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Outline	  

•  Atmospheric	  composi+on:	  what	  to	  expect	  for	  
exoplanets?	  

•  What	  are	  we	  learning	  from	  transit	  spectroscopy?	  
•  Infrared	  spectroscopy	  :	  reflected	  starlight	  and	  
thermal	  emission	  

•  Characterizing	  exoplanets’	  atmospheres:	  How	  to	  
op+mize	  the	  observa+ons	  -‐>	  The	  ARIEL	  mission	  



Atmospheric	  composi+on	  of	  	  planets:	  	  	  
carbon	  and	  nitrogen	  in	  the	  protosolar	  disk	  

(thermochemical	  equilibrium)	  

•  LOW	  T	  (HIGH	  P) 	   	   	   	   	   	  HIGH	  T	  (LOW	  P)	  
•  CH4	   	  +	  	  H2O	   	   	   	  <-‐>	   	   	   	  CO 	  +	  3	  H2	  
•  2	  NH3	   	  	   	   	   	   	  <-‐>	   	   	   	  N2	   	  +	  3	  H2	  

+	  
•  CO	   	  +	  H2O	   	   	   	  <-‐>	   	   	   	  CO2	   	  +	  H2	  

	  Giant	  planets 	   	   	   	   	   	  Rocky	  planets	  
	  	  -‐>	  H2,	  CH4,	  NH3,	  H2O 	   	   	   	  -‐>	  CO2,	  N2,	  H2O,	  CO	  



Atmospheric	  composi+on	  of	  giant	  exoplanets	  
	   	  as	  a	  func+on	  of	  stellar	  distance	  D	  

D<	  0.05	  AU	   	   	   	  	  -‐>	  H2,	  CO,	  N2,	  (H2O)	  
0.05	  <	  D	  <	  0.10	  AU 	   	  	  -‐>	  H2,	  CO,	  NH3,	  H2O	  
D	  >	  0.1AU 	   	   	   	  	  -‐>	  H2,	  CH4,	  NH3,	  H2O	  	  

Goukenleuque et al.  1999 



The	  solar	  system:	  A	  planetary	  inventory	  

•  «	  Planets	  »	  with	  an	  atmosphere	  
•  Rocky	  planets	  (M	  <	  10	  ME,	  D	  <	  Snow	  Line)	  

– Mars/Venus-‐type	  	  (CO2,	  N2	  +	  H2O) 	   	  	  	  
– Earth-‐type	  (N2,	  O2	  +	  H2O) 	   	  	   	  	  	  

•  Icy	  planets	  (M	  <	  	  10	  ME,	  D	  >	  Snow	  Line)	  
– Titan/Triton/Pluto-‐type	  (N2,	  CH4	  +	  CO) 	   	   	  	  

•  Giant	  planets	  (M	  >	  10	  ME,	  D	  >	  Snow	  Line)	  
–  Jupiter-‐type	  (H2,	  CH4,	  NH3	  +H2O)	  	  	  
– Neptune-‐type	  (H2,	  CH4)	   	  	  	  

•  Bare	  «	  planets	  »	  	  
•  Mercury/asteroid-‐type	  (refractories)	  (M	  <	  ME,	  D	  <	  Snow	  Line)	  	  
•  TNO-‐type	  (ices)	  (M	  <	  ME,	  D	  >	  Snow	  Line)	  
	  



Exoplanets:	  Which	  atmospheric	  composi+on?	  

•  Known	  parameters:	  mass,	  stellar	  distance,	  stellar	  type	  
•  Es+mate	  of	  the	  equilibrium	  temperature:	  

•  -‐>	  Posi+on	  wrt	  the	  snow	  line	  (SL)	  	  
– SL:	  About	  180	  K	  at	  the	  +me	  of	  planetary	  forma+on	  
	   	   	  (H2O	  condensa+on)	  
– >D	  =	  3-‐4	  AU	  at	  the	  +me	  of	  solar	  system	  forma+on	  	   	  

	   	  	  	  	  	  (T	  	  about	  130	  K	  today)	  	  
•  -‐>	  Es+mate	  of	  the	  atmospheric	  composi+on	  	  

	  [F*/D2](1-‐a)	  =	  4	  σ	  Te4	  



Te	  (K) 	   	   	  1200 	  850	  460	  	  220	  I 	  120	   	  50	  
Stellar	  dist.	   	  0.05	  0.1 	   	  0.3	  	   	  1.5 	  	  l 	  5.0 	   	   	  20.0	  
(AU)	   	   	   	   	   	   	   	   	  	  l	  
Small	  Exoplanet 	  <	  	  	  	  	  ROCKY	  PLANETS	  	  >	  l	   	  	  	  	  	  	  <ICY	  PLANETS	  >	  
(0.1	  -‐	  10	  ME)	  	   	   	  Mars/Venus-‐type	  	  l 	   	   	  Titan-‐type	  

	   	   	   	  (CO2,	  N2,	  CO,	  H2O) 	  	  l 	   	   	  (N2,	  CH4,	  CO)	  
	   	   	   	   	  Earth-‐type 	   	  	  l	  	  
	   	   	   	  (N2,O2+H2O	  ocean)	  	  	  	  	  	  	  l	  
	   	   	   	   	  	  	  

Giant	  Exoplanet	  	  	  	  	  	  <HOT	  JUPITERS> 	  	  l 	  <	  GASEOUS	  >	  	  <ICY	  GIANTS> 	  	  	  	  	  	  	  	  	  	  	  
(10	  -‐	  1000	  ME) 	  	   	   	   	   	   	  	  l 	  	  	  	  	  GIANTS 	   	   	   	   	   	   	  

	   	  	  
	   	   	   	   	   	   	   	   	  	  l 	  Jupiter-‐type 	  Neptune-‐type 	  	  
	   	   	   	  	  	  	  H2,CO,N2,H2O 	   	  	  l 	  H2,CH4,NH3,H2O 	  	  H2,CH4	  
	   	   	   	   	   	   	  	  	  	  SNOW	  LINE,	  T	  =	  180	  K	  
	   	  	  	  	  	  	  	  	  	  	   	   	   	  NB:	  Very	  simple	  model	  	  

	  	   	   	   	  (Sta+c	  model	  at	  thermochemical	  equilibrium,	  no	  migra+on)	  

What	  kind	  of	  atmosphere	  can	  we	  expect?	  
	   	   	   	  (Solar-‐type	  star)	  
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Exoplanets:	  Which	  atmospheric	  composi+on?	  
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Leconte, 2014) and we briefly describe in the following paragraphs the possible origins of the various 
scenarios.  

