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Transiting exoplanets from the CoRoT space mission*
XV. CoRoT-15b: the link between massive exoplanets and low-mass stars
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ABSTRACT

We report the discovery by theoRoT space mission of a transiting brown dwarf orbiting a F7V 818.06 days. CoRoT-15b, with a radius of
1.22+0.07 Ryypand a mass of 646 My, is the second transiting companion lying in the theorétitass domain of brown dwarfs.
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1. Introduction More than 30 multi-transiting candidates for planets were
. . _ . identified among the 10265 targets of the SRa02 field. About

The spaceCoRoT mission (Baglin et al. 2009), in operationyg|f of them were clearly identified as binaries from liglotage

since start of 2007 and extended to end of 2013, is designdo fif,5|ysis and a tenth of high priority planetary candidatesew

transiting exoplanets. A natural product of this missiomhiat  ge|ected in this short run including SRaB2 4106 afterwards

any object with size of Jupiter or lower that transits itstr&lar 5jled CoRoT-15. The various ID of this target, includingo

can be detected. This includes stellar and sub-stellar @0mpginates and magnitudes are listed in table 1.

ions such as M-dwarfs and brown dwarfs (BDs). In the mass-

radius diagram, there is up to day only one known brown-dwarf

CoRoT-3b (Deleuil, et al. 2008), located in the gap in mass beable 1. IDs, coordinates and magnitudes.

tween planetary and low-mass star companions. Deterromati

of the physical properties of such objects are fundamental t CoRoT window ID SRa02E14106
understand the link between the population of planets and lo CoRoT ID 221686194
mass stars and to distinguish the formation and evolution pr USNO-B1ID 0961-0097866
cesses of the two populations. 2MASS ID 062827810611105
We report in this paper the discovery of a new transiting RA (J2000) 06:28:27.82

brown-dwarf byCoRoT established and characterized thank to Dec (J2000) +06.11:10.47
ground-based follow-up observations. CoRoT-15b, with &n e g%a iggg
timated radius of 1.22 B, and an estimated mass of 64}y R12 15.47
orbits in 3.06 days an F-type dwarf with solar metallicity. R2 15.43

|2 14.83

N 13.801+ 0.026
2. CoRoT observations HP 13.423+ 0.037

KP 13.389+ 0.050
SRa02 was the seventh field observed iitiRoT in the second 2 from USNO-B1 catalog
year after its launch. It corresponds to the third short nohwaas b from 2MASS catalog

located towards the so-called galactic anti-center doact his

run started on 2008 October 11 and ended on 2008 November
12, constituting of a total of 31.7 days of almost-continsiob-
servations.

3. CoRoT light curve analysis

* The CoRoT space mission, launched on December 27th 2008, . . . .
has been developed and is operated by CNES, with the caiioribu COROT-15, with an estimated V magnitude close to 16, is lo-

of Austria, Belgium, Brazil , ESA (RSSD and Science Program Cated at the faint end of the stellar population observed by
Germany and Spain. Observations made with HARPS specpiogita COROT . In this magnitude domain, the signal is notfstient
ESO La Silla Observatory (184.C-0639). to split the photometric aperture in three colors and the ex-
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tracted lightcurve, also called white lightcurve, is momae

matic (Llebaria & Guterman 2006). The sampling rate was at f > o
512 seconds during the whole run and not oversampledto 32sec | o o o
onds since this candidate was not identified with the alarmano e & °° o 3% o 3 ]

