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ABSTRACT

We report the discovery of planet Kepler-12b (KOI-20), what 1695+ 0.030 R; is among the handful
of planets with super-inflated radii above 1.B Orbiting its slightly evolved GO host with a 4.438-day
period, this 0431+ 0.041M; planet is the least-irradiated within this largest-plaraetius group, which has
important implications for planetary physics. The plasétiflated radius and low mass lead to a very low

density of 0111+ 0.010 g cm?®. We detect the occultation of the planet at a significance@f B the Kepler
bandpass. This yields a geometric albedo.@fia- 0.04; the planetary flux is due to a combination of scattered
light and emitted thermal flux. We use multiple observatiafith Warm Spitzerto detect the occultation at
70 and 4 in the 3.6 and 4.5xm bandpasses, respectively. The occultation photometingi is consistent
with a circular orbit, aie < 0.01 (1r), ande < 0.09 (3r). The occultation detections across the three bands
favor an atmospheric model with no dayside temperaturesive. TheKepleroccultation detection provides
significant leverage, but conclusions regarding tempegattructure are preliminary, given our ignorance of
opacity sources at optical wavelengths in hot Jupiter apinews. If Kepler-12b and HD 209458b, which
intercept similar incident stellar fluxes, have the sameyelement masses, the interior energy source needed
to explain the large radius of Kepler-12b is three timesdathan that of HD 209458b. This may suggest that
more than one radius-inflation mechanism is at work for KepRb, or that it is less heavy-element rich than
other transiting planets.
Subject headingglanetary systems; stars: individual: (Kepler-12, KOI-ROC 11804465), planets and satel-
lites: atmospheres, techniques: spectroscopic

1 Department of Astronomy and Astrophysics, University ofifGenia,
Santa Cruz, CA 95064; jfortney@ucolick.org

2 Massachusetts Institute of Technology, Cambridge, MA G2185A

3 Harvard-Smithsonian Center for Astrophysics, 60 Gardereeft
Cambridge, MA 02138

4 SETI Institute/NASA Ames Research Center, Moffett FieldA C
94035

5 Department of Astronomy, University of California, Ber&gl CA
94720-3411, USA

6 Niels Bohr Institute & StarPlan, University of CopenhagBenmark

7 NASA Exoplanet Science Institute, Caltech, MS 100-22, 730t
Wilson Avenue, Pasadena, CA 91125, USA

8Jet Propulsion Laboratory/California Institute of Techmyy,
Pasadena, CA 91109, USA

9 San Jose State University, San Jose, CA 95192, USA

10NASA Ames Research Center, Moffett Field, CA 94035

11 National Optical Astronomy Observatories, Tucson, AZ 8571

12 pepartment of Astronomy, University of Maryland at Collegark,
College Park, MD 20742

13 Las Cumbres Observatory Global Telescope, Goleta, CA 93117

14 University of Florida, Gainesville, FL 32611

15 Space Telescope Science Institute, Baltimore, MD 21218

16 vale University, New Haven, CT 06520 US

17Bay Area Environmental Research Institute/NASA Ames Rebea
Center, Moffett Field, CA 94035, USA

18Centre for Astrophysics Research, University of Hertfbics
College Lane, Hatfield, AL10 9AB, England

19|nstitut d’Astrophysique et de Géophysique, Université Ligge,
Allée du 6 Aolt 17, Bat. B5C, 4000 Liege, Belgium

20 Observatoire de Genéve, Université de Genéve, 51 Chemin des
Maillettes, 1290 Sauverny, Switzerland

21 Alfred P. Sloan Research Fellow


http://arxiv.org/abs/1109.1611v1

1. INTRODUCTION

Transiting planets represent an opportunity to understan
the physics of diverse classes of planets, including mass
radius regimes not found in the solar system. The knowl-

edge of the mass and radius of an object immediately yields

the bulk density, which can be compared to models to yield
insight into the planet’s internal composition, temperafu
and structure (e.d., Miller & Fortngy 2011). Subsequent ob-
servations, at the time of the planet’s occultation (seaond
eclipse) allow for the detection of light emitted or scadtir
by the planet’'s atmosphere, which can give clues to a pknet
dayside temperature structure and chemistry (Marley et al.
2007; | Seager & Deming 2010). NASAKepler Mission
was launched on 7 March 2009 with the goal of finding
Earth-sized planets in Earth-like orbits around Sun-lilegss
(Borucki et all 2010). While working towards this multi-yea
goal, it is also finding an interesting menagerie of largat an
hotter planets that are aiding our understanding of plapeta
physics.

Early on in the mission, followup radial velocity resources
preferentially went to giant planets, for which it would be
relatively easy to confirm their planetary nature through a
measurement of planetary mass. This is how the confirma
tion of planet Kepler-12b was made, at first glance a rel-
atively standard “hot Jupiter” in a 4.438 day orbit. How-
ever, upon further inspection, the mass and radius of Kepler
12b make it an interesting planet from the standpoint of the
now-familiar “radius anomaly” of transiting giant plané¢sg.
Charbonneau et al. 2007; Burrows et al. Z007; Laughlinlet a
2011). Given our current understanding of strongly-iradekl
giant planet thermal evolution, around 1/3 to 1/2 of known
transiting planets are larger than models predict for sdver
Gyr-old planets that cool and contract under intense stella
irradiation (Miller et all 2009).

The observation that many Jupiter- and Saturn-mass planet
are be larger than 1.0 Jupiter-radii can be readily undedsto
It is the magnitude of the effect that still needs explamatio
The first models of strongly irradiated planets yielded tree p
diction that these close-in planets would be inflated inuadi
compared to Jupiter and Saturn (Guillot et al. 1996). Tha hig
incident flux drives the radiative convective boundary from
less than a bar, as in Jupiter, to pressures near a kilobar. T
thick radiative zone transports less flux than a fully cotivec
atmosphere, thereby slowing interior cooling, which slows
contraction. A fairly uniform prediction of these strongisa-
diated models is that2-1.3 R; is about the largest radii pre-
dicted for planets several gigayears-old (Bodenheimdr et a
2003;/Burrows et al. 2007; Fortney et lal. 2007; Baraffe et al.
2008). However, planets commonly exceed this value.