 
Figure 3: Schematic summary of the various classes of atmospheres as predicted by Leconte, Forget & 
Lammer (2014). Only the expected dominant species are indicated, other (trace) gases will be present.  Each 
line represents a transition from one regime to another, but these “transitions” need tight calibrations from 
observations. Interestingly, many atmospheric-regime transitions occur in the high-mass/high-temperature, 
domain, which is exactly where EChO is most sensitive.  

H/He dominated − Hydrogen and helium being the lightest elements and the first to be accreted, they can 
most easily escape. The occurrence of H/He dominated atmospheres should thus be limited to objects more 
massive than the Earth. Because giant planets play a pivotal role in shaping planetary systems (e.g. Tsiganis 
et al. 2005, Turrini, Nelson, Barbieri, 2014), determining precisely their internal structure and composition is 
essential to understand how planets form. In particular, the abundances of high-Z elements compared to the 
stellar values and the relative ratios of the different elements (e.g. C, N, S) represent a window on the past 
histories of the extrasolar systems hosting the observed planets.  

In the Solar System, none of the terrestrial planetary bodies managed to accrete or keep their primordial 
H/He envelope, not even the coldest ones which are less prone to escape. The presence of a large fraction of 
primordial nebular gas in the atmosphere of warm to cold planets above a few Earth masses should be fairly 
common. However, being more massive than that is by no means a sufficient condition: some objects have a 
bulk density similar to the Earth up to 8-10 MEarth. Possibly planets forming on closer orbits can accrete less 
nebular gas (Ikoma & Hori, 2012), or hotter planets exhibit higher escape rates.  

Thin silicate atmospheres − For very hot or low mass objects (lower part of Figure 3), the escape of the 
lightest elements at the top of the atmosphere is a very efficient process. Bodies in this part of the diagram 
are thus expected to have tenuous atmospheres, if any. Among the most extreme examples, some rocky 
exoplanets, such as CoRoT- 7 b or 55 Cnc e, are so close to their host star that the temperatures reached on 
the dayside are sufficient to melt the surface itself. As a result some elements, usually referred to as 
“refractory”, become more volatile and can form a thin “silicate” atmosphere (Léger et al., 2011). Depending 
on the composition of the crust, the most abundant species should be, by decreasing abundance, Na, K, O2, O 
and SiO. In addition, silicate clouds could form.  

H2O/CO2/N2 atmospheres − In current formation models, if the planet is formed much closer to –or even 
beyond– the snow line1, the water content of the planetesimals could be significantly large and tens to 
thousands of Earth oceans of water could be accreted (Elkins-Tanton, 2011). This suggests the existence of a 
vast population of planets with deep oceans (aqua-planets) or whose bulk composition is dominated by water 
(Ocean planets (Léger et al., 2004)). Another source of volatiles are the planetesimals that accrete to form the 
bulk of the planet itself. These will be the major sources of carbon compounds (mainly CO2 and possibly 
CH4), water (especially if they formed beyond the snow line), and, to a lesser extent, N2/NH3 and other trace 
gases. In the case of rocky planets, their low gravity field leads to H2 escape. On a much longer, geological 
timescale, the volatiles that remained trapped in the mantle during the solidification can be released through 

                                                        
1 Snow line: distance from a central protostar at which ice grains can form. This occurs at temperatures of ~ 150-170 K 
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Figure 5: Schematic summary of the various class of atmospheres. Each line represent a transition from one
regime to another, but note that these "transitions" are in no way hard limits. Only the expected dominant
species are indicated, but other trace gas should of course be present.
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Three main classes of atmospheres: 
 - (1) H/He dominated (massive planets)  
 - (2) Thin silicate atmospheres(rocky planets) 
 - (3) H2O/CO2/N2 atmospheres (formation close to the snow line)  

(1)          
 
                 (3) 
 
 
 
 
                   
                               (2) 

Forget & Leconte 2014 
Leconte et al 2014 
Tinetti et al 2014 



Transit	  spectroscopy	  of	  an	  exoplanet:	  
An	  emerging	  field	  

•  Primary	  transits	  
–  Transmission	  spectroscopy	  
–  Probes	  the	  upper	  atmosphere	  	  
	  	  	  	  	  at	  terminator	  	  

•  Secondary	  transits	  
–  Direct	  	  emission	  (reflected	  or	  thermal)	  
–  	  Probes	  the	  dayside	  of	  the	  atmosphere	  

–  Present	  observa+onal	  means:	  mostly	  space	  (HST,	  Spitzer)	   	   	  
	  +	  	  ground-‐based	  	  observa+ons	  

–  2	  main	  targets	  HD209458b	  and	  HD189733	  b	  +	  others	  

4. OBSERVATIONAL STRATEGY & REQUIREMENTS 9

Solar neighbourhood and in the Milky Way as a whole
4. They range in mass from about 0.5 M� to less than
0.1 M�, with associated reductions in heat and bright-
ness. The sheer abundance of M dwarfs throughout our
Galaxy ensures that a large fraction of exoplanetary sys-
tems will be centred on red suns. To date, radial veloc-
ity searches have detected 17 planetary systems around
M stars. As a group, these systems harbour lower-mass
planets orbiting at smaller semi-major axes than those
around Sun-like stars, supporting the premise that sys-
tem architecture scales roughly with stellar mass and
thus with spectral type.

Given their meagre energy output, the habitable
zones of M dwarfs, like their ice lines, are located much
closer to the primary than those of more massive stars
(Fig. 1). While 0.10 AU and 0.19 AU are reasonable
numbers for the inner and outer boundaries of the habit-
able zones of larger M dwarfs, with masses of about 0.4
M� (e.g., GJ 436), the corresponding boundaries shrink
to about 0.024-0.045 AU for the smallest members of
the class, with masses of about 0.1 M�

55. This works
in EChO’s favour, as the short orbital period (ranging
from one week to one month depending on the M type)
will allow the observation of several tens (or even hun-
dreds for late M) of transits during the life-time of the
mission. The observation of the atmosphere of a ter-
restrial planet in the habitable zone of F, G, K type of
star would, by contrast, be impractical with the transit
technique. E.g. one could only afford to observe 3 to
5 transits in the lifetime of the mission for a terrestrial
planet in the habitable zone of a Sun type star (one tran-
sit every calendar year!), way too little time to retrieve
a useful spectrum with appropriate S/N.

