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Condi%ons(on(exoplanets(

•  Density(alone(does(not(
fully(characterise(a(
planet.(

•  Atmosphere(is(the(one,(
key(component,(that(
affects(mostly(the(
condi%ons(on(a(planet(
(Earth(@(Venus).(

•  We(need(spectroscopy(
of(to(constrain(
molecular(abundances(
in(the(exoplanetary(
atmospheres.(
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Observa%onal(requirements(

•  Precision,of,,,~,1084,
,
•  High,SNR,

•  Bright(star(
•  Large(planet(
•  Hot(planet(
(

•  Infrared,spectrometer:,
•  More(absorp%on(lines((

(from(molecules(
•  Low(Rayleigh(scaNering(
•  Less(stellar(ac%vity(
(

•  Large,wavelength,range,
,
•  Reliable,IR,detectors,

re-run the retrieval process allowing the Marplemodule to
add the two next most likely molecular opacities to the current
selection of opacities. We then compute the global model

evidence, E, and compute the Bayes factor (Kass &
Raftery 1995; Weinberg 2012). The Bayes factor is given by
the ratio of model probabilities q∣P ( )1
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which can be expressed as fraction of the Evidences and the
prior distribution of the models. Most times we can assume the
model priors to be identical = P P( ) ( )1 2 , reducing
Equation (25) to

=
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Using the Jeffrey’s scale the Occammodule determines
whether an improvement to the fit is achieved using a more
complex model.

8. OUTPUTS

The output module generates the best-fit transmission model,
plots of all marginalized and conditional posteriors, as well as
statistics on individual parameters and model adequacy.
Examples of these outputs can be found in the following
section.

9. EXAMPLE

In this section we demonstrate the output of  -REx using a
simulated hot-Jupiter. We base the simulation on a HD209458b
like planet/star system (Charbonneau et al. 2000; South-
worth 2010) with temperature and bulk composition taken
from Venot et al. (2014). We choose a wavelength range of
1–20μm at a constant resolution of R = 300 and constant error
bars of 50 ppm. Table 2 summarizes the inputs and Figure 6
shows the input spectrum to  -REx. While such an example
may be optimistic given currently available data we would like
to note the following: (1) in order to demonstrate the retrieval
accuracy of  -REx one needs a precise data set, and (2) future
observatories and missions (e.g., James Webb Space Tele-
scope, E-ELT and dedicated missions) will yield data of
comparable or better quality over broad wavelength ranges.
The data is passed through  -REx as described in the

previous sections. The Marplemodule suggested the correct
molecules as potentially important absorbers given the data and
their wavelength ranges. In addition to the molecules listed in
Table 2, it also identified H2C2 as possible absorber which was
subsequently rejected by the Occammodule and the transmis-
sion module was updated to reflect the true model of the data.
The retrieved temperature and abundance values for the LM-

BFGS, MCMC, and NS algorithms are summarized in Table 2.

Table 2
Model Input and Retrieval Results for LM-BFGS, MCMC and NS

Parameters Model LM-BFGS MCMC Nested Sampling

Temp. (K) 1400 1419.14 1403.30 ± 9.88 1403.87 ± 9.26
H2O 2 × 10−3 1.94 × 10−3 1.90 × 10-3 ± 3.27 × 10−5 1.90 × 10-3 ± 3.11 × 10−5

CH4 2 × 10−6 2.04 × 10−6 2.25 × 10−6 ± 1.45 × 10−6 2.17 × 10-6 ± 1.42 × 10−6

CO 2 × 10−3 1.95 × 10−3 1.97 × 10−3 ± 1.26 × 10−4 1.97 × 10−3 ± 1.22 × 10−4

CO2 2 × 10−5 2.41 × 10−5 2.48 × 10-5 ± 2.59 × 10−6 2.48 × 10-5 ± 2.60 × 10−6

NH3 2 × 10−7 1.48 × 10−6 1.18 ×10-6 ± 9.69 × 10−7 1.18 × 10-6 ± 9.69 × 10−7

Note. All values (but temperature) are in units of fractional column density.

Figure 6. Simulated example spectrum of a carbon-rich hot-Jupiter used in
Section 9. Temperature and abundances of the main absorbers, H2O, CO, CO2,
NH3, and CH4 are given in Table 2. The bulk planet/star and orbital properties
are based on the hot-Jupiter HD209458b.

