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exoplanet was discovered (4, 5). The timing
was a boon for Kepler as it was proposing to
use this detection technique from space. In
2000, Kepler was one of the three Discovery
Mission proposals invited to submit a Con-
cept Study Report. It was selected for flight
on December 20, 2001.
As Kepler was being designed and built,

exoplanet discoveries were growing at an
accelerated pace. By the eve of Kepler’s
launch, over 300 discoveries had been re-
ported including nearly 70 transiting systems.
All non-Kepler discoveries up through April
2014 are shown in Fig. 1, Left, in a plot of
mass (or minimum mass for nontransiting
planets) versus orbital period with symbols
color-coded by the discovery method. (Meth-
odologies with small numbers of discoveries
have been left out for clarity). Collectively,
there are 697 (non-Kepler) exoplanets (with
a measured orbital period and radius or mass)
associated with 583 unique stars. Approxi-
mately 16% of these host stars are known to
harbor multiple planets.
Fig. 1, Right, shows the same population

together with the Kepler planet candidate
discoveries in the cumulative table at NEA
as of April 2014. Detections are plotted as
planet radius versus orbital period, and the
non-Kepler discoveries are included for
comparison. Where planet radii are not
available (as is the case for most of the Doppler

detections), they are estimated using a poly-
nomial fit to solar systemplanets (R=M0.4854)
(6). Shown here are 3,553 Kepler discoveries
associated with 2,658 stars. Approximately
22% of the Kepler host stars are known to
harbor multiple planet candidates. The over-
all reliability of the catalog (80–90%) is
discussed below.
The demographics of the observed pop-

ulation has changed remarkably. Kepler has
increased the roster of exoplanets by nearly
400%. More remarkable still is the change in
the distribution: 86% of the non-Kepler dis-
coveries have masses larger than Neptune
whereas 85% of the Kepler discoveries have
radii smaller than Neptune. Kepler is filling
in an area of parameters space that was not
previously accessible. The increase in sensi-
tivity afforded us by Kepler has opened the
floodgates to the small planets so difficult to
detect from ground-based surveys. The most
common type of planet known to us is a
population that does not exist in ourown solar
system: the super-Earths and mini-Neptunes
between 1 and 4 Earth radii.

Status of Kepler’s Discovery Catalogs
Catalogs of Kepler’s viable planet candidates
have been released periodically since launch
and have included 312, 1,235, 2,338, 2,738,
and 3,553 detections (cumulative counts) as-
sociated with 306, 997, 1,797, 2,017, and

2,658 stars based on 1.5, 13, 16, 22, and 34.5
of the ∼48 mo of data acquired during the
primary mission (7–11). Kepler data in the
prime mission were downlinked monthly but
processedonaquarterlybasis.Transit searches
and the associated planet candidate catalogs
are, therefore, referred to by the quarters
bracketing the data. The most recent planet
candidates were identified in a search of 12
quarters of data (Q1–Q12) where the first is
only slightly longer than one month in du-
ration (hence the 34.5-mo time span).
Previously detected candidates are reex-

amined as larger data volumes become avail-
able. However, this does not occur with every
catalog release. Some of the candidates in the
cumulative archive at the NEA were discov-
ered with less than 34.5 mo of data and have
not yet been reexamined. This nonuniformity
will be resolved as Kepler completes its final
search and vetting of the entire 17 quarters
(48 mo) of data acquired during its primary
mission lifetime. Kepler’s planet candidate
catalog is also known as the Kepler Object of
Interest (KOI) Catalog. However, KOIs also
include events that are classified as false
alarms or astrophysical false positives. Only
those flagged as planet candidates in the
NEA cumulative catalog are shown in Fig. 1.
The catalogs contain the five parameters

