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ABSTRACT

We report on the detection of GJ 3634b, a super-Earth of massi = 7.0;3 M and periodP = 2.64561+ 0.00066 day. Its host
star is a M2.5 dwarf, has a mass 0B+ 0.05M , a radius of 3+ 0.03R and lies 18 + 0.6 pc away from our Sun. The planet
is detected after a radial-velocity campaign using the ESO spectrograph. GJ 3634b had an &iprgeometric probability to
undergo transit of 7% and, if telluric in composition, a non-grazing transit would produce a photometric dip.a%0. We therefore
followed-up upon the RV detection with photometric observations using tham.band of the IRAC imager onboa&bpitzer Our
six-hour long light curve excludes that a transit occurs folo2the probable transit windowgdreasing the probdity that GJ 3634b
undergoes transit t00.5%.

Key words. techniques: radial velocities P stars: late-type P planetary systems

1. Introduction Charbonneau et al. 20p%as extended that new peld to the
realms of the ice giants and super-Earth planets.
The subset of extrasolar planets that transit their parent star havery search for transiting planets, two strategies compete:
had the most impact on our understanding of their planetafye photometricand theradial-velocity educatea@pproach. The
structure and atmospheric physics (as reviewe@hgrbonneau pnotometric approach detects planets when they transit their par-
et al. 2007. They are the only ones for which one can simuknt star and, de facto, is the most direct strategy to bnd transiting
taneously measure mass and radius, and, by inference, infpinets. Alternatively howeveone may wait for the detection
nal composition. The few that transit a host star bright enough 5 planet before undertaking its photometric search for tran-
for detailed spectroscopic follow-up provided additional obsegit. If the planet is brst detected, with the radial-velocity (RV)
solar planetary atmospheres, which opened the new scientién known for sure, but the observational window to perform
Peld of physical exoplanetology. That select group of very bright photometric search is very much narrowed with an a priori
transiting systems, with tranisiepths deep enough for detailecsphemeris. This latter approach, though less direct, can prove
characterization, only has aful of members, and until re- more successful in bnding planets that transit bright nearby
cently all were gaseous giant planets. The recent discoverigss, like for the OblockbustersO HD 209458b, HD 189733b and
that GJ436b and GJ 1214b undergo transi#i¢n et al. 2007 GJ436b, which were brst detected with RV measurements and
then found to undergo transit with subsequent photometric cam-
_ _ _ paigns.
Based on observations made with the H instrument on the ESO . . .
; During the Pbrst six years of H operations, we ran a
3.6-m telescope at La Silla Obsatory under program IDs 082.C- L
0718(B) and183.C-0437(A), and observations made \Wiihm Spitzer s_earch for planets orbiting very-low-mass stars on guaranteed
under program 60027. time observations. Our sample was composedidfo M dwarfs,
Radial-velocity and photometric tables (Tables 2 and 3) are ongf'd we have had success in bnding 11 plar@eifls et al.
available in electronic form at the CDS via anonymous ftp to 00532007 Udry et al. 2007Mayor et al. 2009Forveille et al.
cdsarc.u-strasbg.fr (130.79.128.5) or via 2009 Delfosse et al., in prep.), although two were actually de-
http://cdsarc.u-strasbg.friviz-bin/qcat?J/A+A/528/A111 tected thanks to a complementary samplergeille et al. 201
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Among those detections, we count both the lowest-mass pl
orbiting a main-sequence star known to date and the Prst prd
types of habitable planet&l{ry et al. 2007 Mayor et al. 2003
Most recently, we extended that initial sample to more thé
300 M dwarfs. For all newly added stars, we focused on the d
tection of short period planets, with the goal to quickly identi
the best candidates for a subsequent transit search.
In this paper, we report on the prst detection obtained w
that new sample and strategy, a super-Earth orbiting the M
dwarf GJ 3634, and its search for transit wpitzemphotometry.
The paper is structured as follows. In Sextve give the crite-
ria of our extended sample and describe the stellar propertieg
GJ3634. In SecB we present and analyze the RVs gathered (
GJ 3634. We show their variation are compatible with a pla
orbiting the star, plus a long-term drift that is indicative of a
additional companion at larger separation. In the same sectibiy. 1. Comparison of NaD lines for three M2.5 dwarfs, from top
we contemplate the possibility that the observed Doppler shiftsbottom, GJ 176 (gray dots), GJ 3634 (black line) and GJ581 (gray
could be faked by stellar surface inhomogeneities. We searclsigghes).
di erent stellar activity diagnostics for periodicities, but found
no counterpart to the RV variation, which therefore strength@able 1. Observed and inferred stellar parameters for GJ 3634.
the planetary interpretation. In Sed. we present our photo-