4 Observational strategy &
requirements
4.1 Observational techniques used by
EChO
EChO will probe the atmospheres of extrasolar planets
combining three techniques, making use of a) planet
transits, b) secondary eclipses, and c) planet phase-
variations, of which the latter will also be used for non-
transiting planets. In all cases, instead of spatially sepa-
rating the light of the planet from that of the star, EChO
uses temporal variations to extract the planet signal.
a) Transmission spectroscopy When a planet par-
tially eclipses its host star, star-light filters through the
planet’s atmosphere, adopting a spectral imprint of the
atmospheric constituents. By comparison of in-transit
with out-of-transit observations, this planet absorption
is distilled from the absorption spectrum of the host
star12,70,86. Transmission spectroscopy probes the high-
altitude atmosphere at the day/night terminator region
of the planet. Typically, absorption features scale with
the atmospheric scale-height, which mainly depends on

Figure 5: Optical phase curve of the planet HAT-P-7b observed by
Kepler 11 showing primary and secondary transit measurements.

the temperature and mean molecular weight of the at-
mosphere. The first successes of exoplanet transmis-
sion spectroscopy were in the UV and optical16,65,76,92,
and have recently been extended to the near- and mid-
infrared3,7–9,38,80,87,88.
b) Secondary eclipse spectroscopy When a planet
moves behind its host star (the secondary eclipse), the
planet is temporarily blocked from our view, and the
difference between in-eclipse and out-of-eclipse ob-
servations provides the planet’s dayside spectrum. In
the near- and mid-infrared, the radiation is dominated
by thermal emission, modulated by molecular fea-
tures17,23,79–82,84. This is highly dependent on the verti-
cal temperature structure of the atmosphere, and probes
the atmosphere at much higher pressure-levels than
transmission spectroscopy. In the optical the planet
spectrum is dominated by Rayleigh and/or Mie scatter-
ing of stellar radiation. For the latter, clouds can play
an important role.
c) Planet phase-variations In addition, during a
planet’s orbit, varying parts of the planet’s day- and
night-side are seen. By measuring the minute changes
in brightness as a function of orbital phase, the longi-
tudinal brightness distribution of a planet can be de-
termined. Since the typical time scale of these phase-
variations largely exceeds that of one observing night,
these observations can only be conducted from space.
However, they can also be performed on non-transiting
planets22. Phase-variations are important in under-
standing a planet’s atmospheric dynamics and the redis-
tribution of absorbed stellar energy from their irradiated
day-side to the night-side. Ground-breaking infrared
8µm Spitzer observations of exoplanet HD189733b
have shown the night-side of this hot Jupiter to be
only �300 K cooler than its day-side38, implying an
efficient redistribution of the absorbed stellar energy.
These same observations show that the hottest (bright-
est) part of this planet is significantly offset with respect
to the sub-stellar point, indicative of a longitudinal jet-
stream transporting the absorbed heat to the night-side.
Towards the optical wavelength regime, an increasing
contribution from reflected light is expected (as with

Primary       Secondary 
Transit       Transit 
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Amplitude	  of	  the	  absorp2on:	  
A	  ~	  5	  x	  [2RpH/R*2]	  	  
H	   	  =	  RTe/µg	  
g	   	  =	  GMP/RP2	  	  

	  =	  25	  MJ/RP2	  (Jovian	  units)	  
Te	  =	  (1-‐a)0.25	  x	  331.0	  x	  [T*/5770.]	  x	  R*0.5/D0.5	  

µ 	  =	  2.4	  (for	  a	  H2-‐He	  atm.)	  
-‐>	  A	  =	  1.4	  x	  10-‐6	  x	  RP	  x	  H/R*2	  
-‐>	  Favourable	  for	  hot,	  inflated	  Jupiters	  
(typically	  a	  few	  10-‐4)	  
	  
Detec2on	  of	  atmospheric	  species	  (always	  in	  absorp2on):	  	  	  
Na,	  K,	  H,	  Cs,	  haze	  (visible,	  HST)	  
H2O,	  CO,	  CO2,	  CH4	  (IR,	  HST	  +	  Spitzer)	  
	  	  
	  

I	  =	  Io	  e-‐τ	


<- Observer               Planet           Star 
->   
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Fig. 2a Fig. 2b

Fig. 2.—Modeled spectral absorptions of H2O and CO in the atmospheres of (a) HD 189733b and (b) HD 209458b during their transits. Solid line: Standard
case, C/O ratio p solar (Fig. 1a). Dashed line: CO is overabundant and H2O underabundant by a factor of 10. Dotted line: The opposite. Open triangles, squares,
and rhombi indicate the spectral absorptions averaged over Spitzer IRAC, IRS, and MIPS bandpasses. Only in the 4.5 mm band, where CO shows a strong
absorption, do the triangle and rhombus overlap.

TABLE 1
Calculated Absorptions Averaged over IRAC,

IRS, and MIPS Bandpasses

HD
C/O
Ratio 3.6 mm 4.5 mm 5.8 mm 8 mm 16 mm 24 mm

189733b . . . . . . !Solar 2.953 2.970 3.004 3.001 3.006 3.024
189733b . . . . . . Solar 2.930 2.959 2.978 2.974 2.977 2.992
189733b . . . . . . 1Solar 2.905 2.961a 2.960 2.952 2.957 2.973
209458b . . . . . . !Solar 1.715 1.734 1.773 1.770 1.776 1.796
209458b . . . . . . Solar 1.690 1.722 1.746 1.741 1.747 1.766
209458b . . . . . . 1Solar 1.663 1.725a 1.724 1.714 1.720 1.738

Note.—We recall that 2.85% and 1.6% are the nominal absorptions due to
the optically thick disks at 1 bar atmospheric level.

a C/O ratio is above solar and CO strongly contributes in the 4.5 mm IRAC
band.

imum of 0.014% in the 15–30 mm range (Fig. 3b). Analogous
results are obtained for HD 209458b.

