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ABSTRACT

High-precision eclipse spectrophotometry of transitiagestrial exoplanets represents a promising path for thedtmospheric
characterizations of habitable worlds and the search fleolitside our solar system. The detection of terrestrehgts transiting
nearby late-type M-dwarfs could make this approach applécevithin the next decade, with near-to-come generalifasl In this
context, we previously identified GJ 1214 as a high-pricidinget for a transit search, as the transit probability oélaitable planet
orbiting this nearby M4.5 dwarf would be significantly enbad by the transiting nature of GJ 1214 b, the super-Eartiadyrknown
to orbit the star. Basing on this observation, we have setrugmbitious high-precision photometric monitoring of G4 with the
Spitzer Space Telescope to probe its entire habitable zone in search of a transitiaggt as small as Mars. We present here the results
of this transit search. Unfortunately, we did not detect seyond transiting planet. Assuming GJ 1214 hosts a habipddhet larger
than Mars, our global analysis of the wh@gitzer dataset leads to a posterior no-transit probabii§7%. Our analysis allows us to
significantly improve the characterization of GJ 1214 b, #asure its occultation depth to be+B5 ppm at 4.5:m, and to constrain
it to be smaller than 205ppm @-upper limit) at 3.6um. In agreement with the plethora of transmission measurtsmiblished so
far for GJ 1214 b, these emission measurements are consisteitboth a metal-rich and a cloudy hydrogen-rich atmosphe

Key words. binaries: eclipsing — planetary systems — stars: indididBd 1214 — techniques: photometric

1. Introduction ~2.7Rs super-Earflhy GJ 1214 b (Charbonneau et al. 2009, here-
) , . after C09). The exact nature of GJ 1214 b is still unknownhwit
A habitable terrestrial planet transiting a nearby laeetyed 5 mass 0£6.5Ms, its large radius suggests a significant gaseous
dwarf would represent a unique opportunity for the queskifer ¢yejope that could be mainly composed of primordial hydro-
out5|d§ our solar system. I.ndged, it could be .amenable for @bn, making the planet a kind of mini-Neptune, or that could
detection of atmospheric biosignatures by eclipse Sp8IEY  origin from the outgassing of the rockgy surface material of
with future facilities like theJames Webb Space Telescope 5 terrestrial planet (Rogers & Seager 2010). Transit trigism
(Deming et al. 2009, Seager et al. 2009, Kaltenegger & Tradfyn spectrophotometric measurements for GJ 1214b rule out
2009) or the European Extremely Large Telescope (Snell@h ety ¢joyd-free atmosphere composed primarily of hydroged, an
2013), thanks to a planet-to-star contrast and eclipseié®ty 4, equally be explained by a metal-rich composition or by a
much more favorable than for an Earth-Sun system. hydrogen-rich atmosphere surrounded by clouds (e.g. Bean e
As we outlined in a previous paper (Gillon etal. 2011a, hergt 2010, 2011, Désert et al. 2011, Berta et al. 2012, Fretiaé

after G11), the M4.5 dwarf GJ 1214 represents an interetting 2013, de Mooij et al. 2013).
get for attempting such a detection. The MEarth grounddase \wjith an equilibrium temperature above 400 K, GJ1214b is
transit survey revealed that GJ 1214 is transited everydlb§& ot jtself an habitable planet, but its only existence inses
the chance that a putative second planet orbiting in thet-habi
Send offprint requests to: michael.gillon@ulg.ac.be able zone (HZ, Kasting et al. 1993) of the host star tranisitoi

* The photometric time series used in this work are only alslla as seen from Earth. Indeed, the members of a planetary system
in electronic form at the CDS via anonymous ftp to cdsartrasbg.fr - are supposed to form within a disk (e.g. Papaloizou & Terquem
(130.79.128.5) or via httfjcdsweb.u-strasbg/@gi-biryqcat?JA+A/
** Sagan Fellow L A super-Earth is loosely defined in the literature as an gl of
*** Fellow of the Swiss National Science Foundation 2 to 10 Earth masses.
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2006), so they should share nearly the same orbital plategtt We complemented our data set with all the otBatzer data
without any dramatic dynamical event. This assumption is npublicly available on th&pitzer Heritage Archive database for
only supported by the small scatter of the orbital inclioa of GJ1214 b, including two transits observed respectivelyGid

the eight planets of the solar system and of the reguladisasel and 4.5um in the program 542 (P| Désert, Désert et al. 2011),
of its four giant planets, but also by the large numbers oftimuland six occultations (three at 3.6n and three at 4.am) ob-

ple transiting systems detected by thepler mission (Lissauer served in the program 70148 (Pl Madhusudhan). The logs of our
etal. 2011, Fabrycky et al. 2012). photometric data set are given in Table 1.

In G11, we computed that the average transit probability for we used the following reduction strategy for all tBgitzer
a putative habitable GJ 1214 ¢ was improved by an order of mafita. We first converted fluxes from tBpitzer units of specific
nitude thanks to the transiting configuration of GJ 1214 ol amtensity (MJysr) to photon counts, then we performed aperture
we outlined that\erm Spitzer (Staufer et al. 2007) was the op- photometry on each subarray image with #RAF/DAOPHOTH
timal observatory to search for this transit, thanks to thghh software (Stetson, 1987). We testedfetient aperture radii and
photometric precision of its IRAC infrared detector (Fagt@l. packground annuli, obtaining better results with an apenta-
2004, Demory et al. 2011, 2012), and its heliocentric orl@ikm dius of 2.5 pixels and a background annulus extending from 11
ing possible the continuous observation of most of the stars to 15.5 pixels from the point-response function (PRF) cente
ing weeks or months. The continuous observation of GJ 12&ly for the two first 3.6:m AORs taken in program 70148, we
during three weeks could probe the entire HZ of the star ag@tained a better result with an aperture of 2.75 pixels. Wa-m
should be sensitive to planets as small as Mars for a sirg@te trsyred the center and width of the PRF by fitting a 2D-Gaussian
sit, or even smaller for multiple planets. This was the main-c profile on each image. We then looked at thg distribution
cept of ourarm Spitzer program 70049 for which we preseniof the measurements, and we discarded the few measurements
here the results of the transit search. We also presentshése having a visually discrepant position relative to the bulkhe
of the global modeling of the entire GJ 12$ditzer dataset sup- data. For each block of 64 subarray images, we then discarded
plemented by ground-based data. This extensive datased€¥x the discrepant values for the measurements of flux, backgrou
21 transits and 18 occultations of GJ1214b, allowing us to dgandy positions and PRF widths in the andy-direction, using
rive strong constraints on the planet's radius and emissi@®6 5 100~ median clipping for the six parameters. We averaged the
and 4.um, and on the periodicity of its transits. A detailed studyemaining values, taking the errors on the average flux measu
of the Warm Spitzer transits of GJ 1214 b, and its implicationsnents as photometric errors. At this stage, we used a moving
for the transmission spectrum of the planet were presented imedian filter in flux on the resulting light curve to discard-ou
separated paper (Fraine et al. 2013; hereafter F13). lier measurements due, e.g., to cosmic hits. Finally, weediged