Figure 7. Showing the best fitting models, in red, for the complete (top), over-
complete (middle), and under-complete (bottom) model cases as described in
Section 9. The best fitting models are offset along the ordinate for clarity and
over-plotted on the “observed” spectrum in gray. The global Bayesian
Evidences, log(E), are given for each case, quantifying the adequacy of each
model given the data. As expected the evidence strongly favours the correct,
complete model.
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Figure 4. Near-infrared and mid-infrared observations compared to synthetic spectra for three models (also shown in Figure 3) that illustrate the range of temperature/
composition possibilities consistent with the data. For each model case, the molecular abundance of CH4, H2O, and CO2 and the location of the tropopause is given;
the contribution functions for each of these models is shown in Figure 5. The three dashed lines correspond to single-temperature thermal emission models with
temperatures of 1400, 1800, and 2200 K; these serve to illustrate how the combination of molecular opacities and the temperature structure cause significant departures
from a purely single-temperature thermal emission spectrum. Note that the mid-infrared data are not contemporaneous with the near-infrared data, and attempting to
“connect” these data sets with a model spectrum is potentially problematic if significant variability is present.

Figure 5. Contribution functions for selected wavelengths and the associated temperature profile for each model shown in Figures 3 and 4; starting from the top left
and going clockwise, the models correspond to a tropopause at 0.001 bar, 0.01 bar, 0.1 bar, and no tropopause, respectively. The selected wavelengths correspond to
bands of H2O and CH4; the contribution function is determined by opacity in each layer, which, in turn, can depend on the local temperature.
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Figure 2: The transmission spectrum of GJ 1214b. a, Transmission spectrum measurements
from our data (black points) and previous work (gray points)7–11, compared to theoretical models
(lines). The error bars correspond to 1σ uncertainties. Each data set is plotted relative to its mean.
Our measurements are consistent with past results for GJ 1214 using WFC310. Previous data rule
out a cloud-free solar composition (orange line), but are consistent with a high-mean molecular
weight atmosphere (e.g. 100% water, blue line) or a hydrogen-rich atmosphere with high-altitude
clouds. b, Detail view of our measured transmission spectrum (black points) compared to high
mean molecular weight models (lines). The error bars are 1σ uncertainties in the posterior distri-
bution from a Markov chain Monte Carlo fit to the light curves (see the Supplemental Information
for details of the fits). The colored points correspond to the models binned at the resolution of
the observations. The data are consistent with a featureless spectrum (χ2 = 21.1 for 21 degrees
of freedom), but inconsistent with cloud-free high-mean molecular weight scenarios. Fits to pure
water (blue line), methane (green line), carbon monoxide (not shown), and carbon dioxide (red
line) models have χ2 = 334.7, 1067.0, 110.0, and 75.4 with 21 degrees of freedom, and are ruled
out at 16.1, 31.1, 7.5, and 5.5 σ confidence, respectively.
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Fig. 8.— Wavelength-dependent transit depths averaged over the
two visits (black filled circles). Four different atmosphere models
are shown for comparison: a solar metallicity model (red solid line),
a 50× solar metallicity model (red dashed line), a pure water model
(solid blue line), and a solar metallicity model with an opaque cloud
deck at 1 mbar (solid green line). The average depth for each model
has been normalized to match the average measured transit depth
in this plot.

trum from the spectral template fitting technique to sev-
eral representative atmosphere models for HD 97658b,
which are calculated following Kempton et al. (2012).
The effective temperatures (720 − 730 K, depending on
the model) and corresponding pressure-temperature pro-
files of these models are calculated assuming full redis-
tribution of energy to the planet’s night side and an
albedo which varies according to composition. We con-
sider both cloud-free models with solar and 50× solar
metallicities, as well as a pure water model and a so-
lar metallicity model with a high cloud deck located at
one mbar. We calculate the significance with which our
data can rule out a given model using the equation from
Gregory (2005):