produced by fitting a limb-darkened Mandel
and Agol (12) model to the observed flux
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Fig. 1. Non-Kepler exoplanet discoveries (Left) are plotted as mass versus orbital period, colored according to the detection technique. A simplified mass–radius relation is used
to transform planetary mass to radius (Right), and the >3,500 Kepler discoveries (yellow) are added for comparison. Eighty-six percent of the non-Kepler discoveries are larger than
Neptune, whereas the inverse is true of the Kepler discoveries: 85% are smaller than Neptune.
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exoplanet was discovered (4, 5). The timing
was a boon for Kepler as it was proposing to
use this detection technique from space. In
2000, Kepler was one of the three Discovery
Mission proposals invited to submit a Con-
cept Study Report. It was selected for flight
on December 20, 2001.
As Kepler was being designed and built,

exoplanet discoveries were growing at an
accelerated pace. By the eve of Kepler’s
launch, over 300 discoveries had been re-
ported including nearly 70 transiting systems.
All non-Kepler discoveries up through April
2014 are shown in Fig. 1, Left, in a plot of
mass (or minimum mass for nontransiting
planets) versus orbital period with symbols
color-coded by the discovery method. (Meth-
odologies with small numbers of discoveries
have been left out for clarity). Collectively,
there are 697 (non-Kepler) exoplanets (with
a measured orbital period and radius or mass)
associated with 583 unique stars. Approxi-
mately 16% of these host stars are known to
harbor multiple planets.
Fig. 1, Right, shows the same population

together with the Kepler planet candidate
discoveries in the cumulative table at NEA
as of April 2014. Detections are plotted as
planet radius versus orbital period, and the
non-Kepler discoveries are included for
comparison. Where planet radii are not
available (as is the case for most of the Doppler

detections), they are estimated using a poly-
nomial fit to solar systemplanets (R=M0.4854)
(6). Shown here are 3,553 Kepler discoveries
associated with 2,658 stars. Approximately
22% of the Kepler host stars are known to
harbor multiple planet candidates. The over-
all reliability of the catalog (80–90%) is
discussed below.
The demographics of the observed pop-

ulation has changed remarkably. Kepler has
increased the roster of exoplanets by nearly
400%. More remarkable still is the change in
the distribution: 86% of the non-Kepler dis-
coveries have masses larger than Neptune
whereas 85% of the Kepler discoveries have
radii smaller than Neptune. Kepler is filling
in an area of parameters space that was not
previously accessible. The increase in sensi-
tivity afforded us by Kepler has opened the
floodgates to the small planets so difficult to
detect from ground-based surveys. The most
common type of planet known to us is a
population that does not exist in ourown solar
system: the super-Earths and mini-Neptunes
between 1 and 4 Earth radii.

Status of Kepler’s Discovery Catalogs
Catalogs of Kepler’s viable planet candidates
have been released periodically since launch
and have included 312, 1,235, 2,338, 2,738,
and 3,553 detections (cumulative counts) as-
sociated with 306, 997, 1,797, 2,017, and

2,658 stars based on 1.5, 13, 16, 22, and 34.5
of the ∼48 mo of data acquired during the
primary mission (7–11). Kepler data in the
prime mission were downlinked monthly but
processedonaquarterlybasis.Transit searches
and the associated planet candidate catalogs
are, therefore, referred to by the quarters
bracketing the data. The most recent planet
candidates were identified in a search of 12
quarters of data (Q1–Q12) where the first is
only slightly longer than one month in du-
ration (hence the 34.5-mo time span).
Previously detected candidates are reex-

amined as larger data volumes become avail-
able. However, this does not occur with every
catalog release. Some of the candidates in the
cumulative archive at the NEA were discov-
ered with less than 34.5 mo of data and have
not yet been reexamined. This nonuniformity
will be resolved as Kepler completes its final
search and vetting of the entire 17 quarters
(48 mo) of data acquired during its primary
mission lifetime. Kepler’s planet candidate
catalog is also known as the Kepler Object of
Interest (KOI) Catalog. However, KOIs also
include events that are classified as false
alarms or astrophysical false positives. Only
those flagged as planet candidates in the
NEA cumulative catalog are shown in Fig. 1.
The catalogs contain the five parameters