The mechanism that leads to the radius anomaly has not yet

been definitively identified. However, constraints are egner
ing. One is planet radius vs. incident flux, which could also
be thought of as radius vs. equilibrium temperature, with
an assumption regarding planetary Bond albedos. Figure
shows planet radii vs. incident flux for the transiting syste
with confirmed masses. Since low-mass planets are rekativel
easier to inflate to large radii than higher mass planets (e.g
Miller et all[2009), we plot the planets in three mass bine Th
lowest mass bin is Saturn-like masses, while the middle mas
bin is Jupiter-like masses. The upper mass bin ends at 1
Mj, the deuterium burning limit. Kepler-12b is shown as a
black filled circle. The largest radius planets are gengrall
the most highly irradiated (Kovacs etlal. 2010; Laughlinlet a

for these planets.
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2011; Batygin et al. 2011). The near-universality of the in-

4lation, especially at high incident fluxes, now clearly agu

for a mechanism that affects all close-in planets (Forthey/e
2006), rather than one that affects only some planets. ®ie di
tribution of the radii could then be understood in terms &f di
fering magnitudes of the inflation mechanism, together with
different abundances of heavy elements within the planets
(Fortney et al. 2006; Guillot et &l. 2006; Burrows et al. 2007
Miller & Fortney2011; Batygin et al. 2011).

Within this emerging picture, outlier points are particiyla
interesting: those that are especially large, given theident
flux. These are the super-inflated planets with radii ofR;.7
or larger. These include WASP-12b (Hebb et al. 2009), TrES-
4b (Mandushev et al. 200[7; Sozzetti et al. 2009), WASP-17b
(Anderson et al._2010), and now Kepler-12b, which is the
least irradiated of the four. In the following we describe th
discovery of Kepler-12b, along with the initial characteri
tion of the planet’s atmosphere.

Transiting planets enable the characterization of exagtlan
atmospheres. Th8pitzer Space Telescopas been espe-
cially useful for probing the dayside temperature strugtur
of close-in planetary atmospheres, as thermal emission fro
the planets can readily be detected3pitzerat wavelengths
longer than 3um. Data sets are becoming large enough that
one can begin to search for correlations in the current eetec
tions (Knutson et al. 2010; Cowan & Agol 2011).

A powerful new constraint of the past two years is the possi-
bility of joint constraints in the infrared, frof8pitzer and the
optical, from space telescopes likwRoT (e.g., Gillon et al.
2010; Deming et al. 2011) angepler (Desert et al. 2011a).
The leverage from optical wavelengths comes from a mea-
surement (or upper limit) of the geometric albedo of the
planet's atmosphere, although this is complicated by a mix
of thermal emission and scattered light both contributing
Detection of relatively low geometric
albedosAy < 0.15 is consistent with cloud-free models of
hot Jupiter atmospheres (Sudarsky et al. 2003; Burrows et al
2008), and can inform our understanding of what causes
the temperature inversions in many hot Jupiter atmospheres
(Spiegel & Burrows 2010).

In this paper we discuss all aspects of the detection, valida

ption, confirmation, and characterization of the planet.tiSac
discusses the detection of the planetkspler, while §3

covers false-positive rejection and radial velocity canéir

tion. Sectiorl # gives the global fit to all data sets to derive
stellar and planetary parameters, whilé 85 concerns the ob-
servational and modeling aspects of atmospheric character
zation. Sectiofil6 is a discussion of the planet's inflateédusad
amongst its peers, whil€ 87 gives our conclusions.

2. DISCOVERY

TheKeplerscience data for the primary transit search mis-
sion are the long cadence data (Jenkins et al. 2010b). These
consist of sums close to 30 minutes of each pixel in the aper-
ure containing the target star in question. These data pro-
ceed through an analysis pipeline to produce corrected pixe
data, then simple unweighted aperture photometry sums are
formed to produce a photometric time series for each object

JJenkins et al. 2010c). The many thousands of photometric
4ime series are then processed by the transiting planetfsear

(TPS) pipeline element (Jenkins etlal. 2010c).

The candidate transit events identified by TPS are also vet-
ted by visual inspection. The light curves produced by the
photometry pipeline tend to show drifts due to an extremely
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small, slow focus change (Jenkins et al. 2010c), and there ar dard 5-point quincunx dither pattern of Steps interlaced
also sometimes low frequency variations in the stellaraign with an off-source (60 East) sky dither pattern. Data were
that can make analysis of the transit somewhat problematictaken with integration times per frame of 60 sec (15 frames)
These low-frequency effects can be removed by modest fil-for a total on-source integration time of 15 minutes. The in-
ters that have only an insignificant effect on the transihalg  dividual frames were reduced with a custom set of IDL rou-
(Koch et all 2010). The unfolded and folded light curves for tines written for the PHARO camera and were combined into
Kepler-12b produced in this manner are shown in Figlire 2. a single final image. The adaptive optics system guided on
Centroid analysis was performed using both difference im- the primary target itself and produced a central core width o
age (Torres et &l. 2011) and photocenter motion (Jenkins eta FWHM = 0.11". The final coadded image atis shown in
2010a) techniques using Q1 through Q4 data. This analysisFigure4.
indicates that the object with the transiting signal is with One additional source was detected atSE andAJ ~ 8
0.01 pixels (0.04 arcsec) of Kepler-12, which is the 1&- magnitudes fainter than the primary target, near the lirhit o
dius of confusion (including systematic biases) for thesh+ the observations. No additional sources were detected at
niques. within 7/5 of the primary target. Source detection complete-
The parent starkepler Input Catalog (KIC) identification  ness was evaluated by measuring the median level and disper-
number 11804465, has a magnitude in Kepler band of sion within a series of annular rings, surrounding the prima
13.438. The KIC used ground-based multi-band photometrytarget. Each ring has a width ofld” = 1 FWHM, and each
to assign an effective temperature and surface gravifigf  successive ring is stepped from the previous ring Ay'0= 1
= 6012 K and logg = 4.47 (cgs) to Kepler-12, corresponding FWHM. The median flux level and the dispersion of the in-
to a late-F or early-G dwarf. Stellar gravities in this pakt o dividual rings were used to set the 4ensitivity limit within
the H-R diagram are difficult to determine from photometry each ring. The measured limits are in théand, but have
alone, and one of our conclusions based on high-resolutiorbeen converted to limits in thi€epler bandpass based upon
spectroscopy and light curve analyses in 84 is that the star i the typicalmkepier—J = 1.2840.52 mag for a magnitude lim-
near the end of its main-sequence lifetime, with a radius tha ited sample (Howell et al. 2011). A summary of the detection
has expanded tR, = 1.483+ 0.027 R, and a surface grav- efficiency as a function of distance from the primary star is
ity of log g =4.175+0.013. In turn, this implies an inflated  given in Figuréb.
radius for the planet candidate, originally known as Kepler

