.
stellar evolution modeling based on the code CLES (Scuftdire

al. 2008) leaded to a stellar mass dd71+ 0.10 M, in excellent

6, Discussion

agreement with our MCMC result, and to a poorly constrained
age of 63 + 3.1 Gyr. It is also worth noticing that the two inde-The position of CoRoT-12b in a planetary mass-radius diagra

pendent values obtained for the stellar surface gravityfoor

spectroscopic and global analysis are in good agreement|1.

indicating the good coherence of our final solution.

is shown in Fig. 7. While being denser than the extremely
inflated planets WASP-17b (Anderson et al. 2010a), TrES-4b
(Mandushev et al. 2007) and WASP-12b (Hebb et al. 2009),

Fig. 6 presents the period-folded CoRoT photometry binn€&bRoT-12b appears to be a very low-density ‘hot Jupiterinys

per two minutes time intervals with the best fit transit mazlel

the hypothesis that the planet is a core-less gazeous pibset

perimposed. The standard deviation of the residuals ofiaiis lar composition, we used the planetary evolution code CEPAN
ter LC is 592 ppm, demonstrating the excellent quality of th&uillot & Morel, 1995) to assess the ability of standardhirr

CoRoT photometry.

diated planet models to explain the low-density of CoRob-12

The results of the first, second and third MCMC runs shov®everal models were used: a standard model with no extra heat

that the limb-darkening cdicientsu; andu, are poorly con-

source, a model for which the opacities were artificially mul

strained by the CoRoT transit photometry, despite its gaoed ptiplied by 30, and three models with a constant energy déposi

cision. Indeed, the posterior distributions wf and u, for the

(105, 107" and 138 erg.s?) at the planet’s center. Our results in

runs MCMC; and MCMC,, are close to the prior distributions,terms of planetary size evolutions are shown in Fig. 9. Foalie
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Data Jump parameters Normal prior distributions

MCMC, CoROT transits Ro/Rs)?, W, 1, u; ~ N(0.47,0.03%)
HARPS (EGGSHAM) P, To, K2, €1, G, U, ~ N(0.22,0.02)

HIRES (not transit) ecosw, esinw
Uz ~ N(0.29,0.022)

MCMC; idemMCMC, idemMCMC,
MCMC, idemMCMC, idemMCMC; Up ~ N(0.47,0.03)
+ HIRES transit + vsinl cosB & vsinl sing U, ~ N(0.22,0.02)

vsinl ~N(1,1%) & > 0 kms?

MCMCs idemMCMC, idemMCMC, U ~ N(0.47,0.0%)
+ CoRoT occultations + occultation depthiF, Uy ~ N(0.22,0.022)
MCMCsg idemMCMC, idemMCMC; Up ~ N(0.47,0.03)
+47 TTVs Uy ~ N(0.22,0.02)

TTViquar ~ N(0, 0%1)

Table 4. Specificities of the dferent MCMC runs performed during our global analysis. Seefte details

100

. ‘ : ]
F ] 50 [ E
0.995 [ - - — ]
5 0 ] s OF ) - ]
g ] B 50F 7
0.985 | = r ]
E ] —~100 [~ 5
0.98 - 3 F ]
L. | | | | [ 7
-0t 0 0.1 ~0.1 ~0.05 0 0.05 0.1
dt [days]
I
0002 ‘S Fig.6. HIRES RV measurements obtained during a transit of CoRoT-
ooz B E ; f : 12b, superimposed on an orbit&ossiter model assumingsinl = 1
‘ o1 5 o1 km.s™ andg = 0 deg. A systematic error of 50 m'svas added quadrat-
at [days] ically to the error bars to take into account the backgrourtraction

problem (see text for details).

Fig.5. Top: CoRoT transit photometry period-folded and binned per
2 minutes time intervals, with the best fit transit model simpposed.
Bottom: residuals. Their standard deviation is 592 ppm.
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o Parameter Posterior distribution
5 ] (median+ 1-o limits)
50 ]
7 F 1 Jump parameters
é OE LTHITHJ ITH I{TH I 1 T%I TIJ THTI I l; E Planijt:tar area ratioR,/R )2 0.01744000039
= | %Hll T %Hi it At . P e or00es
- } : b = acosi/R. [R] 0.609/9955
5L a !
; ] Transit widthw [d] 0.10726355088
L Transit epocliy — 2450000 [HJID] 439%2707+ 0.00036
EPOCH Orbital periodP [d] 2.828042+ 0.000013
- . RV K, [m.st.dv3 17712
‘r B ecosw -0.0123054
o of { ] { { l E esinw 0.053997¢
Eoob gt % : | { - a 1.152+ 0.056
E E ! J ¢ I b J ] C 0.028+ 0.052
\ g ] Deduced stellar parameters
5 o T e T e Uy 0.466+ 0.027
mrocH Up 0.219+ 0.021
g I Gl ch distrib Stellar density. [0o] 0.77°32
Fig. 7. Top: median value and &=limits of the TTV posterior distribu- : 0065
tions obtained iMMCMCs;. Bottom: same curve obtained after binning Stellar surface gravity log. [cgs] 4'375*8333
the TTVs per three (error of each binerror on the mean). Stellar massv.. [Mo] 107847,
Stellar radiusR, [Ro] 1.116'3003
Deduced planet parameters
RV K [ms™] 125.5ﬁ§:g
btransit [R*] 0573:88%
Boccutation [R:] 0~64t8:é(9)
Toccuttation — 2450000 [HID] 440020'5553
Orbital semi-major axig [AU] 0.0401635502
Orbital inclinationi [deg] 8548072
- Orbital eccentricitye 0.070°39%3
& Argument of periastrom [deg] 10530
Fe Planet equilibrium temperatufig, [K] 2 1442+ 58
Planet densityy, [oup] 0.309°2%%7
Planet surface gravity logp, [cgs] 30432982
Planet mas#!, [M;] 0.91799%2
Planet radiuR, [R;] 1.44+0.13
Table 5. Median and 1 limits of the posterior distributions obtained
for the CoRoT-12 system from our global analysis. Theselteswere
obtained in our first MCMC run (see Sec. 5 for detaft&)ssumingA=0