Po <, < B

(Surace et al. 2008). Fig. 1 shows the lightcurve of CoRoT-15
delivered by the N2 data levels pipeline. This lightcurvguste
noisy and is fiected by several cosmic ray events as well as pos-
sible stellar variability.
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e tometry at the IAC80 telescope, from HID 2455209.4801t0..676
0.96 5 10 5 20 The resultant lightcurve was notfSigiently precise to identify
HID — 2454750 the expected transit on the target, due to photometric £mer
troduced from a thin cirrus coverage. However, the absefce o
Fig. 1. Raw Light Curve of CoRoT-15. large brightness variations in the neighboring stars adtbwo
exclude nearby eclipsing binaries as a source of the siginais
A first analysis of the lightcurve, based on fit of each individ/€® observed bgoRoT. The contamination factor was derived
ual transits by a trapezoidal, reveals periodic transith @epth 10M & measure of the distance and brightness of the nearby
of 0.68% and a period of 3.0628.0008 days. Out-of-transit stars on a sgbset of thege IAC80 R-filter images obtained with
points within the small environment8 times the duration) of _the b_e_st Seeing of that night (1'7. arcsec). Ten n_earby Sers w
each individual transits were selected, and adjustedatsaby 'dentified, with 6 of them contammage twsRoT window aper-
a parabola. A sigma-clipping was applied in order to exchitie ture with flux level amount of 100.3% of the main target flux. .
out-of-transit points far from the parabolas{®lip). Each tran- We checked furthermore that_none of_the_ kno_wn _nearby stars Is
sit observations (both in-transit-points and out-of-siapoints) Pright enough to be a contaminant eclipsing binaries. Thegjen
were divided by the adjusted parabola in order to filter thbtli of the sky around CoRoT-15 is shown in Fig. 3.
curve. Although the light curve was obtained in the 512 sec-
onds sampling rate, we applied a bin-averaging to increzese t 1 arcmin
signal-to-noise ratio. Uncertainties of the individuaings were
estimated from the standard deviation of the points in time bi
The whole corrected lightcurve folded at the period of 3.8«
is shown in Fig. 2. The dispersion of the residuals is 2 mmag.
Since theCoRoT lightcurve is relatively noisy, no meaning- N
ful limits to either the visible-light albedo of the companinor
to its dayside surface temperature could be established.
From the raw lightcurve, we tried to estimate the stellar ro
tation period. We filtered out variations with timescaleersér
than 15 data points-@.13h) to reduce sensitivity to the satellite
orbital éfects so on, then we removed the transits. The comput
LS periodogram appears to be quite noisy afidcied by low-
level discontinuities in the lightcurve. There is tentatgwidence
of a possible rotational modulation at either 2.9 or 6.3 dayise  Fig. 3. The image of the sky around CoRoT-15 (star in the centre}: Lef
light curve, but the data does not enable us to estimate titedpe R-filter image with a resolution of 1.7" taken with the IAC&8dscope.

; ot ; Right: Image taken by oRoT, at the same scale and orientation. The
more precisely or to distinguish between these two values. jagged outline in its centre is the photometric aperturekniaslicated

are alsoCoRoT’s x and y image coordinates and positions of nearby
stars which are in the Exo-Dat (Deleuil et al 2009) database.

4. Ground-based observations
4.1. Ground-based Photometric follow-up

Ground-based photometry is performed with the aim to refi
the target ephemeris, to verify that none of its closestaiont
inant stars correspond to an eclipsing binary and to determRadial velocity (RV) observations of CoRoT-15 were perfetm
the contamination from nearby stars insf@ieRoT’s photomet- with the HARPS spectrograph (Mayor et al. 2003) based on the
ric aperture mask (Deeg et al. 2009). CoRoT-15 was obsen&6é-m ESO telescope (Chile) as part of the ESO large program
during a transit event on 2010 January 13 with time-seri@s pHL84.C-0639 and with the HIRES spectrograph (Vogt et al. 1994

NE2. Radial velocity follow-up
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Table 2. Radial velocity measurements of CoRoT-15 obtained bgdjusted ffset between the two fierent instruments. No sig-

HARPS and HIRES. BJD is the Barycentric Julian Date. nificant eccentricity was found and we decided to set it t@zer
We found a systematic shift in phase using@uRoT period of
BJD RV +1o P=3.0608 days. It comes from the fact that the quite large uncer
-2400000 [kms'] [kms™] tainty on theCoRoT period (69 seconds) may introduce 1 year
HARPS 3.6-m ESO after a systematic shift of more than 2 hours. We then decided
55159.81312  9.944 0.308 to adjust the period with the RVs fixing the transit epoch as de
55169.77922  2.107  0.315 termined fromCoRoT lightcurve T&54753.557@ 0.0028. The

55235.60498 2.849 0.380

best solution is obtained for=3.06039%-0.00014 days, a semi-
gggii‘ggggg 8'2% 8'325 amplitudeK=7.376:0.090 kms? and an RV dfset 1.17%0.55
' , ' L i i [ is 0. krhand the
55243.55544 -2.422 0.222 kms T?e dispersion of the residuals is 0.325 an
55246.56091 -2.684  0.434 reduced“ is 0.90.
55247.55392 -1.318  0.411 Figure 4 shows all the radial velocity measurement after sub
55248.54372 10.235  0.357 tracting the RV dfset and phase folded to the updated orbital
HIRES 10-m Keck period.
55221.76973 1.084 0.291
55221.81404 0.890 0.189
55221.82490 0.556 0.289
55221.89482 -0.232  0.220 CoRoT~1ob _MARPS + KRCK
55221.90689 -0.492  0.216 101 | (. ]
55221.97788 -1.869 0.353 r /// ~ 1
55221.99025 -1.750  0.147 I # LN
55222.98656 -3.193 0.340 L S \\\ 1
55222.99752  -3.587 0.226 — 5 / N
55223.73904 6.527 0.113 2 r / N
55224.82036 1.593  0.374 E . 3 -
55224.83152 1.818 0.303 = F / 1
55225.04022 -1.345 0515 Hoorg 8 .
- 4 :
based on the 10-m Keck-1 telescope as part of NASAs key sci- _. [ S ]
ence project to support tl&oRoT mission. 5 : 0‘2 : : 0‘4 : : 0‘6 : : 0‘8 : .