Object of Interest (KOI)-20 (Borucki et 4. 2011). This con- 3.2. Radial Velocity
clusionis hard to avoid, because the relatively long daredif To derive the planetary mass and confirm the planetary na-
the transit, more than 5 hr from first to last contact, demandsture of the companion, observations of the reflex motionef th
a low density and expanded radius for the star. Kepler-12b parent star were made. The line-of-sight radial
locity (RV) variations of the parent star were made with the
3. CONFIRMATION: FOLLOW-UP OBSERVATIONS HIRES instrument (Vogt et &l. 1994) on Keck I. Furthermore,

. . . a template spectrum observation was used to determine the
3.1. High Resolution Imaging from Large Telescopes  gtg||ar T,4, metallicity, and the initial log, using the Spec-
Blends due to unresolved stellar companions (associated otroscopy Made Easy (SME) tools. The Iggalue from spec-
background) can only be ruled out with direct imaging from troscopy was 4.5+ 0.05, considerably lower from the value
large telescopes. In Figuré 3 we show an image of Kepler-12in the KIC (4.47), but in good agreement with the value ob-
taken with the Keck | telescope guide camera, showingd9  tain from the Markov-Chain Monte Carlo analysis described
arcsec taken in 0.8 arcsec seeing. This 1.0 second exposutie §4. The determinedy is 5947+ 100 K, with a distance
was taken with a BG38 filter, making the passband roughly estimate of~600 pc.~ We note that the star is chromospher-
400 - 800 nm, similar to that dfepler. Contours show sur- ically very quiet. Our HIRES spectra cover the Ca Il H&K
face brightness relative to the core. No companion is seenlines, and we measure a chromospheric index, S=0.128 and
down to 7 magnitudes fainter than Kepler-12 beyeridarc- log R’k = -5.25, indicating very low magnetic activity, con-
sec from it. Thus, there is no evidence of a star that could sistent with an old, slowly rotating star.
be an eclipsing binary, consistent with the lack of astroimet All but the last four RVs were obtained during the first
displacement during transit. follow-up season, during the summer of 2009. The early
In addition, speckle observations using the WIYN tele- Keck-HIRES spectra were taken with two compromising at-
scope were made on the night of 18/19 June 2010, as part ofributes. With a visual magnitude bf=13.8, Kepler-12 was
the Keplerfollowup program of S. Howell and collaborators nonetheless observed with short exposure times of typicall
(Howell et al.2011). No additional source were seen to 3.69 10 - 30 minutes, yielding signal-to-noise ratios near SNIR=3
magnitudes fainter ifR-band and 2.17 magnitudes fainter in per pixel for most spectra. Such low SNR taxes the Doppler
V-band in an annulus around the star spanning between 0.1eode that was designed for much higher SNR, near 200. Thus
0.3 arcsec in radius. No companions could be seen as close abte wavelength scale and the instrumental profile were poorl
the diffraction limit (0.05 arcsec from the star) or as fattees determined, increasing the RV errors by unknown amounts.
edge of the B x 2.8 arcsecond FOV. Moreover, all observations except the last four were made
Near-infrared adaptive optics imaging of Kepler-12 was ob- with a slit only 2.5 arcsec tall, preventing sky subtraction
tained on the night of 08 September 2009 UT with the Palo- which is now commonly applied to HIRES observations of
mar Hale 200in telescope and the PHARO near-infrared cam-faint Keplerstars taken after September 2009. Moonlight cer-
era (Hayward et al. 2001) behind the Palomar adaptive opticstainly contaminated most of these spectra, as the moon was
system|(Troy et al. 2000). PHARO, a 10220124 HgCdTe  usually gibbous or full, adding systematic errors to the mea
infrared array, was utilized in the 25.1 mas/pixel modeddel sured RVs. Thus the RVs given here contain some poorly
ing a field of view of 23. Observations were performed in known errors that depend on the intensity and Doppler shift
J filter (Ao = 1.25um). The data were collected in a stan- of the solar spectra relative to that of the star in the frafme o
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the telescope. The velocities are given in Table 1. the local out-of-transit baseline, while minimizing thento
Based on experience with other faint stars similarly ob- putation time. In the analysis 101 SC time-series were used
served, we expect true errors close to 18 ™due to such  for the transit photometry. The 1-min cadence SC lightcsirve
effects, which are here included in quadrature. Orbital-ana Yields excellent constraints on the transit parameteig,(e.
yses should include such uncertainties in applying weights |Gilliland et al.| 2010; Kipping 2010). Furthermore 112 LC
the RVs, albeit not Gaussian errors. The largest RV outlier time-series were employed for the occultation photometry.
to our orbital analysis is the fourth RV in Taljle 1 and ap- Input data to the MCMC also include the 16 RV datapoints
pears at phase 0.4 in Figure 6. This measurement was madebtained from HIRES described in Sect{on]3.2 and the four
near morning twilight and may be more contaminated than Spitzer3.6- and 4.5zm occultation lightcurves described in
the other measurements by sky spectrum. However, the meaSectiori 5.1
sured mass of Kepler-12b is only modestly sensitive to these The MCMC had the following set of jump parameters
outliers; the mass of Kepler-12b increases by 7% when thethat are randomly perturbed at each step of the chains: the
largest RV outlier to a sinusoidal model is removed and the planet/star area ratio, the impact paramdfer acos/R,,
data are fit again. the transit duration from first to fourth contact, the time of
The phased radial velocity curve is shown in Figlite 6. inferior conjunctionTy (HJD), the orbital period® (assum-
Since the orbital ephemeris frofdepler photometry was  ing no transit timing variations)K’ = Kv/1-e2PY/3, where
known a priori, observations were preferentially made at K is the radial-velocity semi-amplitude, the occultatioptie
quadrature to allow the most robust determination of plane-in Kepler and bothSpitzerbandpasses and the two param-
tary mass with the fewest number of RV points. Observa- eters,/ecosw and \/esinw (Anderson et dl. 2011). A uni-
tions were also made at additional phases to allow an initial form prior distribution is assumed for all jump parameters.
estimate of orbital eccentricity. The radial velocity obge  Kepler SC data allow a precise determination of the transit
tions can be further analyzed for bisector variations, Whic parameters and the stellar limb-darkening (LD) coeffigent
are shown in Figurels No variation that is in phase with the e therefore assumed a guadratic law and wsed2u; + u,
planetary orbit is found, which supports the planetary ratu  andc, = u; —2u, as jump parameters, whevg and u, are
of the companion. the quadratic coefficients. Those linear combinations help
The radial velocities alone suggest a modest eccentricity,in minimizing correlations on the uncertaintieswafandu,
but a circular orbit certainly could not be eliminated witlist ~ (Holman et al. 2006).
data set. Since the long transit duration is the driver td&ar Three Markov chains of Osteps each were performed
large stellar radius, and hence a large planet radius,@@nsi  to derive the system parameters. Their good mixing and
able care was taken to understand if an eccentric orbit @oun convergence were assessed using the Gelman-Rubin statisti
a smaller parent star could lead to the observed transit ligh (Gelman & Rubih 1992).
curve (e.g. Barnes 2007). As shown in Sectidns 4[and 5, the At each step, the physical parameters are determined from
timing and duration of the occultation put more robust con- the jump parameters above and the stellar mass. The tran-

straints on eccentricity. sit and radial velocity measurements together determiae th
planet orbit and allow for a geometrical measure of the mean
4. DERIVATION OF STELLAR AND PLANETARY PARAMETERS density of the host stags(). Using the MCMC chains, the
4.1. Kepler photometry probability distribution onp, was calculated and together