Intensity [arb.]

V]
A—5889.95 [A]

metric campaign that aimed to search for a possible transit. After Parameters GJ 3634
considering the detection itself, we take a closer look at the non- 10'58M35,10° *
detection limit in Sect5. Finally, Sect6 summarizes our results §31°0839.1 °
and discusses the prospects far RV-educated approach to the Spectral type M2.5
search for planets that transit bright nearby stars. [mas] 5055+ 1.55
d [pc] 198+ 0.6
. \% [mag] 1193+ 0.01
2. Stellar properties of GJ 3634 My [mag] 1045+ 0.15
53634 (aka LHS 2335) is an M2.5 dwakdwley et al. 1995 < e IS
seen in the Hydra constellation. It was brst referencednen L L] 0.020+ 0.002
(1987 in a catalog of southern high proper motion stars and, ac- M M ] 0.45+ 0.05
cording to Simbad, no more than bve other times siRiedel R R] 0.43+ 0.03

et al. (2010 recently reported a distanak = 19.8 + 0.6 pc
( =5055+ 1.55 mas) and an apparent brightng¥ss 11.93+
0.01 mag. Together with a declinatior= S31.1 , GJ 3634 ful-
Plls the criteria of our extended sample, which includ880 M  orders have low signal-to-noise ratiD’az et al. 2007da Silva
dwarfs closer than 20 pc, brighter then= 12 mag and south- et al. 2010. We compare GJ 3634 to a quiet (GJ 58Bd&nbls
ward of =15, as well as 40 fainter stars kept from our initial et al. 2005p and a moderately active (GJ 176 Drveille et al.
sample V < 14 magd < 11pc; < 15). 2009 M dwarf, and diagnose an intermediate level of activ-
Its infrared photometry J = 8.361 + 0.023 mag; K= ity (see Fig.1). Also, its galactic velocitiesy = S35V =
7.470 = 0.027 mag BSkrutskie et al. 2006and parallax im- $25 W = S20 km$* DHawley et al. 199 place GJ3634 in
ply an absoluteK-band magnitudeMx = 5.99 + 0.16 mag. a position between the young and old disks populatibeggett
Using theK-band mass-luminosity relationshipDélfosse etal. 1992. Stars of this population have a probable ag® Gyr
(2000 we attribute a mass! = 0.45M to GJ 3634, to which (Haywood et al. 1997 which is consistent with the level of ac-
we quote a 10% uncertainty. We estimate its luminokity=  tivity we estimate from the Nadoublet. Together with the low
0.025+ 0.004 L after converting its absolut€-band magni- vsini 1 kms! we estimate from H  spectra, we expect
tude to a bolometric magnitude using &S K color andLeggett that GJ36340s magnetic activity is too low teet our radial-
(19920s bolometric correction (R@sk = 2.74% 0.07 mag). velocity measurementst keast on short time scales.
The metallicity calibrations propesl in the recent years attribute
a roughly solar metallity to GJ3634,with [Fe/H] = S0.10, _ ) )
+0.15 and+0.01 dex, followingBonbls et al(2005h, Johnson 3. Radial-velocity detection
& Apps (2009 and Schlaufman & Laughlin(2010, respec- 5
tively. Assuming solar metallicity and an age of 5 Gyr, we also
evaluate its radiuR 043+ 0.03R from Bara e et al. We observed GJ3634 with the H spectrograph, the state-of-
(19980s models, with an error estimate combining GJ 363#{esart velocimeter Pber-fed by the ES®-m telescopeMayor

Notes.*) Bakos et al(2002.

