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only requires adjusting the degrees of freedom n when
computing ( )cP n,2 .

3.2. Exploring the HDS Parameter Space

The algorithm outlined in Section 3.1 runs in approximately
2.5 minutes per model on a single core of a modern UNIX
machine. It is therefore computationally too expensive to run a
full MCMC for the HDS data that would include 105–106

models. However, since our final goal is to produce the joint
posterior distribution of LDS and HDS data combined, we can
neglect regions of the parameter space that are already strongly
disfavored by the LDS analysis. This is done by feeding the
HDS analysis with a set of models sampled from the LDS
posterior distribution of Line et al. (2016). The parameteriza-
tion consists of molecular abundances for seven species (CO,
H2O, CH4, CO2, C2H2, NH3, HCN) and five additional
parameters to sample the temperature–pressure profile as in
Parmentier & Guillot (2014). The 12-dimensional LDS
posterior is sampled with 5000 points, and the corresponding
high-resolution, disk-integrated emission spectra are computed
via line-by-line radiative-transfer calculations with the CHI-
MERA (Line et al. 2013, 2014, 2015) emission forward model.
We assume a cloud-free atmosphere in this pilot study.
Examples of LDS and HDS model spectra are shown in
Figure 1.

We use the absorption cross-section database (and references
therein) from Freedman et al. (2008) with subsequent upgrades
described in Freedman et al. (2014). The database comprises
pre-computed cross-sections on a grid of temperature and
pressure points sampled at intervals of 0.01 cm−1. This
corresponds to a resolution of R∼430,000, enough to resolve
the individual lines at the CRIRES wavelengths over the
physically relevant ranges of temperatures and pressures.8 The
opacity sources include H2–H2/He collision-induced absorp-
tion and molecular absorption due to the seven species listed
above. Note these are the same opacities used for the LDS data
retrieval in Line et al. (2016).

3.3. Computing the Joint Posterior

We compute the significance of the high-resolution models
as explained in Section 3.1. To translate this information into
an HDS posterior, we bin the parameter space by 0.4 in log10
(abundance). We then assume that in a posterior-sampling
algorithm such as an MCMC, a model nσ deviant from the
best-fitting model would be extracted with a probability

( )=P N n , where N denotes a Normal distribution. As an
example, the best-fitting model has P=1 and a model 2σ
deviant P=0.046. The occupancy of a bin in the parameter
space is therefore given by the sum of all the probabilities of
the models falling in that range. The corresponding histogram
is also computed for the LDS posterior. In this case, the
occupancy is given by the number of models falling in each bin
as derived from the LDS retrieval analysis. In order to compute
the joint posterior, we multiply the HDS and LDS posterior
histograms, bin by bin. This is equivalent to multiplying the
probabilities, which means we are treating LDS and HDS as
two independent measurements of the same quantities. Figure 2

shows examples of the two-dimensional, LDS (left panels), and
LDS+HDS (right panels) posteriors, obtained with the above
method. The 1σ, 2σ, and 3σ confidence intervals are obtained
by normalizing the histogram by the total occupancy and
cutting the cumulative density function at 61%, 13.5%, and
1.1%, respectively.
Since the HDS posterior is not obtained by freely exploring

the parameter space, but it has been conditioned by the LDS
analysis, our joint posterior is reliable only when the sampling
is sufficiently dense to fill the whole two-dimensional
parameter space, i.e., within the 3σ confidence interval. This
is why in Figure 2 we generically draw in light gray the region
of the parameter space more than 3σ deviant from our best
estimate of the parameter, without assigning any further
confidence interval. In Section 6, we further discuss the limits
of this approach.

4. Results

The combination of low- and high-resolution spectroscopy
of HD209458b improves constraints on both the vertical

Figure 2. Example of combined LDS and HDS analysis. Top: the log
(abundance) of carbon monoxide is plotted against that of water vapor and
carbon dioxide. Bottom: retrieved atmospheric pressure as function of
temperature. The 1σ, 2σ, 3σ, and >3σ confidence intervals are plotted in
grayscale (from black to light gray).

8 We also tested higher-resolution (0.001 cm−1) tabulated cross-sections
computed with the HITRAN HAPI module and the HITEMP database and
found negligible differences with the 0.01cm−1 grid.
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Fig. 8: Left panel: Map of the cross-correlation function using the preferred BT-Settl model (Te↵ = 1700 K and log(g) = 3.5). Right panel: The
one-dimensional cross-correlation function at the location of the planet.

Fig. 9: The planet cross-correlation peak as a function of BT-Settl models with varying Te↵ and log(g). The cross-correlation peak steeply decreases
for temperatures below ⇠ 1600 K because the strength of the water absorption features at > 2.1 µm become significantly weaker. All
molecular bands diminish above temperatures of ⇠ 2000 K, causing a slow decrease of the cross-correlation function at higher temperatures.
The black circle corresponds to the values reported by Chilcote et al. (2017).

tivity as compared to the first night. Future observations with
SINFONI that target faint companions should therefore include
a larger number of dark frames on top of those obtained in the
standard calibration plan.

Nevertheless, our molecule mapping approach more e↵ec-
tively supresses the residual speckle pattern than ADI in both
nights of data, leading to a stronger detection of � Pic b and a
higher sensitivity close to the star due to the absence of residual
speckles.

5.4. Molecule mapping from space with NIRSpec and MIRI

Molecule mapping provides new possibilies for high-contrast
imaging using medium-resolution IFSs, also using space-based
observatories. Both NIRSpec and MIRI on the James Webb
Space Telescope (JWST), will have integral-field capabilities. In

IFS mode, NIRSpec3 covers wavelengths from 0.7 to 5.27 µm
at a spectral resolution of ⇠ 2.700 with a spatial sampling of
0.1” ⇥ 0.1”. MIRI has a similar IFS mode4, operating between
4.89 µm to 28.45 µm at a spectral resolution varying from 3320
at short wavelengths to 1460 at longer wavelengths. The wave-
band is divided into four channels with increasing slit-size, the
bluest channel having a spatial resolution of 0.196”, and the red-
dest a spatial resolution of 0.276”. Although the spatial sampling
of both NIRSpec and MIRI is significantly more coarse than that
of SINFONI in 25 mas plate-scale mode, objects with a sepa-
ration down to 0.1" can theoretically be resolved by the IFS of
NIRSpec, and separations down to 0.2" can be resolved by MIRI
at 5 µm.

3 NIRSpec web documentation: https://jwst-
docs.stsci.edu/display/JTI/Near+Infrared+Spectrograph%2C+NIRSpec
4 MIRI web documentation: https://jwst-
docs.stsci.edu/display/JTI/Mid-Infrared+Instrument%2C+MIRI
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