Our data and their reduction are described in Sect. 2. OgF the second 3.6m AOR of our program 70049 two blocks of
global analysis is presented in Sect. 3, and our search fec-a s-1 hr duration corresponding to sharp flux increases 590
ond planetis described in Sect. 4. We discuss our resultsdh Sppm followed by smooth decreases down to the normal level.
5 and give our conclusions in Sect. 6 We attribute these structures to thiéeet of cosmic hits on the

detector. At the endy 5% and 0.5% of the measurements were

o ) discarded at 3.6m and 4.5um, respectively.
2. Data description and reduction

2.1. Spitzer photometry 2.2. TRAPPIST transit photometry

In the context of our program 7004Spitzer monitored contin-

uously GJ 1214 from 2011 April 29 03h36 UT to 2011 May 2
01h27 UT, corresponding to 20.9 days (502 hr) of monitorin
and to the outer limit of the star’'s HZ (G11). Practicallyeth
program was divided into Astronomical Observation Reqﬁuesq
(AORs) of 24 hr at most, some of them being separated by a;

e 60 cm robotic telescope TRAPPS{T RAnsiting Planets
dPlanetesmalsSmall Telescope; Gillon et al. 2011b, Jehin

t al. 2011) located at ESO La Silla Observatory. TRAPPIST is
uipped with a thermoelectrically-cooled2Rk CCD camera.
field of view is 22'x 22’. We monitored all the transits with

gzon, we observed seven transits of GJ 1214 b from Chile wit

ointing exposure. As mentioned in F13, some of the data h ; . )
Eeen ir?etrigvably lost during downlink to Earth due to a pee ¢ t€lescope sllghtl%/ defocused and in the z filter that has
Space Network (DSN) ground anomaly. These lost data corfelransmittance- 90 % from 750 nm to beyond 1100 nm. We
spond to 42 hr of observations acquired between 12 and 14 MY ?d an exposure time of 25 s for all Integrations, the resd-o
The surviving data consist of 12383 sets of 64 individuaksub . 0vernead time beings5 s. Three of the transits observed by
ray images divided in 20 AORs gathered by the IRAC detectg\g'tZer were also observed by T_RAPP_IST‘ ]
at 4.5um with an integration time of 2 s, and calibrated by the After a standard pre-reduction (bias, dark, flat field correc
Spitzer pipeline version $18.18.0. tion), we extracted the stellar fluxes from the TRAPPIST im-

In compensation for the lost observations, we were grantB8€S USINGRAF/DAOPHOT. We tested several sets of reduction

42 new hr of observation that took place from 2011 NovembB@rameters, and we kept the one giving the most precise pho-
06 11h54 UT to 2011 November 08 5h47 UT. We choose fgmetry for the star of similar brightness than GJ1214. Afte
perform these new observations in the Arf channel, mostly & careful seleqtion of 13 referen_ce stargtetential photometry
to assess the dependance of the transit depth to the watleler§yas then obtained. Table 2 provides the logs of these TRAPPIS
These data were grouped into two AORs and consist of 11882
sets of 64 individual subarray images obtained here too arith
integration time of 2 s, and calibrated by tBpitzer pipeline 3 |RAF s distributed by the National Optical Astronomy
version S19.1.0. Oufpitzer data are available on th&pitzer Observatory, which is operated by the Association of Ursiliers

Heritage Archive databdée for Research in Astronomy, Inc., under cooperative agre¢mith the
National Science Foundation.
2 httpy/sha.ipac.caltech.eghpplicationgSpitzefSHA 4 see httg/www.ati.ulg.ac.bETRAPPIST
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3. Global data analysis

1.01
r 1 We performed a global analysis of our extensive photometric
1.005 |- 1 dataset, and used the resulting residuals of the best-fiehasd

: E i ] input data for our transit search (Sect. 4). We describe tiere
RREE Y

global analysis.
0.995 |- -

FLUX

3.1. Method and model

Our data analysis was based on the most recent version of our
adaptive Markov Chain Monte-Carlo (MCMC) algorithm de-
scribed in details in Gillon et al. (2012). The assumed model

] o . _consisted in the eclipse model of Mandel & Agol (2002) to
Fig. 1. Variability light curve gathered between 2011 April 19epresent the transits and occultations of GJ 1214b, niietfip
and 2011 May 19 in théc filter with the TRAPPIST telescope. by a phase curve model for boSipitzer channels, and multi-
plied for each light curve by a baseline model aiming to repre
sent the other astrophysical and instrumental mechanisiasa

99 L1 . . . . | . . . . | . . . . | .
5670 5680 5690 5700
BJD — 2450000

Date Filter N Baseline ) e .
b model Pu B produce photometric variations. We assumed a quadrathe lim
darkening law for the transits. For each light curve, cqroesl-
2011 Mar1l 1+z 195 p(t?) 0.76 1.19 ing to a specific AOR, we based the selection of the baseline
2011 Mar30 |+z 248 p(t2) 083 1.79 model on the minimization of the Bayesian information cide
2011 Apri8 1+z 234  p(td) 071 1.02 (BIC; Schwarz 1974) as Qescrlbeq in Gillon etal. (2012_).Ié'ab
) 003 100 and 2 presents the baseline function electled for each [lghEC
2011 Apr26 1+z 169  p(t) : : For the Spitzer photometry, our baseline models included
2011Apr29 |+z 286 p(t¥) 099 154 three types of low-order polynomials:
2011 May15 I+z 224 pt?) 0.84 1.29 .
2011May18 |+z 303 o) 085 1.00 — one representing the dependance of the fluxes ta Hrely

positions of the PRF center. This model represents the well-

Table 2. TRAPPIST transit light curves used in this work. For
each light curve, this table gives the date, the used fitemtim-

ber of measurements, the baseline function used in our globa
modeling, and th@,, & B errors rescaling factors (see Sect. 3).
For the baseline functiom(t?) denotes a second-order polyno-
mial function of time.

2.3. TRAPPIST variability photometry

In addition to the seven transits mentioned above, TRAPPIST
monitored regularly GJ 1214 from 2011 April 19 to 2011 May

documented pixel phasdtect that &ects the IRAC InSb
arrays (e.g. Knutson et al. 2008).

one representing a dependance of the fluxes to the PRF
widths in thex andory direction. Modeling this dependance
was required for most light curves. Considering the under-
sampling of the PRF (full-width at half maximum1.5 pix-

els) and the significant inhomogeneity of the response withi
each pixel, variations of the measured PRF width correlated
with the wobble of its center are to be expected. Still, the
need for a model relating the fluxes and the PRF widths sug-
gests an actual variability of thmint-spread function (PSF)
before its recording on the detector to become the PRF, else
the PRF width and position would be totally correlated and
the dfects of the PRF width variations would be corrected

19. These observations consisted of blocks of few exposurespy the pixel phase model.

taken in thd cfilter, their goal being to assess the global variabil-_
ity of the star during th&pitzer survey. The resulting photom-
etry was not used as input data in our global analysis destrib
in the next section. The reduction procedure was similah¢o t
one used for the transits. Six comparison stars were céresi
lected on the basis of their stability during the covered thon

one representing a sharp increase of the detector response
at the start of some AORs and modeled with a polynomial
of the logarithm of time. This model was required only for

4 AORs, 3 taken at 3.6m and 1 at 4.5um. This ramp ef-

fect is also well-documented (e.g. Knutson et al. 2008) and
is attributed to a charge-trapping mechanism resulting in a