4. DISCUSSION

In our model we did not include the contribution of hazes or
clouds (Ackerman & Marley 2001; Lunine et al. 1989; Fortney
et al. 2005). Due to their presence, the atmospheric optical depth
might increase, partially masking the absorption features due to
atmospheric molecules. In the case of water vapor and CO, only
clouds/hazes lying at altitudes higher than 1 bar might affect our
results. Predictions of cloud/haze are particularly difficult for
EGPs, since the few observations we have are not sufficient to
constrain all the microphysics parameters.Moreover, the planetary
limb observable during the star occultation might show the sig-
natures of both the night and day side of those planets, which are
presumably tidally locked (Iro et al. 2005). The thermal profiles,
hence the condensate dynamics, might be very different on the
two sides. Consequently, a more complete model able to predict
cloud and haze location and optical characteristics, should contain
a 3D dynamical simulation of the atmosphere. In this Letter we
limit our simulations to the cloud-haze–free atmosphere, with the
caveat that they might be perturbed by the possible presence (con-
stant or variable) of optically thick particles in the atmosphere
above 1 bar pressure.
The same considerations are valid for the thermal profiles. An

extensive literature is available on profiles for EGPs at pres-T-P
sures from ∼1 bar to 10 to 10 bars, most recently including!4 !6

3D dynamical effects (Showman & Guillot 2002; Iro et al. 2005;
Cho et al. 2006; Burrows et al. 2006). For transmission spec-
troscopy in the MIR, we also need to consider the contribution
of the upper atmosphere. The profiles calculated by Tian etT-P
al. (2005) and Yelle (2004) suggest that the trend for the atmo-
spheric temperature is to increase in the exosphere. For our sim-
ulations, we use a profile compatible with the lower atmo-T-P
sphere models cited above up to 10 to 10 bars, and then we!3 !4

consider three cases: the atmospheric temperature decreases up
to 10 bars (standard profile), and the atmosphere is isothermal!10

(hot, very hot profiles). Our results show that the differences
among the spectra calculated with the three profiles are within
0.009% for mm and within 0.014% at longer wavelengths,l ≤ 14

so we are confident that our simulations will not significantly
change using a more refined thermal structure.
Our model atmospheres extend to 10 bars, where nonlocal!10

thermodynamic equilibrium (non-LTE) effects might occur
(Kutepov et al. 1998). However, if we truncate our calculations
to 10 bars, we obtain a maximum error of ∼0.02% at 30 mm!5

(no discrepancy for wavelengths shorter than 20 mm), indicating
that our calculated absorptions in the LTE regime are correct
at first-order approximation.
To detect the presence of H2O and CO on HD 189733b and

HD 209458b in the MIR, an extra absorption of ∼0.15% is
expected to be added to the 2.85% and 1.6% due to the optically
thick disks at 1 bar atmospheric level. To estimate the chemical
abundances, an accuracy of at least 0.03% is needed. By in-
spection of the relative absorption of the IRAC 4.5 mmbandpass
with respect to the others, we might be able to infer the C/O
ratio, but in this case an extremely high S/N is required. HD
189733 is a bright K0 V star of magnitude . We es-K p 5.5
timate the brightness in the four IRAC bands to be of the order
of 1850, 1100, 730, and 400 mJy at 3.6, 4.5, 5.8, and 8 mm,
respectively. For HD 209458, a G0 V star with K-magnitude
of 6.3, the IRAC predicted fluxes are 878, 556, 351, and
189 mJy. According to these numbers, a better S/N should be
obtainable for HD 189733b (Deming et al. 2006), and this
makes HD 189733b a better candidate for observations.

      HD189733b               HD209458b 
 
 

         G. Tinetti et al.   ApJ 2007 

Synthetic transmission spectra of hot Jupiters 



Swain, Vasisht, Tinetti, Nature, 2008

Primary transit, HD189733b – Data: HST NICMOS 



Secondary	  transits	  	  
•  The	  dayside	  of	  the	  planet	  is	  observed	  directly	  

	  
•  In	  the	  case	  of	  hot	  exoplanets,	  the	  thermal	  
component	  dominates	  beyond	  1µm	  
–  >	  Two	  possible	  approxima+ons	  in	  the	  thermal	  regime:	  
–  ρ1	  =	  [RP/R*]2	  x	  [Te/T*]4	  	  (λ	  =	  1-‐2	  µm)	  (a	  few	  10-‐4)	  
–  ρ2 = [RP/R*]2 x [Te/T*]  (λ > 20 µm) (a few 10-3) 

–  > Favourable for hot and massive planets 
transiting low-mass stars 

–  NB: For interpreting the thermal emission, the thermal 
profile must be known 
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Secondary transit, HD189733b – Data: HST/Spitzer 

Tinetti & Griffith, 2010 



First	  results	  from	  transit	  spectroscopy	  on	  hot	  Jupiters:	  
1.	  Temperature	  inversion	  in	  some	  hot	  Jupiters	  	  

	  	  	  2.	  	  Departure	  from	  thermochemical	  equilibrium	  

14 5. SCIENCE RETURN

Figure 13: Predicted mole fractions for major H, C, O, N species on GJ 436b, assuming thermochemical equilibrium (left) or considering
thermochemical and photochemical kinetics and transport (right) from 1-D models 59. The models assume a solar composition, a dayside-
average thermal structure and an eddy diffusion coefficient of 109 cm2 s�1. Differences in the results for the kinetics/transport models are
then due largely to the thermal structures of the planets, with secondary effects resulting from different ultraviolet fluxes from the parent
stars. Results will also be sensitive to the assumed metallicity of the planet and to the eddy diffusion coefficient profiles. In general, the
cooler the exoplanet, the more important disequilibrium processes are likely to be. This trend is especially true for planets like GJ 436b that
orbit close to weaker M stars such that the temperature structure lies within the CH4 stability field rather than the CO stability field. The
carbon-hydrogen bond in CH4 is much weaker than the carbon-oxygen bond in CO, helping to free up carbon for disequilibrium processes.
Complex hydrocarbons and nitriles may be produced on such planets (see Moses et al. 59, Zahnle et al. 98)

enough that energy barriers to kinetic reactions
are difficult to overcome, so that chemical kinetic
time scales can become large. If the vertical trans-
port time scales drop below the chemical kinetic
time scales, the mole fractions of some spectro-
scopically important species may be “quenched”
or frozen in at abundances representative of deeper
pressure levels62, leading to disequilibrium com-
positions in the observable regions of the exo-
planet atmosphere.