Our analysis is based on the Q0-Q7 data, representin ith the spectroscopically measured values and uncertain-
nearly 1.5 years of data recorded in a quasi-continuous modeti€S Of Terr and [Fe/H] are used to determine consistent
Kepler data are in short- (SC) and long-cadence (LC) time- stellar parameters from Yonsei-Yale stellar evoluthn mied
series, which are binnings per 58.84876 s and 29.4244 min(Démarque etal. 2004). The derived stellef and p, pa-
respectively, of the same CCD readouts. Eight long-cadencd@meters, compared to stellar evolution tracks, are shawn i
(Jenkins et &l 2010b) and 16 short cadence (Gilliandlet al. Figurel7. The resulting normal distribution aroud the atell
2010) datasets are used as part of this study, representinf!@sS (1166+0.052)M, was then used as a prior distribution
706,135 photometric datapoints and 516 effective days of ob M @néw MCMC analysis, allowing the physical parameters of
servations, out of which 464 days have also been recorded i€ System to be derived at each step of the chains.

short cadence. We used the raw photometry for our purposes.
4.2.1. Model and systematics

4.2. Data analysis TheKeplertransit and occultation photometry are modeled

For this global analysis, we used the implementation of the with the[Mandel & Agal (2002) model, multiplied by a sec-
Markov Chain Monte-Carlo (MCMC) algorithm presented ond order polynomial accounting for stellar and instruraént
in |Gillon et all. (2009, 2010). MCMC is a Bayesian infer- variability. We added a quadratic function of the PSF poaiti
ence method based on stochastic simulations that sampléo this baseline model for th&pitzeroccultation lightcurves
the posterior probability distributions of adjusted paedens (see Section 511).
for a given model. Our MCMC implementation uses the Baseline model coefficients are determined for each
Metropolis-Hasting algorithm (e.g., Carlin & Lewis 2008) t  lightcurve with the Singular Value Decomposition (SVD)
perform this sampling. Our nominal model is based on a starmethod |(Press et al. 1992) at each step of the MCMC. Cor-
and a transiting planet on a Keplerian orbit about theireent related noise was accounted for following Winn etlal. (2008)
of mass. Gillon et al. (2010), to ensure reliable error bars on the fit-

Our global analysis was performed using 213 lightcurvesin ted parameters. For this purpose, we computed a scaling
total fromKepler. For the model fitting we use only the pho- factor based on the standard deviation of the binned resid-
tometry near the transit events. Windows of width 0.8 days uals for each lightcurve with different time bins. The error
(18% of the orbit) surrounding transits were used to measurebars are then multiplied by this scaling factor. We obtaiaed
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mean scaling factor of 1.02 for dflepler photometry, denot- 5.1. Warm Spitzer Detections

ing a negligible contribution from correlated noise. Theame Kepler-12 was observed during four occultations between
globalKepler photometric RMS per 30-min bin is 159 parts August 2010 and January 2011 witharm-SpitzetRAC
per million (ppm). (Werner et al. 2004; Fazio et/al. 2004) at 3.6 and4rb Two

4.3. Results occultations were gathered per bandpass and each visitl last
approximately 11 h. The data were obtained in full-frame
‘mode (256x 256 pixels) with an exposure time of 30.0 s per
image which yielded 1321 images per visit. The set of obser-
vations are shown in Tabé 3.

We show in Tabl€l2 the median values and the correspond
ing 68.3% probability interval of the posterior distriborti
function (PDF) for each parameter obtained from the MCMC.
We present in Figurgl8 the phase'fo'dgggrans” photometry. "6 "method we used to produce photometric time series
We determine a planetary radius 0695503, Ryand a mass o the images is described in Désertét al. (2011a). It
of 0.431:3875 M; that produces a very low mean planetary consists of finding the centroid position of the stellar poin
density of 011135 g cni®. spread function (PSF) and performing aperture photometry

We measure occultation depths 0f099+ 0.028% and  using a circular aperture on individual exposures. The &sag
0.116-+ 0.034% inSpitzerlRAC 3.6 and 4.am channelsre-  used are the Basic Calibrated Data (BCD) delivered by the
spectively, consistent at therlevel with the specific anal-  Spitzerarchive. These files are corrected for dark current, flat-
ysis present in Sectidn 3.1. The LD quadratic coefficients fielding, detector non-linearity and converted into fluxtani
derived from the MCMC arey; = 0.375+ 0.004 andu, = We convert the pixel intensities to electrons using therinfo
0.250+£ 0.008. Those are in good agreement with the theoret- mation on detector gain and exposure time provided in the
ical coefficients obtained from the Claret & Bloemen (2011) FITS headers. This facilitates the evaluation of the photo-
tables ofu; = 0.366 andu, = 0.275. metric errors. We extract the UTC-based Julian date for each