For each comparison star, we determined a red noise value forgependance of the pixels’ gain to their illumination higtor

a timescale of 24 hr by following the procedure described in
Gillon et al. (2006), as was done by Berta et al. (2011) inrthei
study of the variability of GJ 1214. Averaging on all the canp

The dfect was much stronger for the SiAs IRAC arrays (5.8
& 8 um), but it also &ects at a smaller level the InSb arrays.

ison stars, we obtained a mean red noise value of 0.1 % that weFor the shorter AORs taken in the program 542 and 70148,
added quadratically to the errors on the average flux medsure the pixel phaseféect was well represented by a low-order poly-
GJ 1214 for each night. The resulting light curve for GJ 1A14 homial of thex andy PRF center positions. But for the AORs

visible in Fig. 1. It shows no obvious flux variation, it:is being

taken in our program 70049 and having a typical duration of

~0.15 %, equal to the mean error. We conclude from this ligg# h, the excursions of the PRF center were larger and better r

curve that the star was quiet at the 1-2 mmag level if tHéter

sults were obtained by complementing the position polyrbmi

during theSpitzer run. As the photometric variability of GJ 1214model with the Bi-Linearly-Interpolated Sub-pixel Seisiy

is driven by spots rotating with its surface (Berta et al. PQits

(BLISS) mapping method presented by Stevenson et al. (2012)

amplitude must decrease with increasing wavelength. AssumThis method uses the data themselves to map the intra-gixel s
spots 300-500 K cooler than the mean photosphere leads toghizity at high resolution at each step of the MCMC. In ourim
conclusion that the star was stable at the 0.5-1 mmag leviekin plementation of the method, the detector area probed byRifre P

4.5um channel during our maifpitzer run of three weeks.

center for a given AOR is divided inthl, andN, slices along
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Program AOR Start IRAC band N, Baseline BLISS BLISS B Br

ID ID date (um) model Ny Ny

542 39218176 2010 Apr 26 3.6 101 p(xy]® + wl) 0 0 0.92 1.06

542 39217920 2010 Apr 27 4.5 103 p([xy]? +12) 0 0 0.85 1.20
70148 40216832 2010 Oct 16 3.6 110 p([xy]? + w§ +12) 0 0 0.93 1.56
70148 40217088 2010 Oct 17 45 109 pIxy]? +Wi) 0 0 0.85 1.33
70148 40217344 2010 Oct 25 3.6 109 p([xy]* + wy + wy) 0 0 0.66 1.15
70148 40217600 2010 Oct 27 45 109 p(Ixy]? +Wi) 0 0 1.04 1.05
70148 40217856 2010 Oct 28 3.6 110 p(Ixy]? +12) 0 0 0.93 1.00
70148 40211882 2010 Oct 31 45 109 pIxY]? +W2) 0 0 0.96 1.59
70049 42045952 2011 Apr 29 4.5 666  p([xy]* + wy + W) 10 11 0.93 117
70049 42046208 2011 Apr 30 4.5 667 p(xy]? + wp) 11 10 0.99 1.20
70049 42046464 2011 May 1 4.5 597  p([xy]? +wl) 9 0.98 1.37
70049 42046720 2011 May 2 4.5 663 p(xy]? +wp) 9 10 0.99 115
70049 42046976 2011 May 3 4.5 667 p([xy]* + wy +Wp) 10 9 0.96 1.40
70049 42047232 2011 May 4 4.5 610 p(xy]? +w2) 10 9 094 119
70049 42047488 2011 May 5 4.5 665 p([xy]% + W2 + W) 9 10 092 1.17
70049 42047744 2011 May 6 45 667 p([xy]* + W +w,) 9 9 0.87 1.07
70049 42048000 2011 May 7 45 472 p([xy]® + wy) 8 8 093 174
70049 42048256 2011 May 8 45 667 p([xv1?) 10 9 0.94 1.03
70049 42048512 2011 May 9 45 666 p(Ixy]? +Wi) 10 9 098 121
70049 42048768 2011 May 10 45 667 p(Ixy]? +Wi) 10 10 098 181
70049 42049280 2011 May 11 45 666 p([xy]2 + Wi + w§) 9 9 0.89 1.18
70049 42049536 2010 May 12 4.5 112 p([xy]? +wi + w§) 0 0 091 1.16
70049 42050048 2011 May 14 45 655 p(Ixy]? + vv:y“) 10 9 0.98 1.77
70049 42050304 2011 May 15 45 667 p([xyl* + wx + W) 10 10 0.95 1.16
70049 42050560 2011 May 16 45 583 p([xy]* + wy + wy) 10 9 0.83 1.27
70049 42050816 2011 May 17 45 667  p([xy]* +w2) 11 10 0.90 1.45
70049 42051072 2011 May 18 4.5 667 p([xy]? + wp) 10 10 0.89 112
70049 42051328 2011 May 19 45 639 p(Ixy]? +wd) 10 9 0.89 1.67
70049 44591872 2011 Nov 6 3.6 660p([xy]? + wi + wf, +11 11 10 0.89 1.54
70049 44592128 2011 Nov 7 3.6 443 p([xy]2 +wi + wf,) 7 8 0.82 1.29

Table 1. Spitzer light curves used in this work. Each light curve corresporada specificSpitzer observing block (AOR). For
each of them, the table gives the ID of tGgitzer program and of the AOR, the start date, the used IRAC chatirehumber of
measurements, the baseline function selected for our ighobdeling (see Sec. 3), the number of divisions inxtandy directions
used for the BLISS pixel mapping (see Sec. 3), angBih& S, errors rescaling factors (see Sec. 3). For the baselingifump(e")
denotes, respectively,d-order polynomial function of the logarithm of time & ), of the PRFx andy positions € = [xy]) and
widths (€ = wy & wy).

the x andy directions, respectiveljN, andNy are selected so asbaseline models with time dependance, but the resultingeinod
10 measurements in average fall within the same sub-pixel banarginal likelihoods as estimated from the BIC were poorer
This last criterion was chosen empirically to model propére in all cases. This indicates a very low level of variabilityr f
higher frequencies of the sensitivity map while avoidingmwev GJ 1214, in excellent agreement with datdight curve obtained
fitting the data with too few measurements per sub-pixel bevith TRAPPIST (Sect. 2.3, Fig. 1).

(i.e. too many degrees of freedom). All the other aspectsiof 0 For eachSpitzer channel, the assumed phase curve model
implementation of the method are similar to the ones presentvas the following sinus function:
by Stevenson et al. (2012) and we refer the reader to thearpap

for more details. Table 1 gives the number of divisions inxthe (t—To)
andy directions used for the BLISS-mapping for ea@fitzer Fphasei =1 - A COS( P Oi)
light curve.

