arXiv:1508.05763v1 [astro-ph.EP] 24 Aug 2015

September 1, 2015

Astronomy & Astrophysicsmanuscript no. revision v1 languageCorrected

¢ ESO 2015

Transiting exoplanets from the CoRoT space mission?,?"

I>

XXVIIIl. CoRoT-33b, an object in the brown dwarf desert with 2:3
commensurability with its host star

Sz. Csizmadiad, A. Hatzed2, D. Gandol B4 M. Deleuil®, F. Bouchy®, M. Fridiund®8, | . Szabadodd,
H. Parviainerm, J. Cabreram, S. Aigrai r{ﬂ] R. AIonsdmn:a, J-M. AImenara{a, A. Baglirﬂzn, P Borde[I5],
A. S.Bonomd®®, H. J. Deed?13 R F. ezl A. Eriksorld, S. Ferraz-Melld18, M. Tadeu dos Santod8,
E. W. Guenthetm, T. Guillol@, S. Grziwa{m, G. Hebrardzn, P. Klagyivi lm@ M. OIIivierlzz, M. P!aIzoI(@],
H. Rauetm, D. Rouarlﬂ, A. Santerném, J. Schnei detlz5], T. MazeHza], G. Wuchterl, S. Carpandm, and A.O r

(A liations can be found after the references)

Received 16 June 2015; accepted 28 July 2015

ABSTRACT

We report the detection of arare transiting brown dwarf with a mass of 59 My, and radius of 1.1 Ry, around the metal-rich, [Fe=H] = +0:44, GOV
star CoRoT-33. The orhit iseccentric (e = 0:07) with aperiod of 5.82 d. The companion, CoRoT-33b, isthus anew member in the so-called brown
dwarf desert. The orbital period is within 3% to a 3:2 resonance with the rotational period of the star. CoRoT-33b may be an important test case
for tidal evolution studies. The true frequency of brown dwarfs close to their host stars (P < 10 d) is estimated to be approximately 0.2% which is
about six times smaller than the frequency of hot Jupiters in the same period range. We suspect that the frequency of brown dwarfs declines faster

with decreasing period than that of giant planets.
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1. Introduction

As of June 2015, W. R. Johnston lists 2085 con rmed and 562
candidate brown dwarfs], 427 of them are marked as located in
either a binary or multiple system. Only 65 brown dwarfs are
companionsto FGK dwarfs at orbital distances less than 2 AU
fromthe star (Ma & Ge 2014). Of these only nine (and one addi-
tional reported here) are transiting (Table 1) which providesthe
possibility of measuring directly the mass and radius directly.

? The CoRoT space mission, launched on December 27th 2006,

has been developed and is operated by CNES, with the contribution
of Austria, Belgium, Brazil, ESA (RSSD and Science Programme),
Germany and Spain. Based on observations made with HARPS (High
Accuracy Radial velocity Planet Searcher) spectrograph on the 3.6-
m European Organisation for Astronomical Research in the Southern
Hemisphere telescope at La Silla Observatory, Chile (ESO program
188.C-0779).
?? Based on observations obtained with the Nordic Optical Telescope,
operated on the idand of La Palma jointly by Denmark, Finland,
Iceland, Norway, and Sweden, in the Spanish Ohservatorio del Roque
de los Muchachos of the Instituto de Astro sica de Canarias, in time
allocated by the Spanish Time Allocation Committee (CAT).

1 See at|hitp://www.johnstonsarchive.net/astro/browndwar ist.ntml).
The DwarfArchiveorg project, maintained by C. Gelino,
D. Kirkpatrick, M. Cushing, D. Kinder, A. Burgasser
(http://spider.ipac.caltech.edu/sta /davy/ARCHIV E/index.shtml)
tabulates 1281 L, T and Y dwarfs but it does not contain information
about the masses and radii of the catalogued objects. The Johnston’s
catalogue reports radius values for 191 brown dwarfs, but most of
these were obtained by severa di erent and often indirect methods,
e.g. model- tting to the spectral energy distributions. Ra dii of brown
dwarfs measured by direct methods are listed in Table 1.

Given the meager observational data, an increase in the number
of brown dwarfs with accurate parametersis necessary to obtain
a better understanding of the formation, structure, and evolution
of these objects. Transiting brown dwarfso er the best possibil-
ity for characterizing them in a model-independent way.