We finally determine an occultation depth of 88 ppm image from the FITS header and correct to mid-exposure. We
in the Kepler bandpass, which corresponds to a geometric then correct for transient pixels in each individual image u
albedoAy = 0.144+0.04. The geometric albedo is wavelength- ing a 20-point sliding median filter of the pixel intensityrve
dependent and measures the ratio of the planet flux at zergus time. To do so, we compare each pixel's intensity to the
phase angle to the flux from a Lambert sphere at the samemedian of the 10 preceding and 10 following exposures at
distance and the same cross-sectional area as the plaget (sehe same pixel position and we replace outliers greater than

e.g., Marley et al. 1999; Sudarsky et/al. 2000): 3 o with its median value. The fraction of pixels we cor-
2 rect varies between 0.15% and 0.22% depending on the visit.
Fp = A <&> (1) The centroid position of the stellar PSF is determined using
F, a DAOPHOT-type Photometry Procedur€NTRD, from the
Eo ) ) ] ) IDL Astronomy Librar{d. We use théAPER routine to per-
where £ is the occultation deptha the orbital semi-major  form aperture photometry with a circular aperture of vagab
axis andR, the planetary radius. radius, using radii of b to 8 pixels, in 05 steps. The prop-
The corresponding phase-folded occultation lightcurve is agated uncertainties are derived as a function of the ajertu
shown in Figur€BR. The combination 8pitzerandKepleroc- radius; we adopt the one which provides the smallest errors.
cultations leads to adlorbital eccentricity signal of < 0.01, We find that the transit depths and errors vary only weakly
while the 3 limit is e < 0.09. We showesinw Vvs. ecosw with the aperture radius for all the light-curves analyzed i

from successful MCMC trials in Figude 1L0. The small al- this project. The optimal apertures are found to have rddii o
lowed eccentricity removes most solutions that allow fits to 2.5 pixels.

the long transit duration with smaller stellar (and plangta We estimate the background by fitting a Gaussian to the
radii. There are two paths towards a more robust constraintcentral region of the histogram of counts from the full array
one. One would come from many additional RV points. An The center of the Gaussian fit is adopted as the residual back-
easier path would be additional quarter&eplerdata, which  ground intensity. As already seen in previdarm-Spitzer
would yield a better determination of the occultation dionat observations (Deming etial. 201.1; Beerer €t al. 2011), we find
which constraingsinw. All system parameters are collected that the background varies by 20% between three distinet lev
in Table2. els from image to image, and displays a ramp-like behavior
5. ATMOSPHERIC CHARACTERIZATION AT SECONDARY EcLIPSE @S function of time. The contribution of the background to

. the total flux from the stars is low for both observationsnpfro
As part of Spitzerprogram #60028 (D. Charbonneau, Pl) 4 9704 to 1.29% depending on the images. Therefore, photo-

a number ofKeplerdetected giant planets were observed in \netic errors are not dominated by fluctuations in the back-
order to characterize the planets’ thermal emission a6 a grqnd. We used a sliding median filter to select and trim
4.5 um during the WarnBpitzerextended mission. The in- g iers in flux and positions greater than-4 This process
herent faintness of the planetary targets mean some stats Mu o moves between. 9% and 28% of the data, depending on

be observed more than once for adequate signal-to-noise Qe yisit. We also discarded the first half-hour of obsenrai

enable meaningful aimospheric characterization. . Which are affected by a significant telescope jitter beftae s
In addition to the measurement of the depth of the occul- yjjization. The final number of photometric measurements

tation (or secondary eclipse), which yields a measurement 0 \,qeq are presented in Table 3. The raw time series are pre-
the planetary brightness temperature, the timing andidwrat  ¢onted in the top panels of Figlrd 11.

of the occultation constrairgs as described above. The tim- e fingd that the point-to-point scatter in the photometry
ing of the transit constrainscos. wherew is the longitude 65 5 typical signal-to-noise ratio of 260 and 200 per im-
of periapse. The duration of the transit constrasisiw. The

former is generally easier to measure accurately than the la
ter. 22_ttp://1dlastro. gsfc. nasa. gov/ honepage. ht m
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age at 3.6 and 4.bm respectively. These correspond to 85% model strongly irradiated planet atmospheres and have com-

of the theoretical signal-to-noise. Therefore, the naisinim- pared model spectra to observations (e.q. Fortney let af; 200
inated by Poisson photon noise. We used a transit light curveKnutson et al. 2009; Deming etlal. 2011; Désert €t al. 2011a).
model multiplied by instrumental decorrelation functidos Planet Kepler-12b intercepts an incident flux of ¥ 10°

measure the occultation parameters and their uncertintieerg s1 cm, a value just larger than the suggeste pM/pL class
from theSpitzerdata as described|in Déesert et al. (2011b). We incident flux boundary proposed by Fortney étfal. (2008). It

compute the transit |Ight curves with the IDL transit roetin was suggested that p|anets warmer than this boundary (pM)
OCCULTSMALL fromIMandel & Agol (2002). In the present  would harbor dayside temperature inversions, while those
case, this function depends on one parameter: the occultacooler than this boundary would not have inversions. It is
tion depthd. The planet-to-star radius rati)/R,, the orbital  therefore important to understand the temperature streictu

semi-major axis to stellar radius ratio (system scaléy,, of the planet. For Kepler-12b we show three models in Figure
the mid-occultation timél; and the impact parametérare  [12, for which we plot the planet-to-star flux ratio and dagsid
set fixed tIO the values derived from tKepIerllghtcurves. ) P-T prof"es_ In red and blue are “dayside a\/erage” models
The SpitzefIRAC photometry is known to be systemati- with incident flux redistributed over the dayside only. leen
cally affected by the so-callefixel-phase effec(see e.g., is a model where the incident flux is cut in half, to simulate

Charbonneau et al. 2005; Knutson et al. 2008). This effect isefficient redistribution of energy to the night side (seg. e.
seen as oscillations in the measured fluxes with a period offortney & Marle}f 2007). The model in red has a temperature
approximately 70 min (period of the telescope pointing jit- inversion due to absorption of incident flux by TiO and VO
ter) and an amplitude of approximately 2% peak-to-peak. We vapor (e.g. Hubeny et Al. 2003; Fortney €f al. 2008), white th
decorrelated our signal in each channel using a lineariumct  pjue and green models lack inversions, as TiO/VO vapor is
of time for the baseline (two parameters) and a quadratic-fun  removed from the opacities. Thépler occultation depth is
tion of the PSF position (four parameters) to correct thedat shown at 0.6%:m (diamond), while th&pitzerdetections are
for each channel. We performed a simultaneous Levenbergshown as diamonds at 3.6 and 45. Model band-averages
Marquardt least-squares fit (Markwardt 2009) to the data to at these wavelengths are shown as solid circles.
determine the occultation depth and instrumental model pa- The relatively flat ratio of the 3.6/4.5 diamond points gen-
rameters (7 in total). The errors on each photometric pointerally points to a very weak or no inversidn (Knutson ét al.
were assumed to be identical, and were set tateof the  2010). Looking to the optical, the green model is dramat-
residuals of the initial best-fit model. To obtain an estienait ically too dim, while the blue model nearly reaches the 1
the correlated and systematic errors (Pont et al. 2006) 1in ou error bar. Looking at the infrared, the blue point is at the
measurements, we use the residual permutation bootstrap, 015 4.5 um error bar as well. The inverted model (red) has
“Prayer Bead”, method as described in Désert et al. (20@9) | approximate|y the sam& (N 1700 K) as the blue model,
this method, the residuals of the initial fit are shifted egst  put higher fluxes in the mid infrared and lower fluxes in the
atically and sequentially by one frame, and then added to thenear-infrared and optical. THegpitzerdata alone do not give
transit light curve model before fitting again. We allow asym ys strong leverage on the temperature structure. Any cooler
metric error bars spanning 34% of the points above and belowmodel with an inversion (not plotted) would yield a better fit
the median of the distributions to derive the Gncertainties  to Spitzerand a worse fit t&Kepler. Within the selection of
for each parameter as described in Désertlet al. (2011a). models, the brightness of ttepler point argues for the no-