1)

It can be noticed from Table 1 that our baseline models repreherei is 3.6 or 4..um, t is the time,To andP are the time of
sent onlySpitzer systematic ffects, and do not contain any terminferior conjunction and the orbital period of GJ 1214 b, #mel
representing a possible stellar variability (e.g. a lingand). parameter#y andO; are the semi-amplitude and phagkset of
For each light curve, we systematically tested more complthe phase curve. As no phaséeet could be detected with this
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simple function (see below), we did not test more sophitita the scatter of the individual measurements because of theeph
phase curve models. pixel effect. For TRAPPIST, th@,, smaller than 1 are proba-

After election of the baseline model for each light curve, wisly due to an overestimation of the scintillation noise ik in
performed a preliminary global MCMC analysis of our extenFRAPPIST pipeline from the usually quoted formula of Young
sive data set, following the procedure described in Gillbale (1967). One can also notice that our deriygdare relatively
(2012). A circular orbit was assumed for GJ 1214 b. The paragiese to 1 (mean values of 1.27, 1.31, and 1.27wizer at 3.6
eters that were randomly perturbed at each step of the Markow and 4.5:m and for TRAPPIST, respectively), revealing low
chains (calledump parameters) were levels of red noise in our residual light curves.

— the stellar mashl., assuming a normal prior distribution cor-
responding to 176+ 0.009M,, the value and error recently 3.2. Analysis assuming a circular orbit

resented by Anglada-Escudé et al. (2013, hereafter AE13)_ . . . .
1|‘Orom infrarec)j/ ap[?arent magnitudes a$1d their updated par ?a first step, a (_:lrcular Qrb't was assumed for GJ 1214 bnbasi
lax of the star combined with empirical relations betweeg the observational evidences for a stellar age of several G
JHK absolute magnitudes and stellar mass (Delfosse et arter et "?"- 201.1) V.Vh'ch is significantly larger than thareh
2000): acteristic circularization timescale for a low-mass ptafidis

_ the stellar @ective temperatur@e; and metallicity [FéH], assum.ption is _strengthened by the recent analysis of a set of
assuming the normal pprior digirf'ibutions corre)s/p[of;i]ng ra_Ldla_I velocities gathered W'th the HARPS _spectrograph (
Terr = 3250+ 100 K and [FéH] = 0.1+ 0.1 based on the onfils, in prep.) that results in an orbital solution fullgrsis-
ree;{,llt_s of AE13: T tent with a circular orbit, the eccentricig/being constrained to

— the planesstar area ratidF; = (R,/R,)? for the three probed be smaller than 0.12 with 95% confidence.

: : Our MCMC analysis consisted of two chains of 100,000
fﬁ: ?;tillfsl(gl‘z}ﬁfpﬁggézlr?;){ﬁ g 2{;33* being respectively steps. Its convergence was successfully checked throegitah

; . tistical test of Gelman & Rubin (1992). Its main results are
— the occultation depthdF; at 3.6 and 4..um; . .
— the parameteb’ = acosip/R, which is the transit impact shown in Table 3 (MCMC 1) that gives the deduced values and

parameter in case of a circular orttandi, being respec- error bars for the jump and system parameters. Figure 2 shows

tively the semi-major axis and inclination of the orbit; t_he photometry acquire_d in our program 70049 with the best-
— the orbital perioP; fit global models superimposed. It also shows the photometry

~ the time of inferior conjunctioffy it ransit and ocaultaion models supermposed on the peri
— the transit width (from first to last contadd; P P

— the phase curve parametggsandO; for the 3.6 and 4.5m folded photometry for the three channels probed by our @é#ta,

; division by the best-fit baselinephase curve model. Figure
Spitzer channels. For each channel, the phase curve se i ;
amplitude was forced to be equal to or smaller than half fShO\.NS the folded and detrendditzer photometry with the
the occultation deptiF o; est-fit eclipses- phase curve models.

Several conclusions can be drawn from the results shown in
For each bandpass, the two quadratic limb-darkeningfieoeTable 3.
cientsu; andu, were also let free, using as jump parameters not
these cofficients themselves but the combinatians- 2x u; +
U andc; = u;—2xUp to minimize the correlation of the obtained
uncertainties. Normal prior distributions were assumedufo
andu,, the corresponding expectations and standard deviations
being interpolated from tables of Claret & Bloemen (2011) fo
;[he cgrgegpo(;]gmg gagdpaisgsl arg)dil’ngrIE:fZSOi 100 K, Assuming for the star spectral energy distribution a spectr
09g9=50=0.1,and [FeH] = 01+ 0.1 (AE13). model of Kurucz (1993) with local thermodynamic equilib-
This preliminary global MCMC analysis allowed us to as- ;1 T... = 3170 K [Fe/H] = 0, and logg = 5.0 de-
. . , leff s s [09) .U, we de
tshess th_g nelzed for rescalm% ';he;hphotometrrgc frrorf._rﬁsaero;; rive from this upper limit a maximal brightness temperature
he resi Iu_as;/vas compared to de mean pho Omﬁ e edr 15, & of 850 K. At 4.5um, the occultation is detected at ther2-
the resulting factop, were storedg,, represents the under- or. level, its derived depth value of 235 ppm corresponding
overestimation of the white noise of each measurement. ©n it to a brightness temperature of Bég)K
side, the red noise present in the light curve (i.e. the litaloif -5
our model to represent perfectly the data) was taken intouadc  These results are discussed more thoroughly in Sect. 5.
as described by Gillon et al. (2010), i.e., a scaling fagtarvas
determined from thems of the binned and unbinned residual%,
for different binning intervals ranging from 5 to 90 minutes, the’
largest values being kept As. At then end, the error bars wereAs outlined by Carter et al. (2011), the circularizationgsnale
multiplied by the correction fact@@F = g, x Bw. The values of of GJ1214b could be as long as 10 Gyr for specific composi-
Bw andg; derived for each light curve are given in Table 1 and 2ions, while several transiting Neptune-like planets hsigaifi-
One can notice that mog}, are smaller than 1. F&pitzer, cantly eccentric orbits. Even when considering the new HBRP
this comes from the fact that each of our measurements is theasurements, a small orbital eccentricity is still pdssibo
mean of 64 individual measurements, and that our selected phased on these considerations it is desirable to asses#ithe i
tometric errors are the errors on this mean. It is normal thance of the circular orbit assumption on the stellar andegslan
this procedure overestimates slightly the actual photdmet- tary size, and on the planet’s thermal emission. To carrylosit
ror, as the wobbles of the telescope pointing have freqesnciask, we performed a second MCMC analysis with the orbital
high enough to lead to significant PRF position variations dueccentricitye and argument of pericentexfree, the correspond-
ing a block of 64 measurements (&2 s= 128 s), increasing ing jump parameters being/ecosw and +/esinw. Gaussian

The transit depths deduced for the three channels are eonsis
tent with each other.

— For both Spitzer channels, the phasdfect is not detected
and we can only put upper limits on its amplitude.

The occultation of the planet is not detected ayarg and its
amplitude is constrained to B205 ppm (3¢ upper limit).