produced by fitting a limb-darkened Mandel
and Agol (12) model to the observed flux
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Fig. 1. Non-Kepler exoplanet discoveries (Left) are plotted as mass versus orbital period, colored according to the detection technique. A simplified mass–radius relation is used
to transform planetary mass to radius (Right), and the >3,500 Kepler discoveries (yellow) are added for comparison. Eighty-six percent of the non-Kepler discoveries are larger than
Neptune, whereas the inverse is true of the Kepler discoveries: 85% are smaller than Neptune.
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exoplanet was discovered (4, 5). The timing
was a boon for Kepler as it was proposing to
use this detection technique from space. In
2000, Kepler was one of the three Discovery
Mission proposals invited to submit a Con-
cept Study Report. It was selected for flight
on December 20, 2001.
As Kepler was being designed and built,

exoplanet discoveries were growing at an
accelerated pace. By the eve of Kepler’s
launch, over 300 discoveries had been re-
ported including nearly 70 transiting systems.
All non-Kepler discoveries up through April
2014 are shown in Fig. 1, Left, in a plot of
mass (or minimum mass for nontransiting
planets) versus orbital period with symbols
color-coded by the discovery method. (Meth-
odologies with small numbers of discoveries
have been left out for clarity). Collectively,
there are 697 (non-Kepler) exoplanets (with
a measured orbital period and radius or mass)
associated with 583 unique stars. Approxi-
mately 16% of these host stars are known to
harbor multiple planets.
Fig. 1, Right, shows the same population

together with the Kepler planet candidate
discoveries in the cumulative table at NEA
as of April 2014. Detections are plotted as
planet radius versus orbital period, and the
non-Kepler discoveries are included for
comparison. Where planet radii are not
available (as is the case for most of the Doppler

detections), they are estimated using a poly-
nomial fit to solar systemplanets (R=M0.4854)
(6). Shown here are 3,553 Kepler discoveries
associated with 2,658 stars. Approximately
22% of the Kepler host stars are known to
harbor multiple planet candidates. The over-
all reliability of the catalog (80–90%) is
discussed below.
The demographics of the observed pop-

ulation has changed remarkably. Kepler has
increased the roster of exoplanets by nearly
400%. More remarkable still is the change in
the distribution: 86% of the non-Kepler dis-
coveries have masses larger than Neptune
whereas 85% of the Kepler discoveries have
radii smaller than Neptune. Kepler is filling
in an area of parameters space that was not
previously accessible. The increase in sensi-
tivity afforded us by Kepler has opened the
floodgates to the small planets so difficult to
detect from ground-based surveys. The most
common type of planet known to us is a
population that does not exist in ourown solar
system: the super-Earths and mini-Neptunes
between 1 and 4 Earth radii.

Status of Kepler’s Discovery Catalogs
Catalogs of Kepler’s viable planet candidates
have been released periodically since launch
and have included 312, 1,235, 2,338, 2,738,
and 3,553 detections (cumulative counts) as-
sociated with 306, 997, 1,797, 2,017, and

2,658 stars based on 1.5, 13, 16, 22, and 34.5
of the ∼48 mo of data acquired during the
primary mission (7–11). Kepler data in the
prime mission were downlinked monthly but
processedonaquarterlybasis.Transit searches
and the associated planet candidate catalogs
are, therefore, referred to by the quarters
bracketing the data. The most recent planet
candidates were identified in a search of 12
quarters of data (Q1–Q12) where the first is
only slightly longer than one month in du-
ration (hence the 34.5-mo time span).
Previously detected candidates are reex-

