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Almost 500 extrasolar planets have been found since the discovery of 51 Peg b by

Mayor and Queloz in 1995. The traditional field of planetology has thus expanded

its frontiers to include planetary environments not represented in our Solar

System. We expect that in the next five years space missions (Corot, Kepler and

GAIA) or ground-based detection techniques will both increase exponentially the

number of new planets discovered and lower the present limit of a �1.9 Earth-

mass object [e.g. Mayor et al., Astron. Astrophys., 2009, 507, 487]. While the

search for an Earth-twin orbiting a Sun-twin has been one of the major goals

pursued by the exoplanet community in the past years, the possibility of sounding

the atmospheric composition and structure of an increasing sample of exoplanets

with current telescopes has opened new opportunities, unthinkable just a few

years ago. As a result, it is possible now not only to determine the orbital

characteristics of the new bodies, but moreover to study the exotic environments

that lie tens of parsecs away from us. The analysis of the starlight not intercepted

by the thin atmospheric limb of its planetary companion (transit spectroscopy), or

of the light emitted/reflected by the exoplanet itself, will guide our understanding

of the atmospheres and the surfaces of these extrasolar worlds in the next few

years. Preliminary results obtained by interpreting current atmospheric

observations of transiting gas giants and Neptunes are presented. While the full

characterisation of an Earth-twin might requires a technological leap, our

understanding of large terrestrial planets (so called super-Earths) orbiting bright,

later-type stars is within reach by current space and ground telescopes.
1 Introduction

Half a century ago, the space age began with the launch of Sputnik. Now at the
completion of a fairly detailed study of the planets of our own solar system, we
are at the dawn of the age of exoplanets. Almost 500 exoplanets, i.e. planets orbiting
a star different from our Sun, are now known thanks to indirect detection
aDepartment of Physics and Astronomy, University College London, Gower Street, London, UK
WC1 E6BT. E-mail: g.tinetti@ucl.ac.uk
bLPL, University of Arizona, 1629 E. University Blvd, Tucson, AZ, 85721, USA
cJet Propulsion Laboratory, 4800 Oak Grove Drive, Pasadena, CA, 91109, USA
dInstitut d’Astrophysique de Paris, 98bis Boulevard Arago, Paris, France
eHarvard-Smithsonian Center for Astrophysics (CfA), 60 Garden Street, Cambridge, MA,
02144, USA
fMax-Planck-Institut fuer Astronomie, Koenigstuhl 17, 69117 Heidelberg, Germany

This journal is ª The Royal Society of Chemistry 2010 Faraday Discuss., 2010, 147, 369–377 | 369



techniques.1 In the first decade after their initial discovery in 1995,2 the task was to
find more and more of these astronomical bodies: the biggest, the smallest; the
hottest, the coolest; the system with the most planets in it. In recent years, attention
has switched from finding planets to characterising them. Among the variety of exo-
planets discovered so far, special attention has been devoted to those planets which
transit their parent star, whose presence can be detected by the reduction in the
brightness—the extinction—of the central star as the planet passes in front of it.
More than 106 currently identified exoplanets are transiting planets, and for these
objects planetary and orbital parameters such as radius, eccentricity, inclination,
mass (given by radial velocity combined measurements), are known, allowing first
order characterisation on the bulk composition and temperature (Gas giant?
Neptune type? Terrestrial?). But it is clear that there is great variety even amongst
the family of transiting exoplanets. The smallest, Corot-7b3 and GJ1214b,4 have
masses of just 0.0151 and 0.0179 MJ. They orbit their parent star at distances of
<0.02 AU. At the other end of the transiting planet distance scale, HD 80606 b orbits
its G5 star with a period of more than 100 days and an eccentricity of 0.93. And at
the high mass end, WASP-18b and XO-3b have a mass of 10.43 and 11.79 MJ and
their atmospheric temperature is likely to be very hot.