3. Analysis assuming an eccentric orbit
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Fig. 3. Detrended photometry period-folded on the best-fit tragygitemeris obtained in our global analysis (Sect. 3.2) afiem
on the transitlgft) and occultationright) phases. For the transit and occultation phases, the negasuts were binned per interval
of 2 min and 7.2 min, respectively. For both panels, the Eestlipse models are superimposed.

prior probability distributions were assumed for these jwap uncertainties ore andw propagate to the paramet&R,, p.,
parameters, basing on the valug®cosw = 0+ 0.12 and R, andR,.
vesinw = -0.10+ 0.17 deduced from the analysis of the new
HARPS dataset.
We outline however that our adopted results are the ones
from the analysis assuming a circular orbit, basing on the ab

The results of this second analysis are given in Tablesgnce of observational evidence for a significant eccetytric
(MCMC 2). It can be seen that the derived parameters for ttBIC = -20 in favor of the circular model) combined with
system are in good agreement with the ones deduced underttieeevidences for an age much larger than the circularizatio
circular orbit assumption, but some are less precise bedaes timescale for most plausible compositions.
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Fig. 4. Detrendedpitzer 3.6um (top) and 4.5um (bottom) pho-  Fig. 5. Top: transit timing variations deduced from our global

tometry folded on the best-fit transit ephemeris obtainegin analysis for theSpitzer and TRAPPIST transits (see Sec. 3.4).

global analysis (Sect. 3.2), binned per intervals of 30 riltmke  Bottom: zoom on the consecutive transits observedSizer

best-fit eclipse+ phase-curve models are superimposed. in spring 2011. Three of these transits were also observed by
TRAPPIST.

3.4. Analysis without prior on the limb-darkening coefficients 4. Search for a second transiting planet

We explored the influence of our selected priors on the ”magY/e used the best-fit residuadgitzer light curve obtained from
darkening by performing a MCMC analysis assuming for af,;. aqopted global analysis to perform a search for the tran-

channels uniform prior distributions on the quadratic kmbgj oy of 5 possible second planet. We did not use the TRAPPIS
darkening cofficientsty andu,. Its results are presented in Tablg g a5 as their photometric precision is significantiaker.

3 (MCMC 3). While some derived values are slightly less (seci o, yesiqduals light curve contains 14,293 photometric mess

than the ones obtained in our adopted analysis, they ar€@-exyonts For each measurement, the error bar was multiplied by
lent agreement{ 1c) with them, including for the parametersy, o ¢ rresponding, factor (see Table 1) to take into account

defining the transit shapeg, b, W, p., a/R., i). We thus con- o 4ca1 white noise budget of the data. For each of the thre
clude that the results of our adopted analysis are not infe@n .- nnels we also multiplied the error bars by the mgafor

by our selected priors on the limb-darkening méents. this channel. We did not use for each light curve its derjged
shown in Table 1, as a larggr could be due to a transit.
3.5. Analysis allowing for transit timing variations Our procedure was based on a search for periodic transit-

like signals over a grid of periods, phases, impact parammete
In a final MCMC analysis, we let the timings of the transitaind depths. The probed periods ranged from 0.1 to 20.9 dwys, t
present in oufpitzer + TRAPPIST dataset being jump parameperiod step being 0.0001days (8.6 s). For each period steysit
ters, to benefit from the strong constraints brought by toba@l models centered at 100 evenly separated phases were campare
analysis on the transit shape and depth to reach the higheshe period-folded light curve, assuming a circular qriif =
possible sensitivity on possible transit timing varia8diTVs, 0.176 My, andR, = 0.221R,. For each phase, transit models
Holman & Murray 2005, Agol et al. 2005) due to another unwith impact parameters of 0 and 0.5, and depths ranging from
known object in the system. In this analysis, we assumed-a co0 to 1000 ppm, were tested. For each period, the chi-sgtare
cular orbit for GJ 1214 b, and normal prior distributionséxhen corresponding to the best-fitting transit profile in termgloése,
the results of our adopted analysis (Table 3, MCMC 1) for th&epth and impact parameter was registered and compareel to th
jump parameterB andTy. chi-square assuming no transit.

Table 4 presents the derived transit timings. A linear regre  Figure 6 presents the resulting transit periodogram. The
sion using these timings and their epochs as input led toothe fstrongest power peak correspond Re0.4157 days, the im-
lowing transit ephemeris: 245498@8996{0.000084+ N x provement of thg? being -15.8. The corresponding folded light
1.58040418£0.00000019) BJRpg, N being the epoch. This curve is also shown in Fig. 6. With 14293 measurements and 4
ephemeris agrees well with the MCMC result (Table 3). more degrees of freedom for the transit modeM@ = —15.8

Figure 5 shows the resulting TTVs as a function of the trageorresponds to ABIC = —15.8 + 410g(14293)= +22.5. Using
sits’ epochs. As can be seen in this figure, we could not detd#oe BIC as a proxy for the model marginal likelihood, thiBIC
any significant TTV, which is consistent with the resultseénd results in a Bayes factor @&'®'“/2 = 77000 in favor of the no-
pendently obtained by F13 using the same data. transit model, translating into a false alarm probabilfpPR) of
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MCMC 1 MCMC 2 MCMC 3
e=0 e>0 e=0, LD free
Jump parameters
M. [Mg] 0.176+ 0.009 (p) 0.176+ 0.009 (p) 0.176+ 0.009 (p)
Tert [K] 3250 + 100 (p) 3250+ 100 (p) 3250+ 100 (p)
[Fe/H] [dex] 0.1+ 0.1 (p) 0.1+ 0.1 (p) 0.1+ 0.1 (p)
dF36.m [%] 1.3545+ 0.0085 13521+ 0.0083 1342+ 0.015
dF45,m [%] 1.3676+ 0.0039 13673+ 0.0039 1365+ 0.011
dF,, [%] 1.377+0.020 1376+ 0.021 1385+ 0.026
dFoc&&Gum [ppm] 4533 74f§? 443‘3
< 205 (99.7% confidence) < 585 (99.7% confidence) < 184 (99.7% confidence)
dFocca5.m [PPM] 70+ 35 3753 67+35
< 190 (99.7% confidence) < 158 (99.7% confidence) < 177 (99.7% confidence)
Ageum [PPM] 133 16'2) 11436
< 68(99.7% confidence) < 166 (99.7% confidence) < 78 (99.7% confidence)
Oz.6um [deg] -1073%9 1049 -0333
Assgum [ppm] 16'15 1138 1818
< 68 (99.7% confidence) < 68 (99.7% confidence) < 73 (99.7% confidence)
Ossym [deg] 25115 -2511% ~40'1%
b [R] 0.385+ 0.022 0371+5947 0.367+ 0.032
W [min] 5252+ 0.14 5252+ 0.13 5245+ 0.15
To [BIDrpg] 245498074900+ 0.00010 24549874901+ 0.00010 245498074898+ 0.00008
P [d] 1.58040417+ 0.00000022 158040415+ 0.00000020 158040421+ 0.00000018
\ecosw 0 (fixed) -0.05+0.10 0 (fixed)
Vesinw 0 (fixed) -0.13+0.21 0 (fixed)
€1(3.6um) 0.143+ 0.010 0143z 0.010 0204+9982
C2(3.6um) -0.392+ 0.010 -0.391+ 0.010 -0.77+0.54
C1(4.5um) 0.189+ 0.010 Q189+ 0.010 0258+ 0.039
Co(4.5m) -0.3999:+ 0.0070 -0.3995: 0.0070 -0.12:3%
ca(l +2 0.749+ 0.063 Q753+ 0.068 Q87+ 0.11
ce(l +2) -053+0.14 -054+0.15 045288
Sellar parameters
R. [Ro] 0.2213+ 0.0043 0217+2910 0.2198+ 0.0045
LuminosityL. [Ro] 0.00488 250068 0.00465 593582 0.004843:99054
Densityp. [0o] 16.25+ 0.46 171732 1653+ 0.57
Surface gravity log. [cgs] 4994+ 0.012 50102951 4.999+ 0.014
g (3.6um) -0.0210: 0.0052 (p) -0.0209: 0.0053 (p) -0.08°214
Uy (3.6um) 0.18524+ 0.0050 (o) 0.1852+ 0.0045 () 0.341922
Uy (4.5um) —0.0046+ 0.0050 () —-0.0044+ 0.0048 (o) 0.08398
Up(4.5um) 0.1976:+ 0.0030 () 0.1975+ 0.0029 () 0.10933
u(l +2) 0.193+ 0.049 (p) 0.194+ 0.049 (p) 0.44+918
u(l +2) 0.363+ 0.063 (p) 0.366+ 0.060 () 0+0.26
Planet parameters
(Rp/R.)36um 0.11638+ 0.00037 011638+ 0.00035 011587590058
(Ro/R.)a5um 0.11694= 0.00017 011693 0.00017 011685299043
(Rp/R)1+z 0.11735+ 0.00086 011732+ 0.00090 01177+ 0.0011
a/R. 1445+ 0.15 147+19 1454918
alAU] 0.01488+ 0.00025 001489+ 0.00025 001486+ 0.00025
i [deg] 8847+ 0.10 8856018 8855+ 0.14
e 0 (fixed) 00545557 0 (fixed)
w [deg] - 24910, -
Te [K]2 604+ 19 5962¢ 603+ 19
Rp3.6um [Ro] 2.805+ 0.056 275911 2776+ 0.061
Rp4.5:m [Re] 2.821+ 0.056 277518 2.799+ 0.061
Ro,+2 [Re] 2.830= 0.062 278912 2.823: 0.069