amined as larger data volumes become avail-
able. However, this does not occur with every
catalog release. Some of the candidates in the
cumulative archive at the NEA were discov-
ered with less than 34.5 mo of data and have
not yet been reexamined. This nonuniformity
will be resolved as Kepler completes its final
search and vetting of the entire 17 quarters
(48 mo) of data acquired during its primary
mission lifetime. Kepler’s planet candidate
catalog is also known as the Kepler Object of
Interest (KOI) Catalog. However, KOIs also
include events that are classified as false
alarms or astrophysical false positives. Only
those flagged as planet candidates in the
NEA cumulative catalog are shown in Fig. 1.
The catalogs contain the five parameters

produced by fitting a limb-darkened Mandel
and Agol (12) model to the observed flux
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Fig. 1. Non-Kepler exoplanet discoveries (Left) are plotted as mass versus orbital period, colored according to the detection technique. A simplified mass–radius relation is used
to transform planetary mass to radius (Right), and the >3,500 Kepler discoveries (yellow) are added for comparison. Eighty-six percent of the non-Kepler discoveries are larger than
Neptune, whereas the inverse is true of the Kepler discoveries: 85% are smaller than Neptune.
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Physical properties of WASP-19b 7

Figure 3. Left-hand panel: simultaneous optical and NIR light curves of one transit event of WASP-19b observed with GROND. Black empty squares show
the three NIR light curves binned using a bin size of 0.002 phase units. The PRISM+GEMC best fits are shown as solid lines for each optical data set, while for the
NIR ones the best fits were found with JKTEBOP. The passbands are labelled on the left of the figure, and their central wavelengths are given on the right. The
error bars of the optical data have been suppressed for clarity. The bump observed in the optical light curves, roughly at the mid-transit time, is interpreted as
the occultation of a starspot by the planet (see Section 3.3). Right-hand panel: the residuals of each fit.

where E is the number of orbital cycles after the reference epoch,
which we take to be the midpoint of the first transit observed
by Hebb et al. (2010), and quantities in brackets denote the un-
certainty in the final digit of the preceding number. The fit has
χ2

ν = 1.98, which is significantly greater than unity. The uncer-
tainties in the ephemeris given above have been increased to ac-
count for this. The large χ2

ν implies that the error bars in the
various T0 measurements are too small. A plot of the residuals
around the fit is shown in Fig. 7 and does not indicate any clear
systematic deviation from the predicted transit times. Based on
our experience with a similar situation in previous studies (e.g.
Southworth et al. 2012a,b; Mancini et al. 2013a), we conserva-
tively do not interpret the large χ2

ν as indicating transit timing
variations.

3.2 Optical light-curve modelling

The light curves from DFOSC were individually analysed, while the
PEST ones were normalized to zero magnitude, phase-binned and
fitted with JKTEBOP. We used a quadratic law to model the limb dark-
ening (LD) of the star. For each instrument, the two LD coefficients
were selected considering the filter used and their theoretically pre-
dicted values from Claret (2004). The atmospheric parameters of the
star adopted to derive the LD coefficients are shown in Table 4. The
linear LD coefficients were fitted, whereas the non-linear ones were
fixed but perturbed during the process of error estimating. Uncer-
tainties in the fitted parameters from each solution were calculated
from 3000 Monte Carlo simulations and by a residual-permutation
algorithm (Southworth 2008). The larger of the two possible error
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多波長トランジット観測
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Physical properties of WASP-19b 15

Table 9. Final physical properties of the WASP-19 system, compared with results from the literature. Separate statistical and systematic error bars are
given for the results from the current work.

This work Hebb et al. (2010) Hellier et al. (2011) Tregloan-Reed et al. (2013) Lendl et al. (2012)

MA ( M!) 0.935 ± 0.033 ± 0.025 0.96+0.09
−0.10 0.97 ± 0.02 0.904 ± 0.040 0.968+0.084

−0.079

RA ( R!) 1.018 ± 0.012 ± 0.009 0.94+0.04
−0.04 0.99 ± 0.02 1.004 ± 0.016 1.004 ± 0.016

log gA (cgs) 4.3932 ± 0.0054 ± 0.0039 4.47+0.03
−0.03 4.432 ± 0.013 4.391 ± 0.008