Most importantly recent results have been able to demonstrate that for transiting
exoplanets orbiting stars brighter than 12 Mag, it is possible to identify the main
chemical components in the planet’s atmosphere. A stellar occultation (called
primary transit) occurs when the light from a star is partially blocked by an inter-
vening body, such as a planet. With this method, we can indirectly observe the
thin atmospheric ring surrounding the optically thick disk of the planet while the
planet is transiting in front of its parent star.5,6 In the secondary transit technique,
we firstly observe the combined spectrum of the star and the planet. Then, we
take a second measurement of the star alone when the planet disappears behind
it: the difference between the two measurements consists of the planet’s own spec-
trum.7,8

In the past 3 years, key observations with the Spitzer and Hubble Space Tele-
scopes have, for the first time, given us real insights into the composition of some
of the most unusual exoplanets so far discovered—the class known as hot-Jupiters.
More specifically, infrared transmission and emission spectroscopy have revealed
the presence of the primary carbon and oxygen species such as CH4, CO2, CO,
and H2O,9–16 and provided constraints for the temperature profiles,17–20 which are
coupled to the composition. Today, broad-band or low-resolution spectroscopy
from ground and space based observatories allow us to:
� determine planetary and orbital parameters
� constrain the albedo
� detect the main molecular species in the hot transiting planets’ atmosphere
� constrain the horizontal and vertical thermal gradients in the hot exoplanets’

atmospheres
� constrain the boundary conditions in the upper atmosphere
� detect the presence of clouds or hazes
Relatively high resolution spectroscopy data were recently obtained with ground-

based telescopes in the optical21,22 and NIR,23,24a confirming that alkali metals are
present in hot-Jupiter atmospheres and showing non thermal emission processes.
These achievements open up enormous possibilities in terms of atmospheric charac-
terisation for the short term future prior to the launch of the next generation of space
telescopes (the James Webb Space Telescope, launch 2014) or a dedicated mission
(e.g. EChO, the Exoplanet Characterization Observatory, http://echo-spacemissio-
n.eu).

With current instruments we can already study the atmospheres of more than ten
transiting hot-Jupiters and approach the case of hot Neptunes and warm super-
Earths transiting later type stars, e.g. GJ436 b and GJ1214 b. Surveys aimed at de-
tecting extrasolar planets are focusing on searches for ever smaller worlds and rocky
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planets in the habitable zones. While Corot and Kepler will increase the statistics of
such objects with the ultimate goal of detecting earth-like planets around G-type
stars, transit and radial velocity surveys from the ground (HARPS, MEarth,
WFCAM Transit Survey) will actually provide the optimal targets for atmospheric
characterisation, in particular super-Earths transiting bright M-dwarfs down to the
habitable zone. Feasibility studies show that those objects will be easily studied by
JWST and EChO-like missions.24b

2 Retrieving atmospheric parameters from exoplanet spectra

Within the past year, efforts to determine the abundances of atmospheric constitu-
ents found instead a range of degenerate temperature and composition solutions
from the spectra,16,20,26 see Fig. 1. Using an iterative forward model approach for
spectral retrieval, we evaluated a variety of temperatures (T) as a function of pres-
sure (P) together with the molecular absorption effects. Combining near-infrared
spectra with mid-infrared measurements, we find that absorption due to H2O,
CH4 and CO2 explains most of the features present in the observed hot-Jupiter
spectra (see Fig. 1). The additional contribution of CO is more than plausible and
in few cases it even refines our fit, but we cannot discard the possibility that
improved data lists for methane and/or CO2 would provide the missing opacity.
The radiative transfer calculations assume local thermal equilibrium (LTE) condi-
tions—as expected for pressures exceeding 10�3 bar that are probed by the infrared
spectra—and constant mixing ratios for the molecules.