We measure the occultation depths in each bandpass and fghversion model. The flux in th&epler band from the blue
each individual visit. The values we measure for the depthsmodel is 60% scattered light, 40% thermal emission.
are all in agreement at the-level. Furthermore the weighted  Qur tentative conclusion is that the blue (no inversion,
mean averages per bandpass of the transit depths are consigrefficient temperature homogenization onto the night)side
tent with the depths derived by the global Monte-Carlo anal- model is preferred. However, given our ignorance of the-opti
ysis. cal opacity in these atmospheres, this conclusion is teatat
: : The relatively deep occultation in théeplerband argues for

5.2. Joint Constraints on the Atmosphere ) ~an additional contribution at optical wavelengths thatas n

To model the planet’s atmosphere we use a one-dimensionataptured in the model. One possibility is that stellar flug ha
plane-parallel atmosphere code that has been widely used fophotoionized Na and K gassés (Fortney ét al. 2003), which are
solar system planets, exoplanets, and brown dwarfs over thehought to be strong absorbers of stellar light (and theeefo
past two decades. The optical and thermal infrared raeiativ diminish scattered light) in hot Jupiter atmospheres. Aapt
transfer solvers are described in detail in_ Toon et al. (J.989 poss|b|||ty is a popu|ation of small grainsl such as sibsat
Past applications of the model include Titan (McKay etal. which could scatter some stellar flux (Marley etlal. 1999;
1989), Uranus (Marley & McKay 1999), gas giant exoplanets [Seager et al. 2000; Sudarsky etlal. 2000). Such clouds are
(Fortney et al. 2006; Fortney & Marley 2007; Fortney etal. prominent in L-dwarf atmospheres (€.g. Ackerman & Marley
2008), and brown dwarfs (Marley etial. 1996; Burrows et al. [2001).
1997;| Marley et al. 2002; Saumon & Marley 2008). We use
the correlated-k method for opacity tabulation (Goody et al 6. DISCUSSION
1989). Our extensive opacity database is described in A great number of explanations have been put forward to
Freedman et al.| (2008). We make use of tabulations ofexplain the inflated radii of the close-in giant planets. yrhe
chemical mixing ratios from equilibrium chemistry calcu- generally fall into several broad classes, and are recently
lations of K. Lodders and collaborators (Lodders 1999; reviewed in_Fortney & Nettelmahn (2010) and Baraffe et al.
Lodders & Fegley 2002, 2006). We use the protosolar abun-(2010). Some argue for a delayed contraction, due to slowed
dances of_Lodders (2003). Since the first detection of energy transport in the atmosphere (Burrows &t al. 2007) or
thermal flux from hot Jupitersl (Charbonneau etial. 2005; the deep interior| (Chabrier & Baraffe 2007). Others sug-
Deming et al! 2005) we have used the code extensively togest a variety of atmospheric affects (Showman & Guillot
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2002; Guillot & Showman 2002; Batygin & Stevenson 2010;
Arras & Socrates 2010; Youdin & Mitchell 2010) that lead
to energy dissipation into the interior. Still others sugige
tidal dissipation in the interior due to eccentricity dammgpi
(Bodenheimer et al. 2000; Jackson etlal. 2008; Miller =t al.
2009; Ibgui & Burrows 2009).

For Kepler-12b we do not find evidence for transit timing
variations|(Ford et al. 2011). The RMS scatter of transiem

7

has recently been strongly suggested for the massive tiransi
ing planet CoRoT-2b (Guillot & Haviel 2011).

The difference between Kepler-12b and HD 209458b can
be remedied, however, if the planets have different heasy el
ment masses. In particular, both planets would require powe
levels of ~ 1.6 x 10?7 erg s* if Kepler-12b possesses only
~ 15 Mg of heavy elements, while HD 209458b possesses
30 Mg. The Kepler-12b parent star has an [Fe/H]=+0.07,

about a linear ephemeris is less than one minute and only 17%vhile for HD 209458 it is +0.02. As recently shown by

larger than the average of the formal timing uncertainties.

This rules out the presence of massive non-transiting gane

Miller & Fortney (2011) for the colder non-inflated planets,
for parent stars with similar stellar metallicities, a sgdrom

very near by or in the outer 1:2 mean motion resonance. In10-30M, is reasonable. Therefore it appears that the wide

principle, a more distant non-resonant planet is possihle,

disparity in radii between these two well-studied planetdd

hot Jupiters rarely have a second massive planet close to thalternatively be due to the differences in interior heaw el

star (Wright et all. 2009, 2011; Latham etlal. 2011). Thus, it
is very unlikely that the inflated radius is due to eccemntyici
damping.

Clarity on a radius-inflation mechanism has not been

ment masses. Large diversities in heavy element abundances
are clearly needed to explain plots like Figuré 13, wherapla
ets of similar masses can have dramatically different radii

For comparison, TrES-4b at 0.98; and 1.78R; is nearly

achieved, but Figur€l1l appears to argue for an explanatwice as massive as Kepler-12b, but intercepts 2.1 times
tion based on the planet temperature or irradiation level of higher incident flux. The inflation powers at 0, 10, and 30
the atmosphere (rather than merely on orbital separation)M,, range from 1.0 to 3 x 10?8, 8-20 times larger than
as_has been shown by other authars (Kovacsletal.|2010for Kepler-12b, at the same heavy element masses. Clearly

Laughlin et all 2011; Batygin et al. 2011).