HARPS was used with the observing mode_alf, with- Orbital phase
out simultanenous thorium in order to monitor the Moon back-
ground light on the second fiber. The exposure time was set t@id. 4. Phase-folded radial velocity measurements of CoRoT-18 wit
hour. A set of 9 spectra was recorded between November 24#RPS (dark circle) and HIRES (open triangle)
2009 and February 21th 2010. We reduced HARPS data with
the pipeline based on the cross-correlation techniqgues(Ba
et al. 1996; Pepe et al. 2002). The signal-to-noise ratioR)SN
per pixel at 550 nm is in the range 3 to 7.8 for this faint target
corresponds to the faint end in magnitude for HARPS follqav-

observations. Radial velocities were obtained by weigbtess- Tpree HIRES spectra of CoRoT-15 were acquired without the
correlation with a numerical G2 mask. _ iodine cell. Each spectrum was set in the heliocentric rashé,

_ HIRES observations were performed with the red crosgreaned from cosmic rays and from the moon reflected lighe. Th
disperser and the;cell to measure RVs. We used the 0.861¢4_aqdition of these 3 spectra results in a master spectowm ¢

wide slit that leads to a resolving power Bf ~ 50,000. The ;
contamination of the HIRES spectra by scattered moon ligist wenng the wavelength range from 4100 A to 7800 A with a SNR

anif for this fai he 7" tall K per element of resolution in the continuum ranging from 20 at
significant for this faint target, but the 7" tall decker aled us g3 & 1 10 70 at 6820 A. The 9 co-added HARPS spectra did
to properly correct for the background light. Over a 4-niglrt t permit to reach a better SNR
from 2010 January 25 to January 28 we have collected 13 spe&? P , L ) .
of CoRoT-15 with the 4-cell, and three spectra without the cell. _From the anaIyS|slof a set of isolated lines, we derived a
These 3 spectra were co-added to serve as stellar temptate/fRN! of 19 + 2 kms™. The spectroscopic analysis was car-
the RV measurements, and to be used for the determinatiori§f out using the same methodology as for the previnRoT
stellar parameters (see Sect. 4.3). The average SNR oféle SIglanets and described in details in Bruntt et al. (2010). &l
tra with the b-cell range from 13 to 22 (per pixel) in the iodinethe moderate SNR of the master spectrum of this faint target,
region from 500-620nm. Mierential radial velocities were com-combined to the marked rotational broadening of the splectra
puted using ouAustral Doppler code (Endl et al. 2000). Ninelines prevent us from an accurate measure of the star's photo
RV measurements were made during a transit event on 2@Rheric parameters. The derived stellar parameters aoeteelp
January 25 but were not enough sensitive to detect the sigihlable 3.
ture of the Rossiter-McLaughlirffect expected to have, for this ~ Calculations using CESAM (Morel & Lebreton 2008, see
high rotating star, an amplitude of about 100 Ths also Guillot & Havel 2010) confirm these solutions, and also

The HARPS and HIRES radial velocities are given iield possible pre-main sequence solutions with extremely

Table 2. The two sets of relative radial velocities were simuyoung ages, between 10 and 15 Myr. It is to note that although
taneously fitted with a Keplerian model, with the epoch and p® 10 of the measured s and M,l(/3/R* the age constraint is
riod of the transit being fixed at theoRoT value and with an reasonably strong,withind any age becomes possible.

u4.3. spectral classification
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Following Santos et al. (2002) methodology, we also estiable 3. Star and companion parameters.

mated thevsini and the Fe/H] index from the HARPS cross-
correlation average parameters (FWHM and surface). Assyimi
a B -V of 0.5, we estimated thesini of the target to be
16+1 kms?t an [Fe/H] index close to zero (solar metallicity)

Parameters

Value

Transit epochry, [HID]
Orbital periodP [days]