Table 3. Median and 1s limits of the marginalized posterior distributions for thuenp and system parameters from our global
MCMC analysis ofSpitzer and TRAPPIST photometry (Sect. 3). Our adopted analysiseisMCMC 1. (p): a normal prior dis-
tribution was assumed (see text for detaiffdssuming a null Bond albedo and a homogeneous heat distnbbetween both

hemispheres.



Observatory Channel Epadth Mid-transit time
(BJID+pg)
Spitzer S1 210 5312633866+ 0.000069
Spitzer S2 211 531414261+ 0.000069
TRAPPIST | +z 412 563187575+ 0.00016
TRAPPIST I +z 424 565084024+ 0.00021
TRAPPIST | +z 436 566980542+ 0.00013
TRAPPIST I +z 441 567770706+ 0.00022
Sitzer S2 443 568867997+ 0.000074
TRAPPIST | +z 443 568086798+ 0.00023
Sitzer S2 444 5682448463+ 0.000085
Sitzer S2 445 5684028902+ 0.000076
Sitzer S2 446 568509349+ 0.000095
Sitzer S2 447 5687189781+ 0.000077
Sitzer S2 448 568877002+ 0.00013
Sitzer S2 449 569050535+ 0.000070
Sitzer S2 450 569193099+ 0.00012
Sitzer S2 451 569311301+ 0.000071
Spitzer S2 453 5696672135+ 0.000069
TRAPPIST l+z 453 569667218+ 0.00023
Spitzer S2 454 569852357+ 0.000071
Spitzer S2 455 5699832716+ 0.000064
TRAPPIST l+z 455 569983274+ 0.00017
Spitzer S2 456 570141331+ 0.00011
Spitzer S1 564 5872096930+ 0.000085
Spitzer S1 565 587377356+ 0.000072
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To ensure that no periodic transit-like signal was missed by
our algorithm, we also analyzed our residugigzer light curve
with the BLS algorithm (Kovacs et al. 2002) available on the
NASA Exoplanet Archive website Here, BLS found several
power excesses at short periods, the most significant pamels
ing to 2.2025 days, its derived false alarm probability (FAP
being~ 1 %. Once folded with this period, the residuals light
curve shows indeed a tiny transit-like signal with an anojolé
of ~ 100 ppm (Fig. 7). Still, its duration is 5 hr, which is~
5 times longer than expected for the central transit of agilan
in a 2.2 days circular orbit around GJ 1214. This explains why
our transit search algorithm did not detect this possileai
Nevertheless, we decided to better assess its reality bgrper
ing the same MCMC procedure described above. Here too, the
result is that the putative transit signal is not significaine re-
sulting Bayes factor being #bin favor of the model without a
second transiting planet.

We also noticed that several among the strongest BLS peaks
corresponded in fact to fluxcreases instead of drops, suggest-
ing that the forest of peaks at short periods is due to redenois
of instrumental or astrophysical origin. From the injentiof
fake periodic transits of étierent periods and depths and short
MCMC analysis of the resulting light curves, we concludeat th
only transits deeper than 200 ppm (for periods<1 day) to
~ 500 ppm (for unique transits) could be firmly detected in our
Soitzer GJ 1214 data, this limitation coming from the combina-
tion of the photon noise~( 90 ppm per hour) and the 50100
ppm red noise present in the light curves. These limits eorre
spond to a range in planetary radii of 0.35 to B

For the sake of completeness, we also performed a visual
search for transit-like structures in the residual lightves, but
failed to detect anything convincing. We thus conclude erath-

Table 4. Transit mid-times and ¢ errors for theSpitzer and Sence of evidence for a second transiting planet around G 12

TRAPPIST transits from our global analysis (Sect. 38).

in the Warm Spitzer photometry, while we would have firmly

and S2 denotes respectively the 3.6 and 4u% channel of detected any transit of Mars-size or larger planet.
Spitzer/IRAC. @The epoch is relative to the transit ephemeris

shown in Table 3.

5. Discussion
5.1. On the accuracy of our derived parameters

The values deduced in our adopted analysis (MCMC 1 in Table

~99.999%. This power peak in the periodogram is thus far 19 for the physical parametesgR, andi that define the tran-
represent a significant signal. A simple computation shdas t sjt shape (see e.g. Winn 2011) are in good agreement with the
a y“ improvement of~ -50 would be required to result into ayalues reported in the GJ 1214 b detection paper (C09), but di
transit model one hundred times more likely than the nositanggree with several values reported afterwards and baseidion h

model (FAP~ 1 %).

precision photometry from the ground (Berta et al. 201 1yamf

To better investigate the significance of the highest peak gjface (Berta et al. 2012, F13). This is illustrated in Fige8t].
our transit periodogram, we performed two MCMC global anafFhis figure shows a clear correlation betwesiiR, (and thus
ysis similar to the ones described in Sect. 3, each compdsedt® stellar density) and the orbital inclinationThe simplest
two chains of 100,000 steps. The first MCMC’s model includegikplanation to this correlation is that some of the shown-mea
only GJ 1214 b, assuming for it a circular orbit, no TTV, nara surements have overoptimistic uncertainties. Indeed friven
sit depth chromaticity, no phase curve and no occultatiothé orbital period, the same transit duration can be obtaine avi
second and third MCMCs, we added a second transit planetanger star combined with a smaller inclination, leading tde-
circular orbit withP ~ 0.4157 day. From the two resulting BICs,generacy betweeayR, andi that can be broken only by a very
a Bayes factor was again computed. The advantage of this psigeurate determination of the transit shape. This is gépera

cedure is that it does not use the best-fit residual lightesifor

difficult exercise, the red noise of the photometric time-series

which a shallow transit signal could have been partiallyseda and the limb-darkening profile of the star altering the oradi
by the baselines detrending. Furthermore, all the freempet@xs  trapezoidal profile of the transit. Depending on the datdityua
of the models have their posterior distributions probedhi@ t and the details of the analysis, the derived valuesit& andi
same process, ensuring a proper error propagation. Cothparan easily beffiected by small systematic errors that arfclilt
to the model without second transiting planet, the two-gtan to identify. For instance, F13 recognized the possibilitgys-
model revealed to be650 times less likely, confirming thus thattematic errors in their thorough analysis of tBgtzer data, so
the strongest peak in the periodogram shown in Fig. 6 does not

correspond to a significant transit signal.