the required energy difference between the two models does

If the inflation mechanism can be thought of as an energynot scale simply with the incident flux. As discussed in

source that is added to the planet’s deep convective imferio

Miller & Fortney (2011) as the population of codlkf< 1000

we can readily compare the energy input needed to sustairk) non-inflated planets grows, the heavy element mass of ex-
the radius of Kepler-12b, compared to other planets. This istrasolar gas giants can become better understood as adfuncti
actually more physically motivated than the more commonly of planet mass and stellar metallicity, which will allow for

discussed “radius anomaly,” since the power needed toénflat
the radius by a given amoum\R, is a very strong function
of mass. In particular, Figure 6 in_Miller etlal. (2009) allow

for a comparison of input power as a function of planet mass,

for 4.5 Gyr-old model planets with 184, cores at 0.05 AU
from the Sun. For instance, inflating a Vg planet by 0.2
R; over its expected radius value takes 10?4 erg s*, while

for a 2M; planet it is 2x 10?7 erg ™%, a factor of 2000 dif-

more robust constraints on the heavy element masses of the
inflated planets. This will in turn allow for better estimsief

the magnitude of the additional interior energy source with
these planets. While Kepler-12b does not quite fit the génera
trend that the highest irradiation planets are the largbit,
trend argues for an explanation that scales with atmospheri
temperature. A more detailed computational understanding
of how the visible atmosphere, deep atmosphere, and convec-

ference in power for a factor of 10 in mass. This is the rea- tive interior interact and feedback on each other is nowblea
son why Batygin et al! (2011) can easily expand Saturn-masseeded.

planets to the point of disruption via Ohmic dissipation—a

small amount of energy goes a long way towards inflating the

radii of low-mass planets.
In understanding the structure of Kepler-12b, we can

7. CONCLUSIONS

We report the discovery of planet Kepler-12b from transit
observations bXepler. The planet has an unusually inflated

use the models described!in Miller et al. (2009), which are radius and low bulk density. At its incident flux level, theda

adapted from_Fortney etlal. (2007). In particular, Table 1 in
Miller et all (2009) includes the current internal power nhec

radius of the planet makes it somewhat of an outlier compared
to the general empirical trend that the most inflated plainets

essary to explain the radius of several inflated planetsa-Pla tercept the highestincident fluxes. This may require theetla
ets HD 209458h (Henry etial. 2000; Charbonneau et al. 2000} have an usually low mass fraction of heavy elements within

and TrES-4b (Mandushev etial. 2007) are interesting pofnts 0 jts interior, or that more than one radius-inflation meckami

comparison. HD 209458b and Kepler-12b have similar inci-
dent fluxes, while TrES-4b and Kepler-12b have similar in-
flated radii.

Since Kepler-12b and HD 209458b have comparable in-

cident stellar fluxes (that of Kepler-12b is 14% larger), one

is at work in its interior.

The atmosphere of the planet is probed via detections of
the occultations in th&eplerand WarmSpitzerbandpasses.
Given the faintness of the parent star, characterizatiadifa
ficult, but all detections were made at a level of at least3.5

could easily assume that they have similar interior energy A model comparison to the data yields a best-fit model that

sources (e.g. Guillot & Showman 2002). For HD 209458Db,
with core masses of 0, 10, and 304, incident powers
of 1.5x 10?5, 3.8 x 10?5, and 16 x 10?7 erg st, are re-
quired (Miller et al! 2009). Using the planetary parametdrs
Kepler-12b with cores of 0, 10, and 80y, the required pow-
ers are substantially larger. The enhancement is generally
factor of three larger, with values of4#x 10?5, 1.1 x 10?7, and
4.2 x 10?7 erg s?, respectively. This could point to more than
one radius inflation mechanism being at play in this plarget, a

lacks a dayside temperature inversion, given the relgtile
3.6/4.5um ratio of the planet-to-star flux ratios, along with
the relatively large occultation depth in theplerband. Ad-
ditional Keplerdata will yield more robust constraints on the
planet’'s geometric albedo, orbital eccentricity, and peeh
phase curve information.
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TABLE 1
RELATIVE RADIAL VELOCITY AND BISECTOR SPAN VARIATION MEASUREMENTS OFKEPLER-12.
BJD RV ORV BS oBs

(ms™) (ms?) (ms?) (ms™)
245501491234 -125 193 383 6.1
245501679104 459 193 462 6.7
245501710568 50 191 211 34
245501911155 367 194 223 48
245502705631 -57.9 194 215 46
245504199855 -5.1 197 176 5.9
245504279449 440 196 323 4.6
245507333165 500 191 -121 29
245507583091 -49.8 190 -27.0 29
245508087564 -69.3 190 -818 9.1
245508486254 -414 189 117 44
245513482606 17 192 -1896 221
245543778012 683 6.1 210 35
245543975382 -29.6 6.0 202 37
245575986617 -36.6 6.0 314 38
245576182490 485 6.4 271 41
Winn, J. N., et al. 2008, ApJ, 683, 1076 Wright, J. T., et al. 2011, PASP, 123, 412
Wright, J. T., Upadhyay, S., Marcy, G. W., Fischer, D. A.,ddE. B., & Youdin, A. N., & Mitchell, J. L. 2010, ApJ, 721, 1113

Johnson, J. A. 2009, ApJ, 693, 1084
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FIG. 2.— Time series and folded transit light curve for Keplébl
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Fixels
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FiG. 3.— Image of Kepler-12 taken with the Keck 1 telescope gem®era, showing & 9 arcsec taken in 0.8 arcsec seeing. North is up and easthis to t
left and the pixels are 0.30 arcsec in size. The exposurewiazel.0 sec. The detector is a Photometrics CCD and the §l@BG38, making the passband
roughly 400 - 800 nm, similar to that éfepler. Contours show surface brightness relative to the core.ddtpanion is seen down to 7 magnitudes fainter than

Kepler-12 beyond-1 arcsec from it. There is no evidence of a star that could Exhpsing binary.
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FiG. 4.— J Palomar adaptive optics image of Kepler-12. The left imaigpldys a 18 x 15" field of view centered on the primary target. The right image
displays a 2 x 2" field of view centered on the primary target. The four-poiatt@rn surrounding the central point spread function comit of the adaptive

optics point spread function.
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FIG. 5.— Palomar detection limits as a function of radial diseafrom the primary target, Kepler-12. The filled circlesresgent the J-band limits and each
point represents a step in FWHM away from the primary targetroid peak. The dashed line underneath represents taedltimits converted tdkepler
magnitude limits if a star were to have a nominiepier—J color. (For a magnitude limited sample, the mediagpier—J = 1.28+0.52).
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F1G. 6.— (a) Orbital solution for Kepler-12b. The observed ahdelocities obtained with HIRES on the Keck Telescope éottgl together with the velocity
curve for a circular orbit with the period and time of trarfsied by the photometric ephemeris. The radial velocitiegehen arbitrary zero point. (b) Velocity
residuals from the orbital solution. The rms of the velocégiduals is 24 md. (c) Variation in the bisector spans for HIRES spectra. Tére point is arbitrary
and the RMS is 59 n3.