ρA ( ρ!) 0.8853 ± 0.0060 1.13+0.09
−0.09 0.993+0.047

−0.042 0.893 ± .015 0.983+0.039
−0.036

Mb ( MJup) 1.139 ± 0.030 ± 0.020 1.15+0.08
−0.08 1.168 ± 0.023 1.114 ± 0.036 1.165 ± 0.068

Rb ( RJup) 1.410 ± 0.017 ± 0.013 1.31+0.06
−0.06 1.386 ± 0.032 1.395 ± 0.023 1.376 ± 0.046

gb (m s−2) 14.21 ± 0.18 15.5+1.1
−1.1 13.90 ± 0.68 14.19 ± 0.26 15.28 ± 0.053

ρb ( ρJup) 0.3800 ± 0.0071 ± 0.0034 0.51+0.06
−0.05 0.438 ± 0.028 0.384 ± 0.011 0.447+0.027

−0.025

T ′
eq (K) 2077 ± 34 2009+26

−26 2050 ± 40 2067 ± 23 2058 ± 40

" 0.02823 ± 0.00048 ± 0.00025 0.02852 ± 0.00057
a (au) 0.01634 ± 0.00019 ± 0.00015 0.0165+0.0005

−0.0006 0.01655 ± 0.00013 0.01616 ± 0.00024 0.01653 ± 0.00046

Age (Gyr) 10.2 +2.6
−3.1

+1.4
−2.2 5.5+9.0

−4.5 11.5+2.7
−2.3

Figure 10. Variation of the planetary radius, in terms of planet/star radius
ratio, with wavelength. Black diamonds are from GROND (this work), red
diamond from Tregloan-Reed et al. (2013), orange boxes from Lendl et al.
(2012), purple boxes from Anderson et al. (2010), green points from Bean
et al. (2013). The vertical bars represent the errors in the measurements and
the horizontal bars show the FWHM transmission of the passbands used.
The observational points are compared with two models. These use profiles
which are intermediate between planet-wide and dayside. Synthetic spectra
in the top panel do not include TiO and VO opacity, while spectra in the
bottom do, based on equilibrium chemistry. Red open boxes indicate the
predicted values for each of the two models integrated over the passbands
of the observations. Transmission curves of the GROND filters are shown
at the bottom of each panel. Prominent absorption features are labelled.

Table 10. Results of the MCMC analysis of the
secondary eclipses of WASP-19b.

Parameter Units Value

Tmid, occ BJDTDB 2455721.5508 +0.0028
−0.0031

φmid, occ
a ... 0.5002 +0.0036

−0.0039

Toffset
a Minutes 0.52 +4.0

−4.5

Fp/F∗ per cent 0.048 +0.013
−0.013

TB K 2544 +96
−110

aLight travel time (∼16.5 s) in the system has
been corrected.

but we did not find any evidence of a departure from a linear
ephemeris.

(v) We used the DFOSC, PEST and GROND data sets to re-
vise the physical parameters of the system. In particular, we ob-
tained an estimation of the radius of WASP-19b with a preci-
sion better than 2 per cent, which reveals that the planet is larger
(Rb = 1.410 ± 0.017) than reported in the discovery paper and in
other studies (see Table 9). This implies that the density of WASP-
19b is lower than originally thought.

(vi) A joint analysis of our new photometric data and spectro-
scopic results from the literature supports the picture that the WASP-
19 system is roughly two times older than was originally estimated
by Hebb et al. (2010), in agreement with the more recent estimate
of Tregloan-Reed et al. (2013).