5> httpy/exoplanetarchive.ipac.caltech.edu
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Fig. 6. Top: Transit search periodogram obtained from the angtig. 7. Top: BLS periodogram obtained from the analysis of the
ysis of the photometric residuals (Sect. Byttom: Spitzer resid-  Spjtzer residuals light curve (Sect. 4Rottom: Spitzer residu-
uals folded on the ephemeris of the most significant trafgit sa|s folded on the ephemeris of the most significant trangitai

nal found by our transit search algorithi#<0.4157 day), and found by the BLS algorithmR=2.2025 days), and binned per
binned per intervals of 15 mins. intervals of 30 mins.

l+z 3.6um 4.5um

they forcibly varieda/R, to evaluate theféect onRy/R. (which
was the key parameter for their analysis).

Our multi-band global analysis strategy should be optimal
for breaking the degeneracy betweafR, andi, notably by
averaging the influence of the instrumental systematicsepite ) . L
in the diferent channels and by minimizing the impact of théable 5. Median and 1o limits of the marginalized poste-
limb-darkening uncertainties and assumed model. Notahily, "ior distributions for the parametesgR., i, andR,/R. derived
is supported by the results of our analysis MCMC 3 that dffiom the separate analyses of tgitzer 3.6 um, 4.5um, and
not assume any prior distribution on the limb-darkeningfcoe! RAPPISTI +zphotometry (Sect. 5.1).
ficients and still led to system parameters in excellent e&gre
ment < 10) with the ones derived in our adopted analysis
MCMC 1 (see Table 2). To test further the reliability of our de o _
rived parameters, we modeled for the three channels proped@e shown in Fig. 8r{ght) and in Table 5. The parameters de-
our data the transits of a 2R, planet in front of a 0.176/, rived for the_three channels are in excellent agreementemdm
- 0.221R, star, assuming an orbital period and inclination Oqtherand_ with the results of our global anaIy_S|s MCMC 1. From
P=1.58040417 d and= 88.5°, respectively, and quadratic limb- this consistency, we conclude that systematic errors arentst
darkening cofficients drawn from Claret & Bloemen (2011) taPlausible explanation to the correlation between the nreasu
bles for Terr = 3250 K, logg = 5.0, and [FgH] = 0.1. We Ments fora/R. andi shown in Fig. 8 left).
injected the corresponding transit profiles into our orgiight For the planet-to-star radius ratio in the three probed chan
curves after having dividing them by the best-fit transit mod€ls, our results are in excellent agreement with the onesede
els selected by our MCMC 1 ana]ysis_ We then performedty F13 from the same data, indicating their robustness (BbbT
new MCMC analysis totally similar to MCMC 1 that resultecd)-
in parameters values fully consistent with the ones of MCMC 1
Notably, we obtained/R, = 1452+ 0.15 andi = 8844+ 0.10
deg, in excellent agreement (Lo") with our input values. This
test suggests that our results for the transit shape pagesr@e The main motivation of our ambitiouSpitzer program was to
accurate and do not far from strong systematic errors relate@xplore the HZ of GJ 1214 in search for a transiting planeth @i
to the details of our data analysis. sensitivity high enough to detect any Mars-sized or lardgamet.

An actual chromatic variability of the transit shape coutsba We could reach this desired sensitivity, but unfortunatedydid
explain the pattern visible in Fig. 8. It could be due to anoinh not detect any second planet transiting the red dwarf. Becae
mogeneous opacity of the planet limb at transit. To testhiiis could not monitor continuously GJ 1214 during 20.9 days,eor
pothesis, we performed separate MCMC analyses ofitzer  sponding to the outer limit of its HZ, there is a small charics t
3.6 um, 4.5um, and TRAPPIST + z photometry. The results we missed the transit of a second planet, especially fordong

a/R. 14.64jg:f75$ 14627332 l4.48f8:g

i [deg] 8876979 885702 8850+ 0.12

Ry/R. 0.1160+ 0.0017 011629+ 0.00040 011688+ 0.00018

5.2. On the presence of a second planet transiting GJ 1214
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This work F13a F13b F13c

(Rp/R)i+z 011735+ 0.00086 01187+ 0.0011 01179+ 0.0018 011803+ 0.00079
(Rp/R.)z6:m 0.11638+ 0.00037 011607+ 0.00030 011616+ 0.00019 011602+ 0.00055
(Rp/R.)asym  0.11694+ 0.00017 011710+ 0.00017 011699+ 0.00026 011709+ 0.00022

Table 6. Comparison of the planet-to-star radius ratio derived ia Work and in F13 from the same data. FE3aimultaneous
analysis for each channel; F13baverage of the results of individual analyses for each cblai3c= analysis of the phase &
binned light curve for each channel.

NV 990 T
[ This work — Spitzer + ground 7 [ Spitzer CH1 + CH2 + Ground I+z

[ Fraine et al. 2013 — ground I+z 7 [ Ground I+z
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Fig. 8. Diagram orbital inclination vs a/R. scale ratio. Our measurement is shown as a filled black cireld: comparison with

the measurements presented by F13, C09 (ground), Berta(80all) (ground) and Berta et al. (2012) (HSRijght: comparison

of our measurement obtained from the global analysiSpidfer and TRAPPIST data to the measurements that we obtained from
separate analyses of tBpitzer 3.6 um, 4.5um and TRAPPIST data alone.

periods. To estimate this probability as a function of thigitat  ities are presented in Fig. 9 as a function of the orbitalquksi
period, we used the timings of tf8pitzer data and determined The mean value for the HZ is 25%, and 52% for the inner zone.
for each orbital period the fraction of orbital phases forichh Multiplying this geometric probability by the window profid:

a mid-latitude transit would have happened at least ondddnsity derived above, and averaging for the whole HZ, we esémat
our observation window. The resulting probabilities arevein that oura priori chance of success to detect a habitable planet
in Fig. 9. For the HZ, the mean probability to have observed at Mars-size or above was 23%, assuming GJ 1214 does harbor
least one transit is 91%, meaning that there is 9% chance thath a planet. Under this assumption, and taking into a¢coun
we missed the transit(s). So we cannot firmly reject ato8 our non-detection, the posterior probability that the ptasoes
better) that we missed the transit of a habitable planetth®it not transit is>97%, while the posterior probability that it does
corresponding probability is certainly too low to justifyone transit and that we missed its transit is th8%.

monitoring of the system with a space telescope. For shorter

bits, the mean probability to have observed at least onsitrian . )