14 Fortney, et al.
o T T T T T T T 1

0.4

p (g/cm?)
Iy

6400 6200 6000 5800 5600
Teff (K)

FiG. 7.— Five stellar evolution models from the Yonsei-Yale?(grids. From left to right the lines show 1.4, 1.3, 1.2, 1.8 4&rOM, models for Z=0.0206,
which is appropriate given this parent star's metalliciglative to the solar abundances used in tReghids. The boxes show the 68.3, 95.4, 99.73% confidence
intervals on the stellafs andp, as determined by spectroscopy and transit model fits. Thak’hio the evolution tracks for more massive stars with cative
cores produces a non-uniform distribution of masses wehuticertainty boxes and can produce a degeneracy in théosdioi the best-fit stellar parameters.




Discovery and Characterization of Kepler-12b 15

1.000

0.995

Flux

0.9920

0.985

-0.04 —-0.02 0.00 0.02 0.04

0-C [ppm]
|
[0 (o)
ooo
MI IIII|IIII|IIII
HOH

H&H
HOH

3TIT (]
IR RFTIE THINSNIEN iiif

11
[ &}
oo

T

-0.04 -0.02 0.00 0.02 0.04
Orbital phase

F1G. 8.— Top: Kepler-12 b phase-folded transit lightcurve withst-fit model superimposed. The data are binned in 15 minigevals. Error bars are smaller
than the plotted datapoints. Bottom: residuals are diggldy parts per million (ppm) scale.
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FIG. 9.— Top: Kepler-12 b phase-folded occultation lightcuwith best-fit model superimposed. TKeplerdata are binned in 15 minute increments. Bottom:
residuals are displayed in parts per million (ppm) scale.



16 Fortney, et al.

1T T T T 17T 17 17T I 1T T T T 1T 17T 177 I 1T T T T 1T 17T 177 I 1T T 1T T 1T 17T 177

0.10 _
I O ]
0.05 - _
: i ]
£ 0.00F -
(0] o -
-0.05 -
~0.10- - =
i 11 1 1 1 1 1 1 1 l 11 1 1 1 1 1 1 1 l 11 1 1 1 1 1 1 1 l 11 1 1 1 1 1 1 1 |

-0.02 ~0.01 0.00 0.01 0.02

€Ccosw

FiG. 10.— Density function of the two-dimensionasinw/ecosw successful MCMC trials (density increases from white tawkja Note the different scales
for x and y axes. The 1, 2 andg2onfidence domains are superimposed. The weak constramtliire occultation duration leads to a significant scattesinw.
As ecosw is well constrained from the occultation timing obtainedthgKepler andSpitzerphotometry, this yields orbital eccentricities as higha®©.09 (3
upper limit) provided the argument of periastron is clos@@mr 270 degrees. In this case, the eccentricity vectoitptoward or away of the observer, allowing
a wide range oésinw values while leavingcosw almost unchanged.
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F1G. 11.— Spitzeroccultation light-curves of Kepler-12b observed in the (RBand-pass at 3.6 (top) and 4.5 (bottom). Top panels: raw and unbinned
light-curves. The red solid lines correspond to the best dilets which include the time and position instrumental dedations as well as the model for the
planetary transit (see details in Séct]5.1). Bottom pamelgected and normalized occultation light-curve with test fit model (in red). The data are binned
in 25 minutes intervals (50 points).
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F1G. 12.—Main Panel Planet-to-star flux ratios observed Kgpler and Spitzer shown in gray. The flux ratios from three planetary modetsstmown for
comparison. There is preference towards models that hatenmgerature inversion (blue and green). Model ratios mateg over the appropriate bandpasses
are shown as filled circles. Th¢epler occultation point strongly argues for inefficient redistrion of flux, or an additional scattering component atagti
wavelengthsinset Panel Atmospheric pressure-temperature profiles for the thredets.
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FIG. 13.— Mass vs. radius for planets with “well-defined pararst as taken from http://www.inscience.ch/transitst,diso including the Kepler-11 system
(Lissauer et al. 2011). Kepler-12b is shown as an open citeée2nd-lowest density planet discovered. Models (sdédkocurves) are taken from Fortney et al.
(2007). The two upper curves are for pure H-He planets, aG4r5at 0.02 and 10 AU from the Sun.
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TABLE 2
KEPLER-12SYSTEM PARAMETERS

Parameters Value
Jump parameters
Planet/star area ratidRf/Rs)? 0.0137650000020
b’ =acosi/R, [R{] 0'174:8831510
Transit width [d] 0.195730;03%?03
To - 2450000 [HID] 5004008350.00002
Orbital periodP [d] 4~43796318%§§§§§%
RV K’ [msd/?] 79.2+73
v/ecosw -0.00172:5%4
vesinw oA001j0:8597r’
Cor =U;—2Up —0,182:0» 6

Occultation depth

Deduced stellar parameters

.0,
0.00003 25890807

Uy 0.367:0'003
: =
Densityp. [po] 0.354" 8:8%
Surface gravity log. [cgs] 41757
MassM.. [M] 14166ﬁ81835i
RadiusR; [Rp] 14483f§:§§§
Age [Gy1] 40753
Observed stellar parameters
Teft 5947+ 100
[Fe/H] 0.07+0.04
Vsini 0.8+05kms?
Deduced planet parameters
RV K [ms™] 482144
blransit [R*] 017{8§ﬁ
Poccuitation [Ri] 0~174:o:01%
Toccultation- 2450000 [HJID] 5010666:8;00‘3‘
Orbital semi-major axis [AU] 0.0556: 3359/
Orbital inclinationi [deg] 88.76ﬁ8:%§
Orbital eccentricitye <0.01 &a), < 0.09 (¥)
Argument of periastron [deg] 18237
Density pp [gcm] 01113511
Surface gravity logyp [cgs] 2457’38%%
MassMp [Myupl 0.431j8;8;2}§
RadiusRp [Ryup] 16957055
TABLE 3
Warm-SpitzeOBSERVATIONS
Visit AOR Wavelength Obs. Date (UT) Select. points Depth (%) Weighted. Avg. depth Toright
1 40251392 3.6 2010-09-06 1233 10172926 - -
3 40250880 3.6 2010-12-26 1151 .18@8185 0.137+0.020% 1594 160 K
2 40251136 4.5 2010-09-15 1160 .10&8-83% - -
4 40250624 4.5 2011-01-08 1212 .199ﬁ§5§§§ 0.1164+0.031% 1429190 K