2. In the second process, the energy delivered from
the absorption of stellar ultraviolet radiation can
excite atmospheric molecules or break chemical
bonds, setting off a series of chemical reactions
that lead to the production of disequilibrium con-
stituents96. For giant planets close to their host
stars, this disequilibrium photochemical mecha-
nism is a particularly effective process46–48,97,98,
as long as atmospheric temperatures are not so
high as to drive the composition back to equilib-
rium.

The relative importance of thermochemical equilib-
rium, photochemistry, and transport-induced quench-
ing in controlling the observed composition largely de-
pends on the planet’s thermal structure, which in turn
depends on the planet’s orbital distance and metallic-
ity and the host star’s luminosity and stellar type. The
host star’s chromospheric activity level and the overall
UV flux incident on the planet can also affect the pho-
tochemistry, but properties like planetary mass or ra-
dius play less of a role. The importance of the thermal
structure in controlling chemistry is illustrated in Figs.
14, 13, which show that the thermal structures of differ-
ent Jupiter- or Neptune-mass planets can lie within very
different thermochemical equilibrium regimes, effect-

Figure 14: The possible presence of a strong thermal inversion on
the dayside 13 may drive the chemistry back to equilibrium despite
the strong UV flux incident on the planet. Disequilibrium processes
on cooler planets like HD 189733b that orbit a fainter K2V star are
expected to be more important 48,59, due to the more sluggish rates of
the chemical processes driving the composition back toward equi-
librium. Some key molecules like CO, H2O, and CO2 may have
vertical profiles that remain close to equilibrium predictions on on
these cooler “hot Jupiters” like HD 189733b, but transport-induced
quenching may allow CH4 and NH3 to be much more abundant in
the few bar to few mbar region than is expected based on equilib-
rium, and photochemistry might lead to the production of nitriles
like HCN and unsaturated hydrocarbons like C2H2 that can affect
spectral behaviour at visible and infrared wavelengths59..

ing not only the equilibrium composition but the effec-
tiveness of disequilibrium processes like photochem-
istry.

5.2 Upper Atmosphere
Within our own solar system, the upper atmospheres
of Gas Giants Jupiter and Saturn, both of which have
been explored over recent decades both from Earth
and from in-situ orbiting satellites, have been found to
form regimes of complex interaction between the atmo-

HD	  189733b:	  CO,	  N2	  expected…	  but	  CH4,	  H2O,	  NH3	  observed	  
HD	  209458b:	  CO,	  N2	  expected…	  but	  CH4,	  CO2	  observed	  

	   	   	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  EChO	  Proposal,	  Fig.	  14	  	  	  
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2.4.1 The chemistry of gaseous planets’ atmospheres 
(i) The relative importance of thermochemical equilibrium, photochemistry, and transport-induced 

quenching in controlling the atmospheric composition of gaseous exoplanets largely depends on the 
thermal structure of the planets. Transport-induced quenching of disequilibrium species allows species 
present in the deep atmosphere of a planet to be transported upward in regions where they should be 
unstable, on a time scale shorter than the chemical destruction time. The disequilibrium species are then 
“quenched” at observationally accessible atmospheric levels. In the solar system, this is the case, in 
particular, for CO in the giant planets, as well as PH3 and GeH4 in Jupiter and Saturn (Encrenaz, 2004). 
Another key process, which also leads to the production of disequilibrium species, is photochemistry 
(Yung & DeMore, 1999). The energy delivered by the absorption of stellar UV radiation can break 
chemical bonds and lead to the formation of new species. In the solar system, the photochemistry of 
methane is responsible for the presence of numerous hydrocarbons in the giant planets. In the case of 
highly irradiated hot Jupiters, these disequilibrium species are expected to be important. In some of the 
known hot-Jupiters, CH4 and NH3 are expected to be enhanced with respect to their equilibrium 
abundances due to vertical transport-induced quenching. These species should be dissociated by 
photochemistry at higher altitude, leading, in particular, to the formation of C2H2 and HCN on the day 
side (Moses et al., 2011, Venot et al., 2012). EChO can address these open questions, by deriving the 
abundances of both key and minor molecular species, with mixing ratios down to 10-5 to 10-7 (Figure 6), 
temporally and spatially resolved in the case of very bright sources (see 2.3.2.3).  

(ii) Chemistry and dynamics are often entangled. Agúndez et al. (2012, 2014) showed that for hot-Jupiters, 
for instance, the molecules CO, H2O, and N2 and H2 show a uniform abundance with height and 
longitude, even including the contributions of horizontal or vertical mixing. For these molecules it is 
therefore of no relevance whether horizontal or vertical quenching dominates. The vertical abundance 
profile of the other major molecules CH4, NH3, CO2, and HCN shows, conversely, important differences 
when calculated with the horizontal and vertical mixing. EChO spectroscopic measurements of the 
dayside and terminator regions would provide a key observational test to constrain the range of models 
of the thermochemical, photochemical and transport processes shaping the composition and vertical 
structure of these atmospheres.   

 
Figure 6: Steady-state composition of HD 209458b (left) and HD 189733b (right) calculated with a non-
equilibrium model (colour lines), compared to the thermodynamic equilibrium (thin black lines) (Venot et al. 
2012). For HD 189733b, one can clearly notice the higher sensitivity to photolyses and vertical mixing, with 
all species affected, except the main reservoirs, H2, H2O, CO, and N2. Since the atmosphere of HD209458b is 
hotter, it is mostly regulated by thermochemistry. The EChO Origin survey would measure these differences 
by deriving the abundances of both key and minor molecular species, with mole fractions down to 10-5 to 10-7 

(see Section 3.2.2 and 3.2.3). 