99.7%, so we can firmly reject the presence of a second Mars3- On the atmospheric properties of GJ1214b

size transiting planet for orbits inner to the HZ. The atmosphere of GJ 1214b has been a subject of intense
Using a similar Monte-Carlo simulation procedure as descrutiny in the recent past. Previous studies of the atrmergph

scribed in G11, we derived the transit probability for a putaf GJ 1214b have been based on observations of transmission

tive second planet taking into account the transiting ratfr spectra, which probe the regions near the day-night tetaorina

GJ1214b, using our new derived parameters for the steflar sof the planet. The sum-total of existing data with multiphe i

and for the orbital inclination of GJ1214b, and drawing esu struments over a wide spectral baselire((8 — 5um) indicate

out of the normal distributiom(0, 2.2%) deg for the diference a flat transmission spectrum (Bean et al. 2010 & 2011; Desert

in inclination between both planets, 2.2 deg being itims of al. 2011; Berta et al. 2011; de Mooij et al. 2012 & 2013; Teske

the inclinations of the solar system planets. This valueois-c et al. 2013; but cf Croll et al. 2011). Such a spectrum is iadic

sistent with the spread in inclinations observeddepler multi-  tive of either a cloudy atmosphere with unknown composition

planetary systems (Fabrycky et al. 2012). The resultinggind- (potentially H-rich) or an atmosphere with a high mean molec-

11
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ular weight 1), e.g. an HO-rich atmosphere (Bean et al. 2010;
Désert et al. 2011; Kempton et al. 2012; Benneke & Seager T
2012; Howe & Burrows 2012; Morley et al. 2013). Constraining
the atmospherig-of GJ 1214b is importantto address the funda-
mental question of whether super-Earths represent scialed-
Neptunes or scaled-up terrestrial planets. While a clougy H
rich atmosphere would indicate a Neptune-like atmosphare f M
the planet, a high: atmosphere would suggest a terrestrial-like L \
atmosphere. Current observations of the planetary atreosph | \\1 ]
are unable to break the degeneracy between the two scenario§ 0.6 kN A
and hence inconclusive of the true composition of GJ 1214b. 3 | 'y 1
Our observations of the secondary eclipses of GJ 1214bg | |
place constraints on the dayside atmosphere of the planet, a 04 - g i
gion not accessible to transmission observations. We uee tw 3 g,
photometric observations of the planet-star flux ratioha3.6 o
and 4.5um bandpasses &itzer. We model the planetary ther-
mal emission at secondary eclipse using the exoplanetary at
mospheres modeling and retrieval method of Madhusudhan &
Seager (2009). The model computes line-by-line radiatavest:
fer in a 1D plane-parallel atmosphere, with constraintsooél 0
thermodynamic equilibrium, hydrostatic equilibrium, agidbal PERIOD (d)
energy balance. The pressure-temperatr€l) profile and the
molecular composition are free parameters of the modelyvall
ing exploration of models with a wide range of temperaturce pr
files (e.g. with and without temperature inversions) andhthe
ical compositions (varieg, C/O ratios, etc.). However, given

';Peaet W;gﬁ’:tgg)égvzggﬁto?ﬁﬂg gaz:ﬁﬁ: '?}i’ dcéi?]padggugn sit probability for a second planet, taking into accounttitaa-
P P g P q 'siting nature of GJ 1214 b (see Sect. 5.2 for details). Thdéimed

model space is presently under-constrained. We, therefore i .
sider canonical models of the dayside atmosphere of GJ 12%@';%\2%@%?#2 ggttr?eeégo probabilities. The green vaitic

and investigate their potential in explaining the curreated\We
consider (1) H-rich solar composition models, (2).B-rich
models (or ‘water worlds’), and (3) cloudy models paranzewi spectrum of the planet with a temperature-&00-600 K, sim-
by a optically thick cloud deck at a parametric pressurelleve ilar to a H-rich atmosphere with a gray-opacity cloud deck at
Our results rule out a cloud-free solar abundaneerieh  pressures below50 mbar. In this regard, our constraints on the
composition in the dayside atmosphere of GJ 1214b. In the te@@mposition of the dayside atmosphere of GJ 1214b are simila
perature regime of GJ 1214b, as shown in the inset of Fig 5t8,the constraints on the atmospheric composition at the day
a solar abundance composition in chemical equilibrium preight terminator of the planet obtained from transmissioecs
dicts methane (Ch—) and water vapor (b-D) to be the most tra in the recent past (eg Bean et al. 2010, 2011; Désait et
dominant molecules bearing carbon and oxygen, respegtivél011; Berta et al. 2011).
CO; to be present at thel ppm level, and CO to be negligi-
ble (Madhusudhan & Seager 2011; Madhusudhan 2012). C :
and HO have strong absorption in the 3.6 Spitzer channel, g| Conclusions
whereas CO and C{have strong absorption features in the 4. G11, we had identified GJ 1214 as a high-priority targesfor
um Spitzer channel. Therefore, given their relative abundancesansit search, as an habitable planet orbiting this nekidby
the corresponding model spectrum shows strong absorptiordivarf should have its transit probability strongly enhahbg
the 3.6um Spitzer channel and less absorption in the 4B  the transiting nature of GJ 1214 b. In this context, we hat:eipe
channel, as shown in Fig 10. While this model spectrum emplaian ambitious high-precision photometric monitoring of @l4
the low planet-star flux contrast observed in the 31§ it pre- with the Spitzer Space Telescope to probe its entire HZ in search
dicts significantly higher contrast than is observed in the#h  of a planet as small as Mars. Because of a DNS failure, we could
channel. not probe the entire HZ, but still we covere®1% of it.
On the other hand, our observations are consistent with both After having presented in a first paper (F13) our detailed
a metal-rich atmosphere as well as a cloudyrldh atmosphere. study of theSpitzer transits of GJ 1214 b, and its implications for
Model atmospheres with a wide range of metal-rich composhe transmission spectrum of the planet, we have reporterl he
tions can explain the data. As shown in Fig 10, a water-worttle results of our transit search and of our global analyfses o
atmosphere (e.g. Miller-Ricci et al. 2009), with 99% watar v very extensive photometric dataset combining allSpi¢zer data
por by volume fits both data within the &-uncertainties. The acquired for GJ 1214 to new ground-based transit light cirve
high mean-molecular weight of such an atmosphere cause¥rdortunately, we did not detect any second transiting @lan
short atmospheric scale height, which together with thenstr Assuming GJ 1214 hosts a habitable planet larger than Mars, o
absorption features of water vapor cause low planet-stardlu global analysis of the whol&pitzer dataset leads to a posterior
tios across the near to mid infrared spectrum. Such a spedru no-transit probability> 97%. Still, our analysis allowed us to
consistent with the low planet-star flux ratios we observaath  significantly improve the characterization of GJ 1214 babbt
the Spitzer channels at 3.6 and 4,6n. We also find that both by detecting at 2r its 4.5um thermal emission, and by con-
the photometric data are consistent with a featurelesglbtaty straining its 3.Gum occultation depth to be smaller than 205ppm

T

Fig. 9. Black solid line: probability for the transit of a second
putative planet occurring at least once during $pezer obser-
vations as a function of the orbital period, for periods uphte
one corresponding to the outer limit of the HZ. Black dotantr
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