Significance =
χ2 − ν
√
2ν

(3)

where χ2 is calculated by comparing our averaged trans-
mission spectrum to each model and ν is the number of
degrees of freedom in the fit (27 in our case, as there
are 28 points and we normalize the models to match the
average measured transit depth of our data). This met-
ric assumes that our measurement errors are Gaussian
and uncorrelated from one wavelength bin to the next;
although this is almost certainly untrue at some level,
it represents a reasonable starting point for comparing
different models. Following this approach we find that
our measured transmission spectrum is inconsistent with
the solar and 50× solar cloud-free models at the 17σ and
14σ levels, respectively. It is equally well described by
the water-dominated (2.0σ) model and the solar metal-
licity model with optically thick clouds at a pressure of
one mbar (1.9σ), as well as a flat line at the average
transit depth across the band (1.6σ). We find that a
solar metallicity model with clouds at 10 mbar is mod-
estly inconsistent with the data (3.8σ), indicating that
the clouds must be located at pressures below 10 mbar in
this scenario. We note that there are any number of high
metallicity atmosphere models that could provide a fit
comparable to that of the pure water model; all our data

appear to require is either a relatively metal-rich atmo-
sphere with a correspondingly small scale height, or the
presence of a high cloud deck that obscures the expected
water absorption feature in a hydrogen-dominated atmo-
sphere. We constrain the maximum hydrogen content of
the atmosphere in the first scenario by considering a se-
ries of cloud-free models with varying number fractions
of molecular hydrogen and water, and find that in this
scenario the atmosphere has to be at least 40% water by
number in order to be consistent with our data at the 3σ
level.
The conclusion that HD 97658b’s transmission spec-

trum appears to be flat at the precision of our data
places it in the same category as both the super-Earth
GJ 1214b (Kreidberg et al. 2014) and the Neptune-mass
GJ 436b (Knutson et al. 2014). As with these two plan-
ets, a more precise measurement of HD 97658b’s trans-
mission spectrum will eventually allow us to distinguish
between high clouds and a cloud-free, metal-rich atmo-
sphere. Our constraints on the atmospheric scale height
in the cloud-free scenario are relatively weak compared
to those obtained for GJ 1214b and GJ 436b, despite
the fact that we achieve smaller errors (20 ppm vs 30
ppm) in our measurement of the differential transmis-
sion spectrum. This is primarily because HD 97658b has
a smaller planet star radius ratio than either of these
systems, and the predicted amplitude of the transmis-
sion spectrum is correspondingly small. Fortunately, it
also orbits a brighter star than either GJ 1214b or GJ
436b, making it possible to achieve high precision transit
measurements with relatively few observations. Unfor-
tunately, this makes ground-based observations partic-
ularly challenging as the nearest comparison star with
a comparable brightness is located more than 40′ away.
For space telescopes such as Hubble and Spitzer, achiev-
ing the precision required to study this planet in detail
will mean pushing the systematic noise floor to unprece-
dentedly low levels. There is every reason to believe that
this level of performance should be achievable, and given
the unique nature of this planet it is likely that this will
be put to the test in the near future.
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De@trending(techniques(

Supervised,learning,
,

•  E.g.(gaussian(processes,(
neural(networks.(

•  No(func%onal(form(for(
the(instrument(
systema%cs.(

•  Requires(informa%on(
about(the(instrument(to(
learn(the(data(proper%es.(

Unsupervised,learning,
,

•  No(prior(knowledge.(
(
(
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Spitzer/IRAC((observa%ons(at(3.6(mm(
of(GJ436b(

•  Raw(lightcurves( •  Detrended(lightcurves(+(models(

ICA(

0 8000 160003.1

3.2

3.3x 104 ID 50051 − Obs 1b

Time (s)

P
ho

to
n 

co
un

ts

0 8000 160003.1

3.2

3.3x 104 ID 50051 − Obs 1a

P
ho

to
n 

co
un

ts

−0.02 0 0.020.99

0.995

1

ID 50051 − Obs 1b

Φ

N
or

m
al

iz
ed

 fl
ux

−0.02 0 0.020.99

0.995

1

ID 50051 − Obs 1a

N
or

m
al

iz
ed

 fl
ux

Morello(et(al.(2015,(ApJ,(802,(117(





Wavelength (µm)
2 4 6

F P/F
∗ (×

 1
0-2

)

0

0.5

1

1.5

2
WASP 76b
very hot Jupiter @ 2200 K
1 eclipse

ARIEL(–(Example(spectrum(