2.4.2 Energy Budget: heating and cooling processes 
(i)  Albedo and thermal emission. The spectrum of a planet is composed mainly of reflected stellar light and 

thermal emission from the planet; the measurement of the energy balance is an essential parameter in 
quantifying the energy source of dynamical activity of the planet (stellar versus internal sources). The 
Voyager observations of the Giant Planets in the Solar System have allowed an accurate determination of 
the energy budget by measuring the Bond albedo of the planets (Jupiter: Hanel et al., 1981; Saturn: 
Hanel et al, 1983; Uranus: Pearl et al, 1990; Neptune: Pearl & Conrath, 1991). EChO extends these 

Departure from thermochemical equilibrium: 
1.  Photolysis  
2.  Vertical mixing  

 
HD209458B         HD189733b 
 
 
Venot et al. 2012 



An example of photochemistry in the giant planets: 
     Hydrocarbons in Neptune 

CH4    C2H6   C2H2 

ISO-SWS 



An example of vertical mixing in the giant planets: 
     PH3 in Jupiter and Saturn 

     CH4 
(emission) 

CH3D, PH3       NH3 
 (absorption) 

 C2H6 
(emission) 

PH3 (absorption) 

Jupiter 
 
 
Saturn 

PH3 is stronger in Saturn because the vertical mixing is stronger 



Spectroscopy	  of	  an	  exoplanet	  

•  Reflected	  starlight	  component	  (UV,	  visible,	  near-‐
IR)	  
–  Albedo	  is	  about	  0.3	  for	  most	  of	  solar-‐system	  planets	  
–  Absorp+on	  lines	  or	  bands	  in	  front	  of	  stellar	  blackbody	  
	  	  

•  Thermal	  component	  (IR,	  submm	  &	  mm)	  
–  Mostly	  depends	  upon	  the	  temperature	  of	  the	  emiwng	  region	  
–  Emission	  lines	  in	  the	  stratosphere,	  absorp+on	  lines	  in	  the	  	  
troposphere	  (func+on	  of	  T(P))	  

	  	  
	  	  
	  



Reflected stellar light vs thermal emission - Solar-type stars 

D = 0.05 AU (Te = 1200 K) 

D = 1 AU 
(Te = 300 K) 
(Earth) 

D = 5 AU 
(Te = 130 K) 
(Jupiter) 

D = 20 AU 
(Te = 50 K) 
(Uranus) 

   0.3 µm      1.0 µm   3.0 µm       10 µm    30 µm      100 µm 
 
Solar-type stars:  At 0.05 AU, the thermal radiation dominates even at 1 µm 

     At 1 AU, both radiations are equal around 3 µm 

Stellar reflected  
radiation 

Thermal  
emission 
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Reflected	  stellar	  light	  vs	  thermal	  emission:	  M-‐type	  stars	  

D	  =	  0.05	  AU	  (Te	  =	  628	  K)	  

D	  =	  0.1	  AU	  (Te	  =	  444	  K)	  
	   	  	  	  	  	  	  	  D	  =	  1	  AU	  (Te	  =	  102	  K)	  

D	  =	  5	  AU	  (Te	  =	  63	  K)	  

albedo	  =	  0.3	  

     0.3 µm      1.0 µm    3.0 µm        10 µm     30 µm        100 µm 
 
  M-type stars:     At 0.05 AU, the thermal radiation dominates above 1.5 µm 

            At 1 AU, both radiations are equal at 8 µm 



Thermal	  structure	  of	  planetary	  atmospheres	  

Mars,	  Venus:	  no	  stratosphere	  
	  
Earth	  (O3	  layer),	  	  
Giant	  planets,	  Titan	  	  
(CH4,	  hydrocarbons):	  
Stratosphere	  -‐>	  	  
Temperature	  inversion	  



  The IR spectrum of Mars (ISO-SWS) 

            Spectral signatures: CO2, H2O, CO  

H2O 

CO2 CO2 

CO 
CO2 

Lellouch et al., 2000 

Hydrated  
silicates 

CO2 

Reflected       Thermal 
Component       Component 



The spectrum of Mars in the thermal IR (5-50 µm) 
Hanel et al., 1992 

Thermal emission: the case of Mars 

Equatorial region 
Tatm < Ts -> CO2 absorption band 

Polar region 
Tatm > Ts -> CO2 emission band 

50 µm     15 µm   10 µm        5 µm
     

CO2 

CO2 



The atmosphere of two giant planets:  
  The thermal component     

       Jupiter & Saturn  -  ISO-SWS 

CH4 

CH3D, PH3       NH3 

C2H6 

Jupiter 
 
 
 
 
 
 
 
 
 
 
Saturn PH3 

    Emission 
(stratosphere) 

  Absorption 
(troposphere) 

Les planètes géantes  - profil thermique, nuages -

Uranus

Neptune

CH4
H2S

NH4SH
H2O

Jupiter

Saturne

NH4SH
H2O

NH3

Knowing the thermal profile is essential for identifying molecules 



How	  to	  op+mize	  the	  spectroscopy	  of	  
exoplanets?	  

•  The	  IR	  range	  is	  best	  suited	  for	  analysing	  neutral	  species	  
–  UV,	  visible	  -‐>	  atoms,	  ions,	  radicals	  

•  Include	  both	  reflected	  &	  thermal	  regimes	  
–  >	  Allows	  to	  remove	  the	  T(P)	  degeneracy	  
–  >	  In	  the	  thermal	  range:	  [Planet/Star]	  flux	  ra+o	  increases	  with	  λ	

–  >	  Best	  choice	  :	  1	  -‐20	  µm  	  

•  Observe	  several	  bands	  of	  the	  same	  molecule	  
–  >	  Different	  band	  strengths	  probe	  different	  atmospheric	  levels	  

•  Separate	  adjacent	  components	  of	  a	  given	  molecular	  band	  
–  >	  Constraint	  on	  the	  resolving	  power	  



An	  inventory	  of	  expected	  signatures	  	  
	   	  	   	   	  	   	   	  	   	   	  	  1-‐5	  µm	  	  	  	  	  	  	  	  	   	  	   	  	  	   	   	  6-‐30	  µm	  