1. Data and orbital analysis

K-band luminosity uncertainty to a model uncertainty &%.
We note that for such a low-luminous st&elsis et al(2007)
would place the habitable zone (debned as the region where
uid water can be stable on the surface of a rocky plafetting
etal. 1993 at a distance between 0.12 and 0.33 AU.

To assess GJ 36340s activity level we look at thelNablet.
This is known to be an equivalent diagnostic to G4&K emis-

et al. 2003 Pepe et al. 2004 Our setting remains the same as
in our GTO program and we refer the readerBonpls et al.
({2P1Y), for a detailed description.

We started GJ 3634 observations by a single 300-s exposure
on 2009 March 25. We veribed that the target was neither a
double-line spectroscopic binary, nor a fast rotator, and that the
precision was sucient for a planet search. Among other stars

sion lines and a more adequate choice when blue-most specteécted with a single measurement, we re-observed GJ 3634
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number of independent frequeies in the periodogranpo its
highest power value and the number of measurements. We ap-
proximateM by the inverse of the time span of our observations
and obtain the extremely loWAP value of 2.5x 10°°.

Still considering velocities from 2010 only, we performed a
Keplerian bt, using the period of the detected signal as a starting
guess. Our minimization converges toward a solution with a re-
duced 2, = 0.95+ 0.23, greatly improved compared with the

red
reduced rzed = 3.14+ 0.39 of a bt by a constant.

Now considering all data from both 2009 and 2010, we sub-
tracted that best bt to all velocities. We bnd that the RVs of
2009 have an average valu8 m/s lower compared with those
o pr pr pr— pr — 0o of 2010. This RV 0 set most likely betrays the presence of an

BJD-2,400,000.0 [day] additional companion around GJ 3634, though more data are re-
quired to complete the orbit and conbrm this interpretation. The
periodogram of all RVs taken together is actually dominated by
-- FAP=4.6% the power of that long-term variation and, for a better legibility,

- FAP=31.7% we chose to restrict our periodogram analysis to the subset of the
2010 RVs.

Finally, we found that a planet plus a quadratic drift is a
good model to describe all RVs. We use this model together
with a Markov Chain Monte Carlo (MCMC) algorithm to per-
form a Bayesian analysis of all RVs (e@regory 20052007,

Ford 2003. For each parameter, we marginalize over all other
parameters, take the median of the posterior density function
as the optimal value, and the ¢ered 68% interval as an er-
ror estimate. Our model was composed of nine parameters : the
orbital period P = 2.6459+ 0.0006 day), the semi-amplitude
(K1 = 5.60% 0.57 nYs), the time of passage at periastran£
Fig. 2. Upper panel RV time series of GJ3634, collected in 20092 454 917.043%), the orbital eccentricitye{ = 0.095359), the
(Barycentric Julian Date: 2455 198) and in 2010 (BJB 2455198). argumentof periastron (= 100+71), the slope¢lope= 211+
Bottom panelperiodogram of GJ 3634 RVs collected in 2010. The ho2.8 mVslyr) and quadraturegiad = S10.3 + 2.4 m/ g yr?) of
izontal lines show dierent levels of false-alarm probabilities. the long-term driftand a jitter emponent (j = 0.47555% mis),
quadratically co-added to the photon noise. We note thatdoth
and ; are compatible with zero and give upper valees 0.31