(vii) Thanks to the ability of GROND to measure stellar flux si-
multaneously through seven different filters, covering quite a large
range of the optical and NIR windows, we measured a radius vari-
ation of WASP-19b as a function of wavelength. We joined our
measurements with those obtained by other authors to reconstruct
a transmission spectrum of the planet’s atmosphere in terms of
planet/star radius ratio. This transmission spectrum was compared
with two synthetic spectra, based on model atmosphere in chem-
ical equilibrium, where the PT profiles are assumed intermediate
between planet-wide and dayside, but with different opacity char-
acteristics (with and without gaseous TiO and VO). We found that
WASP-19b’s atmosphere is presumingly dominated by absorption
by H2O, Na and K, and no evidence for a strong optical absorber at
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Figure 3 | Spectral retrieval results for a two-component (hydrogen/helium
and water) model atmosphere for GJ 1214b. The colours indicate posterior
probability density as a function of water mole fraction and cloud-top pressure.
Black contours mark the 1s, 2s and 3s Bayesian credible regions. Clouds
are modelled as having a grey opacity, with transmission truncated below
the cloud altitude. The atmospheric modelling assumes a surface gravity of
8.48 m s22 and an equilibrium temperature equal to 580 K.
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Figure 2 | The transmission spectrum of GJ 1214b. a, Transmission
spectrum measurements from our data (black points) and previous work (grey
points)7–11, compared to theoretical models (lines). The error bars correspond
to 1s uncertainties. Each data set is plotted relative to its mean. Our
measurements are consistent with past results for GJ 1214b using WFC3
(ref. 10). Previous data rule out a cloud-free solar composition (orange line),
but are consistent with either a high-mean-molecular-mass atmosphere
(for example, 100% water, blue line) or a hydrogen-rich atmosphere with
high-altitude clouds. b, Detailed view of our measured transmission spectrum
(black points) compared to high-mean-molecular-mass models (lines). The

error bars are 1s uncertainties in the posterior distribution from a Markov
chain Monte Carlo fit to the light curves (see the Supplementary Information
for details of the fits). The coloured points correspond to the models binned at
the resolution of the observations. The data are consistent with a featureless
spectrum (x2 5 21.1 for 21 degrees of freedom), but inconsistent with cloud-
free high-mean-molecular-mass scenarios. Fits to pure water (blue line),
methane (green line), carbon monoxide (not shown), and carbon dioxide
(red line) models have x2 5 334.7, 1067.0, 110.0 and 75.4 with 21 degrees of
freedom, and are ruled out at 16.1s, 31.1s, 7.5s and 5.5s confidence,
respectively.
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where molecular number densities are large. Note, however, that
for Titan, strong attenuation by atmospheric haze particles at
visible and near-infrared wavelengths largely limits sensitivity to
the deep portions of the atmosphere where refractive bending of
light rays is most significant.
The second key refractive effect is an apparent brightness loss,

which is present even in the absence of molecular and aerosol
attenuation (24, 26). This loss can be thought of as an apparent
shrinking of the solar/stellar disk in the vertical direction or,
equivalently, a spreading of rays from the source (33). Here,
brightness is diminished by a wavelength-dependent factor, fref ,
which is given by

fref =
1

1+Ddω=drmin
: [1]

To model these two effects, we use a ray tracing scheme de-
scribed by van der Werf (34), which concisely outlines an accurate,
fourth-order Runge–Kutta integration algorithm for tracking rays
through an atmosphere. The primary inputs to this model are
profiles of atmospheric density and composition, as well as the
refractive indexes of the major atmospheric constituents (which
are, generally, wavelength dependent). For Titan, we elect to use
standard model profiles of atmospheric molecular number den-
sity and composition (35), as localized structure in measured pro-
files can lead to spurious features in our refraction calculations. Our
refraction models only include molecular nitrogen and methane
in our computations, as these are the only major atmospheric
constituents. Finally, we use a measured, wavelength-dependent
refractivity for molecular nitrogen (36) and a refractive index for
methane of 1.0004478 (37), although our calculations are largely
insensitive to this value due to the low mixing ratio of methane in
the atmosphere.
By tracing rays on a fine grid of impact parameters (1-km