andF=1.
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Fig. 8. Position of CoRoT-12b (in red) among the other transitiranpl
ets (black circles, values from httfexoplanet.eu) in a mass-radius dia- gyt H., De Cat P., Aerts C., 2008, A&A, 478, 487
gram. The error bars are shown only for CORoT-12b (C12), WABP  carlin B. P, Louis T. A., 2008Bayesian Methods for Data Analysis, Third
(W17), TrES-4b (T4), and WASP-12b (W12) for the sake of tyari Edition (Chapman & HalCRC)
Claret A., 2000, A&A, 363, 1081
Claret A., 2004, A&A, 428, 1001
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Parameter MCMC, MCMC; MCMC, MCMCs MCMCsq
Jump parameters
Planefstar area ratioR,/R)2 001737000041 0.01737:000066 0.0174g000048 0.01739900044 001735000044
b’ = acosi/R. [R] 0.588:007 05880971 0.613:09¢8 0.614:0060 0.592:0040
Transit widthW [d] 0.1074+ 0.0010 0107709017 0.10752+ 0.0011 0107100013 0.1071:00011
To — 2450000 [HID] 4398271499903 430862711990041  439862712000040  4398627040990%8 4398626609013
Orbital periodP [d] 2.8280390000014 2 828040+ 0.000015 2828039000014 2 82804Z000N0IE 3 g2REOIN052
RV K; [m.st.d"3] 177+ 11 179+ 11 177+ 11 176+ 11 177+ 10
ecos 001132 ~0.0092%2 00102 0000929 -00179%
esino 003288 002394 00589973 00697552 0043992
o 112157 114038 115657 115392 114638
c -0.164+ 0.059 -0.4+11 0.033:904 00319952 0.027+0048
vsinl cosg [kms™] -01+14
vsinl sing [kms™] 02+14
dF, 0.00009299022
Deduced stellar parameters
Uy 0.416'G.547 0385 0.469'6.35 04685556 0.4647505
U 029072920 0.36:0% 0.218+ 0.020 0217+ 0.020 02199920
Densityp. [po] 0.84+0.21 085+ 0.19 a77:3% 0.75/920 0.81:018
Surface gravity log). [cgs] 4396255 43992058 4372+ 0.071 43667098 4.38829%
MassM. [M] 1.074:0978 1.074:9078 1.081+9977 1.083:9978 1.076:9077
RadiusR. [R.] 109012 1.08:011 1.12:011 11290097 1.008:0972
vsinl [kms™] 167587
Deduced planet parameters
RV K [ms] 1260+ 76 1266172 1256129 1254+74 1255+ 7.1
Bt [R. 0.5745% 05783%8 057899 05713%% 0564293
Boccutaion [R] 0.60G05 0.60"505 0.64:533 0.65%305 0.620%073
Toccuttation — 2450000 [HJD] 440210940 44000250040 44000230045 4400041993 4400010/2943
Orbital semi-major axis [AU] 0.04011:39509° 0.04011:335%%3 0.040203:359%3 0.040223:35051 0.04013735%%4
£ [deg] 2243
Orbital inclinationi [deg] 858795 85767353 85437218 85397072 85.67°33)
Orbital eccentricitye 0.05959% 0.054+0:9%1 0.0773:982 0.083:59¢2 0.059"3:951
Argument of periastrow [deg] 10913 112383 112383 87+33 11332
Equilibrium temperaturd e [K] 2 142578 142483 144685 14498 1431+ 47
Densitypp [03up] 0.34+0.10 03420099 0.301041 0.2980093 0.327:0082
Surface gravity log), [cgs] 306972982 3.073597 3.037+59%1 3.031:5983 3.060°59¢83
MassM, Mg 0.01990% 0924987 09199072 09169  09152%2
RadiusRy [Ryup] 139016 1.39:018 1451015 1.451013 1.41+01

Table 6. Median and 1 limits of the posterior distributions obtained for the CAR2 system derived from the MCMC rundCMC,, MCMC3;,
MCMC,4, MCMCs, andMCMC; (see Table 4fAssumingA=0 andF=1.
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