The radii of brown dwarfs and giant planets are in the same
range around 1 Ryyp, but the masses are quite di erent. Brown
dwarfs straddle a border at 65 Jupiter masses. Objects with
masses below this border fuse deuterium (D) while those above
thismass limit fuse lithium (Li) in episodic events (e.g. Chabrier
et al. 1996), and planets do not ignite their material. Spiegel et
al. (2011) showed that the lower mass limit for brown dwarfs
de ned by deuterium-ignition is between 11-16 My, depend-
ing on the actual metallicity. Planets are usually smaller in mass
than brown dwarfs, but thereis an overlapping region: atiny por-
tion of planetesimals, the so-called ‘ super-planets’ may grow up
to 20-40 My, by core-accretion (Mordasini et al. 2009), causing
problems with separating these giant planets from brown dwarfs
(Schneider et al. 2011). The maximum mass of brown dwarfsis
about 75-80 My, (Bara eet a. 2002).

Chabrier et a. (2014) suggests that the borderline between
giant planetsand brown dwarfsshould belinked to their di  erent
formation scenarios and not to the minimum mass required for
deuteriumignition. Then the various formation and evolutionary
mechanisms may be responsible for the nonequal frequency of
brown dwarfs and planetary-mass objects around stars.

While 50% of solar-like dwarf stars have a stellar, 30%
have a low-mass (Earth- to Neptune-sized), and 2.5% have
a higher mass (Jupiter or bigger) planetary companion, only
0.6-0.8% of solar-like stars have a brown dwarf within 5 AU
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(Duquennoy & Mayor 1991; Vogt et a. 2002; Patel et al. 2007;
Wittenmyer et a. 2009; Sahimann et a. 2011; Dong & Zhu
2013). The brown dwarf desert refersto thislow occurrencerate
of brown dwarfs as companion objects to main-sequence stars.
However, the frequency of wide pairs consisting of a brown
dwarf and a solar-like star (with a separation exceeding 5 AU) is
signi cantly higher at over 2-3% (Ma& Ge 2014 and references
therein). A more detailed overview of the di erent occurrence
rates can be foundin Ma & Ge (2014).

Brown dwarfs may have a di erent formation mechanism
from giant planets, which might form via core accretion (Alibert
et a. 2005). Ma & Ge (2014) proposed that brown dwarfs below
35 Myyp are formed from the protoplanetary disk via gravita-
tional instability, while those with M > 55 My, form like stellar
binaries via molecular cloud fragmentation. Between masses of
35 and 55 My, there are a signi cant lack of brown dwarfs
orbital periods shorter than 100 days (Ma & Ge 2014) as com-
panionsto stars.

Alternative theories explaining the brown dwarf desert sug-
gest that during the formation of a binary system consisting of
a solar-type star and a brown dwarf, the migration process is
so e ective that brown dwarf companion spirals into the star
and is engulfed. This would explain the paucity of very few
brown dwarf companions found within 5 AU to solar-type stars
(Armitage & Bonnell 2002). Combining this low frequency of
close-in brown dwarfs with the geometric transit probability,
transiting brown dwarfs should indeed berare.

In this paper we report the discovery of a transiting brown
dwarf, CoRaT-33b. With a mass of 59 Jupiter mass, CoRoT-33b
liesjust below to the D-Li border for brown dwarfs at 65 Jupiter
masses. We also give a preliminary estimate for the frequency of
close-in brown dwarfs with orbital period less than ten days.

2. Data
2.1. CoRoT observations
Flux measurements and transit detection

CoRo0T-33 (R = 14:25 magnitude) was observed by the CoRoT
satellite (Auvergne et a. 2009; Baglin et a. 2007) in white light
for 77.4 days between 8 July 2010 and 24 September 2010. Into-
tal, 178,342 data points were collected. Various designations of
thetarget are listed in Table 2 along with equatorial coordinates
and magnitudesin di erent passbands.

The rst transits of CoRoT-33b were discovered in the so-
called Alarm Mode which triggered an oversampling rate and
spectroscopic follow-up observations. After 22 July 2010 the
standard 512 s sampling rate was changed to 32 s (see Surace
et al. 2008; Bonomo et al. 2012). In total, 13 transits of CoRoT-
33b were observed.

For the light-curve analysis we kept only those data points
that were agged with ‘0’ by the CoRoT automatic data-pipeli ne
which is an indication of good measurement without comment.
In total, we used 1626 data points obtained with the 512 sinte-
gration time and 133,333 data points obtained with the 32 sin-
tegration time for atotal of 134,959 photometric measurements.

The cleaned light curve normalized to its median value is
shown in Fig. 1. Fortunately, no signi cant jumps, cosmic ray
events, hot pixels, etc. a ected this light curve. Also shownisa
smoothed version of the data produced after applying a Savitzky-
Golay lIter. Variations due to rotational modulation can cl early
be seen, which is studied in detail in Section3.5
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Fig. 2. Finding chart and contamination source map for CoRoT-
33. Red numbersdenote stars whose contribution to the observed
ux was taken into account; yellow numbers denote stars whos e
contamination was checked but was found negligible. Star with
number O corresponds to CoRoT-33.