2454753.55740.0028
3.060320.00014

in agreement with the spectral analysis. Transit duratiord, [h] 3.69+77?
Orbital eccentricitye 0 (fixed)

5. System parameters Semi-amplitudeK [kms™] 7.376£0.090
Systemic velocity, [km s™] 2.257+0.048

For the fit of the phase-folded corrected lightcurve, we uked

equations of Mandel & Agol (2002) model assuming a circular Radius raticdRc/R. 0.0791:0.0007

orbit. We took into account that the contamination factcalgn Scaled semi-major axa/ R, 6.28:0.12

sis from Sect. 4.1 yielded that 98-0.3% of all the observed flux :!mb darten!ng coficientu+ 0'6&?:06

comes from the main target. The free parameters were the semi I'mb darkening cogiicientu- 0.38 (fixed)

- . . . ; mpact parametds 0.504:0.029

major axis - stellar radius rati@(R,), the companion-to-stellar

.ra.dius ra.tioR_C/Rf), the impact parameteb(: aco_si/R*,where MY3/R, [solar units] 0.740.03

i is the inclination) and the two limb darkening dbeients Stellar density, [g cm] 500430

U+ = Uy + Up, U— = Uy — Up (using the quadratic limb dark- Inclinationi [deg] 85.4:0.54

ening law). From the stellar parametergg;Tlog g and [Fe/H])

we fixed the limb darkening céiécientu—=0.38 based on Sing Effective temperatur@es[K] 6350+200

et al. (2010) tables and ajusteet. To find the best fit we used Surface gravity log) [dex] 4.3:0.2

the recently developed Harmony Search algorithm (Geem et al Metallicity [Fe/H] [dex] 0.1+0.2

2001) which is a genetic algorithm-type optimization metho Rotationl velocityvsini [kms™]  19+2

Uncertainty on the contamination factor was propagatextine Spectral type Frv

final parameters. _Thegierrors were estirr12ated from the width Star massi.] 1.35:0.12

of parameter.dlstrlbutlon betweqﬁ1in andyf;, + 1. The results Star radius [R@O] 158:008

are reported in Table 3. _ _ Distance of the system 127600

We used the photospheric parameters from spectral analysis  age of the star [Gyr] 1-59

and the stellar density derived from the transit modelingeo Orbital semi-major axis [AU] 0.046+0.003

termine the star's fundamental parameters in thg,(W¥3/R,) Companion masy/; [M, | 645

space. UsingSTAREVOL evolution tracks (Palaciogrivate Companion radiu&:[R,]* 1.22+:0.07

com), we find the stellar mass to B8, = 1.35+ 0.12Mg and Companion densitye [gcm™]  46+12

the stellar radiu®, = 1.58+ 0.08 R, with an age in the range
1.1-59 Gyr. This infers a surface gravity of lag=4.17+ 0.15,
in good agreement with the spectroscopic value.

We derived for the transiting companiorn#64+5 Mj,and
Rc=1.22+0.07 Ryyp

@ based on tables from Sing 2010.

ions rapidly bring them into the central star (e.g. Levrardle

2009).

It is interesting to see that given thsini and stellar radius
determinations, the projected spin period of the centaal ist
P/sini, = 4.2 + 0.5days. The LS periodogram analysis of the
CoRoT-15 lightcurve yields two dominant periods: one cluse
After CoRoT-3b (Deleuil et al. 2008), CoRoT-15b is the se®.3 days, which cannot be the star’s spin period, and one clos
ond transiting companion that lies in the theoretical massaln to 2.9 days. If taken as the stellar spin period, this woulglym
of "brown dwarfs” (13-75 MJup, if one adopts the present IAUhat the system is indeed stable (at least as long as theatentr
convention). Expanding a bit the mass domain, one can easitar does not brake too much), the companion being pushed out
include in this ensemble the high mass "planets”¥MO0 M, ;) Wwards.