	   	   	  	  
•  H2O 	   	   	   	   	  1.38,	  2.69	   	   	   	   	   	  6.2,	   	  >20 	  	  
•  CO2	   	   	   	   	   	  1.44,	  2.0,	  4.25 	   	   	   	  15.0	  
•  CO 	   	   	   	   	   	  2.35,	  4.7	  
•  CH4	   	   	   	   	   	  1.65,	  2.2,	  3.3 	   	   	   	  7.7	  
•  C2H2 	   	   	   	   	  3.0	   	   	   	   	   	   	   	  13.7	  
•  C2H6 	   	   	   	   	  3.4	   	   	   	   	   	   	   	  12.1	  
•  NH3	   	   	   	   	   	  3.0,	  6.1 	   	   	   	   	   	  10.5	  
•  HCN 	   	   	   	   	  3.0	   	   	   	   	   	   	   	  14.0	  
•  H2 	   	   	   	   	   	  2.12,	  4.5 	   	   	   	   	   	  17,	  28	  
•  H3

+	   	   	   	   	   	  2.0,	  4.0	  
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Spectral	  signatures	  of	  a	  few	  important	  molecules	  	  
	   	   	   	   	  	  	  	  	  (10	  cm-‐am,	  P	  =	  1bar)	  

T	  =	  300	  K	  
	  
	  
	  
	  
	  
	  
T	  =	  1200	  K	  

H2O	  
CO	  
CO2	  
CH4	  
NH3	  



E xoMol: molecular line lists 3

F ig u r e 2. A bsor p t ion sp ec t r a of H 2 O gi ven by B T 2 ( B a r b er e t al. 2007) for T = 300, 1000, a n d 2500 K .

2 T H E C U R R E N T S I T U A T I O N

A st ronomers interested in molecular line lists use a number of collec ted data sources. B esides H I T R A N and G E ISA ment ioned
above, the JP L (Picke t t e t al. 1998) and C D MS (M  uller e t al. 2005) databases provide comprehensive molecular line lists
for wavelengths longer than 30 µm . However these databases are aimed at the cool interstellar medium rather than hot
sources. H I T E M P in both i ts original (Rothman e t al. 1995) and recent ly updated (Rothman e t al. 2010) edit ions carries
data appropriate for modelling molecular spec t ra at elevated temperatures, but only for ⇥ve species. K urucz has ex tended his
well-used atomic opaci ty tables with data for a number of molecules ( K urucz 2011) but the data for the ma jori ty of molecules
are approximate and the list of molecules far from comple te. Similarly there are part ial lists of diatomic opaci t ies provided
by the U G A M O P database at the Universi ty of G eorgia (see www.physast .uga.edu / ugamop / ) and the R A D E N databank at
Moscow State Universi ty (He�erlin & K uzne tsova 1999). T he SC A N database also contains line lists for a few diatomics and
triatomics (J⇤rgensen 1996). In summary, while there are a number of sources of molecular line list data, none of them can
be considered comple te, especially for work at elevated temperatures.

In their review of brown dwarf and very low mass star atmospheres, A llard e t al. (1997) found that the ma jori ty of
molecular opaci t ies available were based on sta t ist ical or similarly approximate t reatments. Indeed they quote no case where
they considered the available molecular line lists to be adequate. T his si tuat ion has improved somewhat since 1997; Tables 1
and 2 summarise what we believe to be the current si tuat ion for line lists of hot diatomic and polyatomic species respec t ively.

2.1 D i a t o m ics

Table 1 lists diatomic line lists which are published, available and fairly comple te. T hus, for example, we have omit ted the H F
line list used by U t tenthaler e t al. (2008) as there is no source for this data or, indeed, any de tails on how it was calculated.
Similarly the recent A l O line list of Launila & B erg (2011) contains accurate, measured line frequencies but no transi t ion
intensi t ies. In addit ion, the M A R CS model a tmosphere code ( G ustafsson e t al. 2008) contains unpublished molecular line
opaci t ies for a number of diatomic species.

I t is interest ing to consider some of the diatomics that have been treated. O nly in a minori ty of cases, speci⇥cally C O , O H
and N O which all form part of the H I T E M P database (Rothman e t al. 2010), have the line lists been const ruc ted essent ially on
the basis of experimental data, see for example Goorvi tch (1994) and B ernath & Colin (2009). A more typical and demanding
si tuat ion is given by T i O .

T i O is a ma jor opaci ty source in cool, oxygen-rich stars ( A llard e t al. 1997). I t is an open shell system with several
low-lying elec t ronic sta tes which can absorb at near-infrared and red wavelengths, that is close to the radiat ion peak in a cool
star. A number of theore t ical studies provided at least part ial line lists for this system (J⇤rgensen 1994; P lez 1998; A lvarez &
Plez 1998). A t the same t ime there have been several de tailed experimental spec t roscopic studies on the system ( G ustavsson
e t al. 1991; Simard & Hacke t t 1991; A miot e t al. 1995; K aledin e t al. 1995; Ram e t al. 1996). Schwenke (1998) combined
these studies and data from earlier laboratory spec t ra (L inton 1974; Hocking e t al. 1979; G alehouse e t al. 1980; B randes &
G alehouse 1985) with sta te of the art ab initio calculat ions to give a comprehensive T i O line list containing 37 million lines.

c 2012 R A S, M N R A S 000, 1–18

2 J. Tennyson and S. N. Yurchenko

Figure 1. Room temperature (T = 296 K) comparison of laboratory measured spectrum of ammonia, as taken from the HITRAN
database, with the line list calculated using program “TROVE” by Yurchenko et al. (2009).

problems with laboratory data. For example, methane was detected in HD189733b by Swain et al. (2008), who lacked the

necessary data to determine its quantity; even the presence of methane in other objects remains controversial (Stevenson et al.

2010; Beaulieu et al. 2011).

Planets and cool stars share some common fundamental characteristics: they are faint, their radiation peaks in the infrared

and their atmosphere is dominated by strong molecular absorbers. Modelling planetary and stellar atmospheres is di⇥cult as

their spectra are extremely rich in structure and their opacity is dominated by molecular absorbers, each with hundreds of

thousands to many billions of spectral lines which may be broadened by high-pressure and temperature e�ects. Despite many

attempts and some successes in the synthesis of transition lists for molecular absorbers, reliable opacities for many important

species are still lacking.