Contamination

Figure [ shows the Palomar Observatory Sky Survey’'s image
of CoRoT-33 and its environment. The solid zigzag line repre-
sents the CoRoT-photometric mask while the dashed line shows
the boundaries of the CoRoT-imagette. CoRoT hasabi-prismin
the optical pathway of its exoplanet channel so that asmall, very
low-resolution spectrum is obtained for brighter starsinthe eld.
Therefore the point-spread function (PSF) of each object in the
eld of view of the exoplanet channel isroughly 46 23 arcsec-
onds. We found that the contribution of stars outside the mask is
very small, but there are two main contaminantsinside the pho-
tometric mask, denoted by Nos. 1 and 2. They are fainter than
CoR0T-33 by 2.5 and 2.9 magnitudes. Because of the large PSF
of CoRoT, the contaminating sources actually produce 13 4%
of the total observed light in this mask. This contamination fac-
tor was calculated using the procedure described in Pasternacki
et al. (2011) andis consistent with the value found independently
by Gardeset al. (2011).

2.2. Radial velocity measurements

The radial velocity (RV) follow-up of CoRoT-33 was started
with the HARPS spectrograph (Mayor et al.|[2003) based on the
3.6-m ESO telescope (La Silla, Chile) as part of the ESO large
program 188.C-0779. To monitor the Moon background light on
the second bre, HARPS was used with the observing mode
obj_AB, i.e., without simultaneous thorium-argon (ThAr). The
exposure time varied between 25 minutes and 1 hour. A set of
8 spectrawas recorded for CoRoT-33 with HARPS between 28
June 2013 and 15 August 2013. We reduced the HARPS data
and computed RV s with the HARPS pipeline based on the cross-
correlation technique (Baranne et al.| [1996; [Pepe et al. | 2002).
Radial velocities were obtained by weighted cross-correlation
with anumerical K5 mask which yielded the smallest error bars.
Thesignal-to-noiseratio (S/N) per pixel at 5500 isintherange
2to 7. The rst and thelast measurementswerea ected and cor-
rected from moonlight contamination.

Four additional RV measurements were acquired with the
Flbre-fed Echelle Spectrograph (FIES; |[Frandsen & Lindberg
199¢; Telting et al.[2014) mounted at the 2.56-m Nordic Optical
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Table 1. Basic data of known transiting brown dwarfs.  isthe mean density of the brown dwarf component.

Name Mgar=M Rea=R Taar [K] [FesH] P (days) e Mgp=Mayp Rep=Ruup [g/em’] Ref,
2M0535-05% 9:779621(42) 0.3225 0.0060 567 48 65 033 0.6 0.06 1
2M0535-05b? 9:779621(42) 0.3225 0.0060 356 28 50 025 035 008 1
CoRoT-3b  1:37 0:09 156 009 6740 140 -0.02 0.06°  4:25680(5) 0.0 21:66 1.0 101 007 264 56 2
CoRoT-15b  1:32 0:12  1:46'2% 6350 200 +0.1 02  3:06036(3) 0 633 41  1:120% 50 29 3
CoRoT-33b  0:86 0:04 0:94012:‘}8 5225 80 +0.44 0.10 5:819143(18) 0:.0700 0:0016 59:.0'8  1:10 053 55 27 4
KELT-1o  1:335 0:063 1:471+°;%4g 6516 49 +0.052 0.079 1:217513(15) 0:01+%% 27:38  0:93 1:116+°§§3g 245 5
Kepler-30b®  1:10*0% 1:39+§;f§ 6260 140 -0.29 0.10  21:0874(2) 0:121+g?§§§ 18:00+§;9§ 1:22*‘3);3r 12.40+§51§ 6
Kepler-39b° 1:29+§;§§ 140 010 6350 100 +0.10 0.14 21:087210(37) 0:112 0:057 20:1+l;§ 1:24+§;§§ 13.0%%Y 7
KOI-189h" 0:764 0:051 0.733 0.017 4952 40 -0.07 0.12 30:3604467(5) 0:2746 0:.0037 780 34 0998 0023 97.3 41 8
KOI-205b  0:925 (:0330:841 0:020 5237 60 +0.14 0.12 11:7201248(21) = <0.031 399 10 0807 0022 756 52 9
KOI-205b 0:96'3%  0:.87 0.020 5400 75 +0.18 0.12 11:720126(11) <0.015 40871 082 002 90.9;7* 6
KOI-415b 0:94 006 11501 5810 80 -0.24 0.11 166:78805(22) 0:698 0:002 62:14 2:69  0:79'3%2 157.4+§;;g 10
LHS6343C® 0:370 0:009 0:378 0(:008 3130 20 +0.04 0.08 12:71382(4) 0056 0032 627 24 0833 0021 109 8 11
WASP-30b  1:166 0:026 1:295 0:019 6201 97 -0.08 0.10  4:156736(13) 0 60:96 0:89 0:889 0:021 107.6 1.1 12