about two weeks later with an exposure of 900 s. Sometimes, ﬁ{éd j<18 m/_s, valid with a 99% conbdence_ Igyel.
two weeks lap time enables the identibcation of single-line spec- 1€ Bayesian approach alsoers the possibility to evaluate
troscopic binaries right after the second measurement, in whif§ conbdence level of our detection more rigorously. We thus
case we would discard the star from the target list. For GJ 368§ MCMC chains for several models and computed their rela-
however, we continued the observations at a pace of one mé4 Bayes factor. We found that a model composed pfanet
surement per night during 10 consecutive nights, and with 90¢-& duadratic driftis favored over a model composedeingle
exposures. planetby a factor_ 5x 10P. And over a constant mode_l (|.e_. no
After those observations, the dispersion of GJ 3634 R\péanet gnd no drift), we found thatplanet+.a qua_ldratlc df'“
(o= 5.8 m's) appeared to be in excess of their estimated uW_odel is favored by a factor of1 x 10°, which is in line with
certainties ( ;| = 2.6 m/s). Power excess could already be seetHe vgry strong detection. . L .
in the periodogram of those velities at the periods 1.6 and 2.7 Finally, we show the optimal solution in Fi@, and using
day (one-day aliased of each other), albeit with a modest faldd- = 0.45= 0.05M we convert the orbital parameters into a
alarm probability (FAP) of 4.3%. GJ 3634 nevertheless becam@lanetary minimum masssini = 7.05+ 0.89M .
a high-priority target for the next season and this year, we gath-
ered 43 more measurements, which makes a total of 54 ZFigg
and Table 2). '
A periodogram of this seasonOs velocities shows a cléde compute the RVs of GJ3634 by measuring the Doppler
power excesspp = 0.71) around a 2.65-day period, plus a lesshifts of spectrarecorded by the H spectrograph. At brst, the
powerful pic at the sidereal-day alias of this period, 1.60 dayethod assumes that the spectrum emerging from the stellar sur-
(p = 0.58). Shu ing the RVs but retaining the dates, we creface remains unchanged over time, except for the Doppler shifts
ated 10000 virtual data sets and computed their periodogramistibuted to one or more perturbing bodies that impose velocity
The distribution of their maxima has a mean value of 0.28hanges on the star. Then, one has to consider the stellar phe-
with a standard deviation of 0.06. None of the maxima meaemena able to alter the emergent spectrum. Spots and plages,
sured in the simulated periodograms is as high or higher thfam instance, can break the batanbetween the blue- and red-
the power maxima measured on the periodogram of the orghifted halves of a rotating star. As the star rotates, the stellar
inal data, which suggests a FAP lower th@(l/ 10 000). We inhomogeneities modulate the oaé#rintegrated spectrum and
also computed an analytical estimate of the FAP Wlittmming bias RV measurements. In some cases, the modulation can even
(2004 0Os prescriptiof AP M.(1S po)N>3V2 whereM is the mimic the Keplerian wobble exgzted from an orbiting planet,

RV-<RV> [m/s]

2. Activity diagnostics
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our RV observations aimed at rebning the orbital ephemeris to
narrow the probable transit-search window.

4.1. Light curve

For a rocky composition, the transit depth could be shallower
than 1 mmag, making a ground-bdseansit detection extremely

di cult. We therefore opted for the Infra-Red Array Camera
(IRAC) onboardwWarm Spitze(Soifer et al. 2007 Fazio et al.
2004 and scheduled our observations to cover of the proba-

ble transit window, from 2010 July 12 17h50 UT to 2010 July 13
00h15 UT. We chose to observe in the uB-channel because it
exhibits the lowest intrapixel-sensitivity variation. Indeed, com-
bined with the low-frequency jitter of the telescope, this in-
homogeneous response produces a strong correlation between
the recorded RBux and the position of the star on the detector
(Knutson et al. 2008 and references therein). We used the estab-
lished technique of continuous staring in non-dithered subarray
mode with the longest exposure time for which the star would
not be saturated on the detector (0.32 s).