X0O-3b (Johns-Krull et al. 2007) and WASP-18b (Hellier et al. CoRoT-15b is also extremely interesting for its size in com-
2009), and in the M-dwarf regime, OGLE-TR-122b (Pont et gharison with other objects in this mass range, and of ewmiuti
2005) -123b (Pontet al. 2006) -106b (Pont et al. 2005), anttHAracks for hydrogen-helium brown dwarfs and stars. Figure 5
TR-205-013 (Beatty et al. 2007). Interestingly, all thebgots shows that it is extremely inflated compared to standard evo-
are found to orbit F-type stars, with one exception: OGLE-TRution tracks for these kind of objects (Bélimet al. 2003). This
122b orbits a G-type dwarf but has a much longer orbital jgeridgs also the case of OGLE-TR-123b, OGLE-TR-106b and, but
(7.3 days compared to less than 4.3 days for all other objects a lesser extent, HAT-TR-205-013. In order to examine iposs
F-type dwarfs have the particularity of being fast rotatorde- ble solutions to this puzzle, we calculate evolution tragking
pendently of their age (Nordstrom et al. 1997), a consequiehc CEPAM (Guillot & Morel 1995), but adding the dominant ther-
a small or inexistent outer convective zone, weak stelladaj monuclear reaction cycle, namely the pp-chain (see Burébws
and reduced losses of angular momentum. We thus propose thabert 1993). The atmospheric boundary condition is adjlis
the presence of close-in massive planets, brown dwarfs or M-the Bar&e et al. (2003) evolution tracks, using the analytical
dwarfs is possible around F-type stars because a fasteéiorotasolution of Guillot (2010), and values of the thermal and-vis
of the parent star yields an outward torque on the companidie mean opacitiesq, = 0.04cn? gt and«v = 0.024cnfg.

On the contrary, G-type stars rapidly loose their angulame® The model shows that irradiatiorffects, although quite signif-
tum due to winds and always end up rotating more slowly thacant for Jupiter-like planets have rather small conseqgegin
their close-in companion. The tides raised by massive compghe brown dwarf regime, and become completely negligible in

6. Discussion and Conclusion
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the stellar regime. We also test the possibility that theflated Beatty et al. 2007, ApJ, 663, 573
sizes may be explained by the presence of cold spots on Bfenttetal., 2010
brown dwarf, similarly to a mechanism proposed to explait thBurrows & Liebert 1993, RvMP, 65, 301
M . | in bi - | infl d (Cleab Chabrier et al. 2007, A&A, 472, 17
-type star in close-in binaries also appear inflated ( I Deeg, H., et al., 2009 AGA 506 343
etal. 2007). As shown in Fig. 5, this mechanism works only iBeleuil, M., Deeg, H., Alonso, R., et al., 2008, A&A, 491, 889
combination with a young age for the system, and with a ratherdl, M., Kirster, M., Els, S., 2000, A&A, 362, 585 _
large fraction ( 50%) of the photosphere covered with spats. ge‘?lm{ é'n%" 'f'{g'g 35 i'g,i"%?,gatﬂ?;" G. V. 2001, Simulatioh 6, pp.60-68
3 e . . . unio rel s , ,

alternative possibility is that irradiated atmospher&s much GuiPot 2010, submitted to AGA.
more opaque than us_ually.t_ho.ught, pos_S|ny a consequences@iiot & Havel 2010, A&A, submitted
photochemistry and disequilibrium chemistry. Hellier et al. 2009, Nature, 460, 1098

In any case, this shows that CoRoT-15b is a crucial obje@ns-dKfl:" thg'bf,of\?j AEQ’ZGZZ,’ 657

. . o H evrard et al. , ApPJ, ’

to unlderstantc)i both éhe 1ynar3||cal and physical eVOIhUt'On'Of Etlebaria, A., & Guterman, P., 2006, in ESA Special Publimati1306, 293
ant planets, brown-dwarfs and low-mass stars. Furtheme®se yandel, k.. Agol, E. 2002, ApJ 580, 171
tions aiming at obtaining more accurate spectra of the stafdv Mmayor, M., Pepe, F., Queloz, D., et al. 2003, The Messendér, 0
be highly desirable. Although this is a challenging measenet Morel & Lebreton, 2008, Ap&SS, 316, 61
given the faintness of the target, measurement of secotrcary gordS‘;‘fm’\/’l B., St'\e/lfagk'”R-Pd-v IF.athtaan. 26‘6\’5 eAt gk égg&g@& 126,21
sits in the infrared would be extremely interesting becaheg ooy "o o PG, e € 8l SRS AGA 55
would inform us on this rare heavily irradiated brown dweétrf apont et al. 2005, A&A, 438, 1123

mosphere. Pont et al. 2006, A&A, 447, 1035
Santos, N.C., Mayor, M., Naef, D., et al., 2002, A&A, 392, 215
Sing, D., 2010, A&A, ...

3.0r 5 Surace, C., Alonso, R., Barge, P., et al., 2008, SPIE Comie§&019, 111
F - Vogt, S.S., Allen, S.L., Bigelow, B.C., et al. 1994, SPIE981362
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