Notes. References: 1. Stassun, Mathieu & Valenti (2006) ; 2M0535-05 2: Deledil et a. (2008), 3: Bouchy et a. (2011a), 4: this study, 5: Siverd
et a. (2012), 6: Bouchy et a. (2011b), 7: Bonomo et a. (2015), 8: D-az et a. (2014), 9: D-az et al. (2013), 10: Moutou et a. (2013), 11: Johnson

et a. (2011), 12: Anderson et a. (2011)

Notes. a: 2M0535-05 is an extreme young eclipsing system in which two brown dwarfs orbit each other. b: [M=H] value is reported in the
reference. Notice that [M=H] u [Fe=H]; we did not convert the inhomogeneous [Fe/H] to the same scale. ¢: aka KOI-423b. d: D-az et . (2014)
concluded that KOI-189b can be either a high-mass brown dwarf or a very low mass star, too, therefore its status is uncertain. e: the brown dwarf
orbits companion A of abinary system, and data of the component A isgiven here. Star BhasM = 0:30 0:.01M , T, = 3030 30K (Johnson

etal. 2011)

Table 2. IDs, coordinates, and magnitudes of CoRoT-33 from
ExoDat (Deleuil et a. 2009)

RV drift of the instrument. The data were reduced using stan-
dard IRAF and IDL routines, which included bias subtraction,
at elding, order tracing and extraction, and wavelength ¢ ali-

Designation CoRoT-33 bration. The S/N of the extracted spectra is 15 20 per pixel at
CoRoT window ID  LRc06.E2.1637 5500 . Radial velocity measurements were derived via S /N-
CoRoT ID 105118236 weighted, multiorder, cross-correlation with the RV standard star
2MASS 18383391+0537287 HR 5777, and observed with the same instrument set-up as the
USNO-A2 0900-13338694 ;
USNO-B1 0956-0378713 target object, L
PPM X L 5484010357803959995 TheHARPS and FIESRV measurementsare listed in Tablel3
along with their errors and the Julian dates of the observationsin
Coordinates barycentric dynamical time (BJD1pg, seelEastman et al|[2010).
RA (J2000) 18" 38™ 33.908°
Dec (J2000) +5 37 28.970"
3. Analysis

Magnitudes
Filter Mag & Error Source 3.1. Analysis of radial velocity data
° 15705 0387 mean of severd Full width half maximum (FWHM) and bisector span (BIS)

(see ExoDat) of the cross-correlation function are also listed in Table 3 and
R 14.25 USNO-A2.0 show no signi cant variation in phase with the radial veloci ty.
| 135 PPMXL Furthermore the radial velocity peak-to-peak amplitude ( 14
J 13.238 0.027 2MASS km/s) is larger than the FWHM excluding a blended or back-
H 12.811 0.026 2MASS ground bi nary scenario.
K 12.707 0.032 2MASS

Telescope (NOT) of Roque de los Muchachos Observatory (La
Palma, Spain). The observations were carried out on 2, 3, 4,
and 5 July 2014 under the CAT observing programme 79-
NOT5/14A. We used the 1:3% med-res bre, which provides
a resolving power of R 47,000 in the spectral range 3600

7400 . The weather was clear with seeing varying between 0.6

and 1.4" throughout the whole observing run. We followed the
observing strategy as described in [Buchhave et al| (2010) and
Gandol et al.|(2015) and took three consecutive exposures o f
1200-1800 seconds per epoch observation to remove cosmic ray
hits. We also acquired long-exposed (Teq = 22-24 ) ThAT spec-
tra right before and after each epoch observation to trace the

An 0 set between the two instruments was calculated as
part of the orbit tting process and accounted for when com-
bining the HARPS and FIES data sets. We rst tried tting a
circular orbit to the RV data. Free parameters were the 0 set
valuefor each data set, thetrue -velocity and the amplitude (K)
of the RV curve. The epoch and period were xed to the val-
ues of the photometric ephemeris (these were varied within the
errors). This t yielded a considerably large reduced  ?-value:

2. = 166. Wethen also allowed the epoch and period to vary in
the tting procedure. The resulting t yielded a dightly sm aller

me = 122. Interestingly, the period converged to avaluethat is
compatible within 1 uncertainties of the period obtained from
the photometric transits, but the resulting epoch obtained from
the RV-analysis di ered by 194 minutes from the photometric
value. The error in the photometrically determined epochis only
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