For emission spectra, we obtain a family of plausible solutions for the molecular
abundances and detailed temperature profiles for most of the hot-Jupiters observed.
In Fig. 1 we show the example of HD 209458 b,20 for which both NIR and MIR
spectroscopical and photometrical data are available. Additional observational
constraints on the atmospheric temperature structure and composition require either
improved wavelength coverage/spectral resolution for the dayside spectrum or
a transmission spectrum. The degeneracy is even higher when only a handful of
photometrical observations are available (Fig. 2), calling for caution against prema-
ture theoretical classifications, such as the idea that hot-Jupiters may be divided in
Fig. 1 Emission photometry and spectroscopy data for HD 209458 b.20 The near-infrared and
mid-infrared observations compared to synthetic spectra for four models that illustrate the
range of temperature/composition possibilities consistent with the data. For each model case,
the molecular abundance of CH4, H2O, & CO2 and the location of the tropopause is given, 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.
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two classes, where the presence or absence of a stratosphere is caused by the presence
or absence of TiO/VO.27

Transmission spectra are less sensitive to the atmospheric temperatures, yet the
derived composition at the terminator depends sensitively on the assumed radius.
In particular the atmospheric temperature may play an important role in the overall
scale height, and hence in the amplitude of the spectral signatures, as well as in the
molecular absorption coefficients. For most cases a thermochemical equilibrium
H2O abundance of 4.5 � 10�4 relative to H2

28–30 provide an excellent match to the
data, see e.g. the case of XO-2b, Fig. 3. However, a �1% difference in the estimate
of the planetary radius at the �1 bar pressure level, would result in a variation of the
H2O abundances by a factor of 10. Transit data at multiple wavelengths are needed
to constrain the H2O abundance. The mixing ratios determined for CH4, CO and
CO2 depend on the data lists used and on the H2O mixing ratio.

In Fig. 4 we consider the planet HD 189733 b. While most of the photometric and
spectroscopic data are explainable with the presence of water vapour31 and
methane,11 the recent observation of the photometric point at 4.5 mm32 suggests
Fig. 2 Photometry secondary transit data obtained with the Spitzer IRAC instrument for the
hot-Jupiters XO- 2b.25 In color are overplotted the atmospheric models for XO-2b containing
water, methane, CO and CO2. Blue line: simulated spectrum of XO-2b obtained using a T–P
profile with no temperature inversion. Green line: simulated spectrum of XO-2b obtained using
a T–P profile with temperature inversion.

Fig. 3 Transmission spectrum of the hot-Jupiter XO-1b,16 the fit was obtained with H2O,
CH4, CO2 and CO.
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Fig. 4 Primary transit photometry and spectroscopy data of HD 189733 b recorded by
multiple instruments and different teams. While most of the features can be explained by
a combination of water vapour and methane, the IRAC band at 4.5 mm seems to indicate
the additional presence of CO2 and/or CO.
the additional presence of CO2 and possibly CO in that planetary atmosphere. The
addition of a small quantity of CO2 and CO does not affect the fit at shorter wave-
lengths, and has the advantage of being consistent with the ‘‘day-side’’ composition
observed with NICMOS.13 We note that some of the temperature profiles/molecular
mixing ratios consistent with the observations raise the question of whether the
dayside atmosphere is in radiative and thermochemical equilibrium. Although
advection of heat and/or photochemistry could support departures from radiative
and thermochemical equilibrium (Fig. 5), our present lack of knowledge of mole-
cular opacities at high temperatures for species such as CH4, H2S and C2H6 limits
our ability to determine decisively whether this condition is met or not; thus there
is an urgent need for further laboratory studies to obtain molecular databases for
determining high temperature opacities of the most common molecules expected
in hot-Jupiter/hot-Neptune atmospheres.
Fig. 5 Emission photometry and spectroscopy data for HD 189733 b. A radiative transfer
model (red) assuming LTE conditions and consistent with the measurements made with Spitzer
and Hubble fails to describe the emission structure at 3.1–4.1 mm,23 and we find no plausible
combination of atmospheric parameters that provides a good model of the observations under
LTE conditions. The brightness temperature of the 3.25 mm emission feature indicates the likely
presence of a non-LTE emission mechanism.
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We show in (Fig. 6) simulated transmission spectra for the hot-Neptune GJ436
b and the warm super-Earth GJ1214 b in the case its very extended atmosphere is
mainly composed of molecular hydrogen. The spectral features in both cases are
measurable with current space and ground-based observatories and more observa-
tions will probably become available in the next months.