vertical resolution from 0 to 1,500 km), we determine the rela-
tions between the impact parameter, altitudes of closest ap-
proach (zmin = rmin −Rp), refraction angle, and the refractive loss
factor fref . Our computed values are only weak functions of
wavelength, as the refractivity of molecular nitrogen changes by
less than 1% over the wavelength range of interest. Fig. 3 shows

profiles of these parameters as a function of their altitude of
closest approach, and demonstrates that, for our purposes, re-
fraction effects are only important in the lowest 100 km of the
atmosphere.
We note that refraction can also influence exoplanet transit

observations under conditions where atmospheric opacity does
not preclude light rays from reaching the deeper regions of an
atmosphere. Here, the finite size of the host star paired with the
geometry of refraction may prevent rays from probing altitudes
below some critical height in the lower atmosphere (38). In ad-
dition, the transit signal may increase or decrease slightly due to
the competing effects of refraction bending rays perpendicular to
the limb while also focusing rays from within the planet’s shadow
toward the observer (39–41).

Computing Transit Spectra. We define the transmission corrected
for refractive losses at an impact parameter bi as tλ;i′ = tλ;i=fref;i
(where a subscript ‘i’ references the vertical gridding of the ob-
served transmission spectra). These can be converted into a transit-
radius spectrum by considering the attenuation produced by con-
centric annuli above Titan’s surface. An annulus has thickness
πðb2i+ 1 − b2i Þ, and we can define an effective transit radius as (42):

R2
eff;λ =R2

top −
XN

i=1

!
tλ;i+1′ + tλ;i′

2

"#
b2λ;i+1 − b2λ;i

$
; [2]

where Rtop =Rp + zatm is the radial distance to the top of the
atmosphere, whose altitude (zatm) is large enough that atmo-
spheric extinction and refraction are assumed to be negligible.
We also define an effective transit height as zeff;λ =Reff;λ −Rp,
which is useful for identifying where in the atmosphere a given
wavelength is probing. Finally, note that the transit depth is pro-
portional to R2

eff;λ, or, equivalently, ðzeff;λ +RpÞ2.

Transit Radius Spectra
Fig. 4 shows the effective transit height, zeff;λ, for all four oc-
cultation datasets. Error bars (1 − σ) are shown where the errors
are larger than 1% of the transit height, and key absorption
features are identified. In general, errors tend to be large beyond
about 4 μm, where the solar flux is relatively weak.
The most obvious features are the methane bands at 1.2, 1.4,

1.7, 2.3, and 3.3 μm. Weak absorption due to acetylene (C2H2)

Fig. 3. Profiles of the impact parameter, b, refraction angle, ω, and the
refractive loss factor, fref, from our Titan ray-tracing model. The vertical
coordinate is the ray’s altitude of closest approach, zmin. Parameters are
shown for a wavelength of 5 μm, where Titan’s atmospheric haze is least
opaque, and we use a distance, D, from the spacecraft to Titan of 8,400 km,
appropriate for the 27° N occultation, when computing the refractive loss.
The dotted line plots along the diagonal, and shows that the impact pa-
rameter is always larger than the distance of closest approach.

Fig. 4. Spectra of effective transit height, zeff,λ =Reff,λ −Rp, for all four
Cassini/VIMS occultation datasets. Key absorption features are labeled, and
error bars are shown only where the 1 − σ uncertainty is larger than 1%. Our
best-fit haze model for the 70° S dataset is shown (dashed line).
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Taken	  by	  the	  Cassini	  space	  probe	  
with	  UV	  and	  IR	  camera	  on	  26	  Oct	  2004.
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まとめ
短周期スーパーアースの組成
➡惑星形成過程 (特に惑星移動) を解明する重
要な手掛かり
スーパーアースの内部組成の縮退を解くには，
多波長トランジット観測による大気透過光分
光が有力な手段である
TAOへの期待
‣ 近赤外域：大気分子種の特定 or 雲の存在
‣ 可視域：雲の粒径・数密度
‣ 中間赤外域：雲成分の特定