Our data consist of 845 blocks of 64 individual subarray im-
ages. We used the Basic Calibrated Data (BCD) produced by
the Spitzerstandard pipeline (version S18.18.0) and, after con-
version from specibc intensity (Mr) to photon counts, we
obtained aperturphotometry in each subarray image using the
IRAF/DAOPH®Boftware Stetson 198 We determined the
stellar position by btting a Gaussian proble to the stellar im-

3190 0.000.02200, 55300 age, anql obtained our best results with an aperture of 3.5 pixels.
— In each image we subtracted a mean sky-background measured
Fig. 3. Decomposition bour nominal orbital model for GJ3634. Thein an annulus extending from 12 to 15 pixels from the aperture
top panel shows RVs with the contribution of the long-term drift suteenter. For each block of 64 subarray images, we discarded the
tracted and phased with the planetOs orbital period. The bottom pafigtrepant values for the measurements of Rux, background, and
shows RVs as a function of time, with the Keplerian contribution rege x- andy-positions using a 10- median clipping, and aver-
moved. Gray points duplicate some of the red points. The model is algga the remaining values. Only 0.3% of the measured Ruxes
decomposed and plotted with a solid curve in each panel. were discarded. To estimate the error on the averaged value we
chose to divide the rms of the block by the squared root of the
] number of measurements we kept. Figdishows the evolution
like for GJ 674 BonPls et al. 200)Z In our search for planets or- of the measured Rux and position time series. It clearly shows
biting M dwarfs, the RV modulations we identibed were actuallfe correlation of the photometry with the stellar position, which
more often caused by spots or plages than planets (Bonbls efelgs to a correlated noise at the level of a few mmags in the
2011). 3 N ) light curve. It also shows that the Bux decreased sharply dur-

Although GJ36340s lowsini ( 1 kms') makes corre- ing the brst 5 min of the run, and this drop is correlated with
spond an improbable inclination to a few-day rotational persharp variation of thg-position. We decided to discard these
riod, we applied several diagnostics to distinguish between stglst 5 min (13 measurementispm our analysis, and accord-
lar activity and true RV shifts. A Prst class of diagnostics imgly obtained a bnal light curve with 832 measurements.

based on the spectral line asymmetry. We measure both theq, %-position correlation is well ri rati
bisector-inverse slope (BIS) and the full-width at half'maXimu@olynsnﬁﬂm?r?f;r?dy?o elation is well described by a quadratic

(FWHM) of the cross-correlatio function (an averaged spec-
tral line of H spectra). None seems to show any periodicity,

nor a correlation with the radial velocities. This type of analyA(dx, dy,t) = a;+adt+agdx+asdx*+asdy+asdy’+azdxdy, (1)

sis however looses its power for lovgini. Alternatively, a sec-

ond class of diagnostics is based on the photometric and Spe%ﬁ‘ére & and o are the distance of the PSF center to the cen-
signatures of active regions ofdlstellar surface. Spots, plages,

oL ter of the pixel, and dis the time elapsed since 15 min before
and plaments produce back emission in G#&K, Na D and o giart of the run. Detrending the light curve by this seven-

g'f irigifzz.s Vggstggrgf{ﬁgg%ﬁ,@fﬁﬁfﬁ dt?]i ggzi'gfp\éﬁr't%“%%ramet_er functio_n leads to a time-series _nearly free of corre-
b 4RV variati ' ted noise (see Fi®.and Table 3). The rmsis 611 ppm, much
observe variation. similar to the mean individual error 616 ppm) and once binned
per 20 min, the rms decreases to 100 ppm.

4. Transit search with  Warm Spitzer

o . ) o 1 IRAFis distributed by the National Optical Astronomy Observatory,
The a priori geometric probdlty that GJ 3634b transits its hostwhich is operated by the Association of Universities for Research
staris R /a 7%. We therefore decided to follow-up on thén Astronomy, Inc., under cooperative agreement with the National
detection of GJ 3634b with a photometric campaign, and part®fience Foundation.
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