3 The models

We model the transmission and emission spectra of transiting exoplanets using line-
by-line radiative transfer models which account for the effects of molecular opaci-
ties9,31,33 and hazes.34,35 In our simulations we include H2–H2, H2O, CH4, CO,
CO2, NH3, HCN etc. While the BT2 line list for water36 can be calculated at the
appropriate temperatures, the available data lists for methane at high temperature
are inadequate to probe the modulations of the atmospheric thermal profile. To
cover the spectral range from the visible to the Mid-IR, we have to use multiple
data lists for methane, HITRAN 2008, PNNL, and hot-temperature measurements
at 800, 1000 and 1273 K.37 The Nassar and Bernath37 data provide a much better fit
to our observations in the region where they overlap with HITRAN 2008.38

Compared to the results obtained with the Nassar and Bernath37 line lists, mixing
ratios 10–50 times larger are needed for methane if we use PNNL39 or HITRAN
2008. The HITRAN 2008 data bank has the advantage of covering the entire spec-
tral range measured by Hubble and Spitzer, with the downside (shared also by the
PNNL list) that it results from measurements at room temperature, and therefore
is quite inadequate to estimate the mixing ratio of methane at the temperatures of
interest for hot planets. For CO2 we use HITEMP40 and CDSD-1000,41 for CO
we also use HITEMP. The contribution of H2–H2 at high temperatures was taken
from ref. 42. The opacity was interpolated to the temperature of each atmospheric
layer. As collision induced absorption scales with the square of the pressure, the
H2–H2 contribution becomes important for pressures higher than 1 bar. The line
shapes of alkali metals are calculated at different temperatures and interpolated
for intermediate values. Their spectral contribution becomes important in the
visible-NIR wavelength range.43 An accurate line list for ammonia at has recently
been calculated44 and its extension to high temperatures achieved.45

4 Conclusions

An aspect of exoplanetary science that is both high-impact and cutting-edge is the
study of extrasolar planet atmospheres. The ultimate goal is to obtain a high-reso-
lution spectrum of an Earth-like planet, and although such a goal remains lofty,
the key intermediate steps towards this end are already being taken with current
technology for planets which are more massive and/or warmer that our own Earth.
The characterisation of exoplanet atmospheres with current telescopes can be
tackled with two main approaches: low resolution spectroscopy, from space using
SPITZER and HST or the ground (e.g. NASA-IRTF), and high resolution spectro-
scopy from the ground (for example, VLT CRIRES). We can already probe the
atmospheric constituents of several giant exoplanets, which orbit very close to their
parent star, using transit techniques. The observations can be explained mainly with
the combined presence of H2O, CH4, CO and CO2 in the atmosphere of the planet.
The photometric and spectroscopic emission data observed are consistent with the
above composition but a variety of T–P profiles and mixing ratios are compatible
with the data. Additional observations of transiting hot-Jupiters, especially spectro-
scopic data, will allow a more thorough classification of this type of planets
unknown in our Solar System.

With current telescopes we can also approach the case of hot Neptunes and large
terrestrial planets (super-Earths) transiting bright later type stars, e.g. GJ 436b or GJ
1214 b. Thanks to Corot, Kepler, ground-based transit surveys and the
This journal is ª The Royal Society of Chemistry 2010 Faraday Discuss., 2010, 147, 369–377 | 375



improvements in radial velocity measurements, many rocky planets and, possibly,
few exomoons, are expected to be discovered in the next months/years. Further
into the future, the James Webb Space Telescope will be the next generation of space
telescopes to be online (launch 2014) and a dedicated mission to characterise transit-
ing exoplanet atmospheres has been recently being proposed to NASA and ESA
(EChO). Those observatories will guarantee high spectral resolution from space
and the characterisation of smaller/colder targets, allowing us to expand the variety
of characterisable extrasolar planets down to terrestrial planets and/or habitable
zone of stars cooler than the Sun.
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