Determining line lists for hot molecules experimentally is di⇥cult because of (a) the sheer volume of data (maybe billions

of lines), (b) the di⇥culty in obtaining absolute line strengths in many cases, (c) the need to have assigned spectra in order

for the correct temperature dependence to be reproduced, (d) the need for completeness, which requires a large range of

wavelengths; even at room temperature experimental line lists are often far from complete, see Figure 1 for an example. All

this means that a purely empirical strategy is problematic. Instead the plan is to build a reliable theoretical model for each

molecule of importance, based on a combination of the best possible ab initio quantum mechanical treatment which is then

validated by and, in most cases, tuned using experimental data.

Molecular spectra, particularly for polyatomic species, rapidly become extraordinarily rich at elevated temperatures,

meaning that the data requirement for a single triatomic molecule can outstrip the entire Opacity Project dataset. Figure 2

illustrates the strong temperature-dependence of the spectrum of water which requires many millions of line to simulate

at higher temperatures. Considerable e�ort has been expended in constructing spectroscopic databases, such as HITRAN

(Rothman et al. 2009) and GEISA (Jacquinet-Husson et al. 2011), which provide lists of molecular transitions important at

about 296 K. These are appropriate for modelling the atmosphere of our planet and those of the other members of our solar

system. However the construction of accurate and complete databases for higher temperatures has been much more partial

with most high accuracy studies concentrating on a single species. The present status of this data is reviewed below.

This paper lays out the scientific foundations of a new project, called ExoMol, which aims to systematically provide line

lists for molecules of key astronomical importance. These molecules have been selected to be those most likely to be present

in the atmospheres of extra-solar planets. In practice they are of importance in many other hot astronomical environments,

particularly brown dwarfs and cool stars. The ExoMol project aims to provide a comprehensive database for these objects

too. The following section summarises the presently available line lists and illustrates the importance of these line lists by

considering some of problems they have been applied to. Section 3 considers the requirements for providing comprehensive

data. The molecules concerned are categorised on physical grounds and appropriate methodologies are suggested for each

class of problem. Section 4 gives conclusions and perspectives.

c� 2012 RAS, MNRAS 000, 1–18

The need for a high-temperature molecular database 
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Constraint on the spectral resolving power 

Molecule	   Δν	  =	  2B0	  
(cm-‐1)	  

R	  

CH4	   10	   300	  	  
(3.3	  µm)	  

CO	   3.8	   565	  
(4.7	  µm)	  

CO2	   1.6	   420	  
(15	  µm)	  

H2O	   29	   130	  	  
(2.7	  µm)	  

NH3	   20	   165	  
(3.0	  µm)	  

HCN	   3	   250	  
(13.7	  µm)	  

O3	   0.9	   1200	  
(9.7	  µm)	  

-  At high temperature, the molecular bands are strongly broadened 
-  The resolving power should allow the separation of two adjacent J-components 
-  R = 300 is OK for all molecules with 2B0 > 10 cm-1 (excludes CO and CO2)  
 (in the case of space observations) 
 

             Tinettti et al. 2013 
 

The ν3 band of CH4 (3.3 µm) 
	
  Δν = 10 cm-1 



  The ARIEL Mission 
- Cosmic Vision M4 candidate, under assessment study 
-  1-m effective diameter telescope at L2 
-  Spectral range: 2-8 µm, R = 180  
-  Method: Transit spectroscopy of 150-300 exoplanets 
-  Targets: Gas giants -> super-Earths, hot -> temperate,  
  F-> M stars 
-  3-year mission 
-  Objective: Atmospheric composition of a large  
  sample of exoplanets  

2. Science Case 

 

The ARIEL Mission Proposal Page 3 

Marley and Barnes, 2007). While this has stimulated very interesting theoretical work, the implications on e.g. 
planetary formation and evolution mechanisms are still unclear. Most likely, the different bulk densities reflect the 
different nature and size of the planet’s core, which in turn will depend on both the formation mechanism and the 
“birth distance” from the parent star. Objects lighter than ten Earth masses (super-Earths, right-hand panel of Fig. 
1) are even more enigmatic, as they can be explained in different ways (Valencia et al., 2006, 2007; Sotin et al., 
2007; Adams et al., 2008; Grasset et al., 2009). Currently, we can only guess that the extraordinarily hot and 
rocky planets CoRoT-7b, Kepler-10b, Kepler-78b and 55 Cnc-e sport silicate compounds in the gaseous and liquid 
phases [Léger et al., 2011, Rouan et al., 2011]. “Ocean planets” that have densities in between those of giant and 
rocky planets [Léger et al., 2004, Grasset et al., 2009] and effective temperatures between the triple and critical 
temperatures of water, i.e. between 273 and 647 K (e.g. GJ 1214b) may have large water-rich atmospheres. The 
“Mega-Earth”, Kepler-10c [Dumusque et al., 2014], is twice the Earth’s size but is seventeen times heavier than our 
planet, making it among the densest planets currently known.   

 
Fig. 1: Currently known exoplanets, plotted as a function of distance to the star and planetary radii (courtesy of exoplanets.org). 
The graph suggests a continuous distribution of planetary sizes – from sub-Earths to super-Jupiters– and planetary temperatures 
than span two orders of magnitude. Right: Masses and radii of transiting exoplanets (fig. from Howard et al, 2013). Coloured 
lines show mass-radius relations for a variety of internal compositions: the models cannot fully capture the variety of cases and 
break the degeneracies in the interpretation of the bulk composition. Panel on the right is a zoom-in of the one on the left. 

A breakthrough in our understanding of the planet formation and evolution mechanisms – and therefore of the 
origin of the diversity – could happen only through the observation of the planetary bulk and atmospheric 
composition of a statistically large sample of planets. Knowing what are exoplanets made of is essential to clarify, 
for instance, whether a planet was born in the orbit it is observed in or whether it has migrated a long way or what 
are the key mechanisms that govern the planetary evolution through time.  

Obviously we don't have direct access to the internal composition of an exoplanet (not even of those in the Solar 
System) to study these effects, but we do have access to the atmospheric composition of both Solar System's and 
extrasolar planets. For the atmospheric composition of planets to be our window into to their bulk composition, 
however, we need to study planets in different conditions than those in our Solar System. The planets of the Solar 
System are relatively cold: as a result, their atmospheric composition is significantly altered by condensation and 
sinking of different chemical species, both volatile and refractory. In addition, cloud formation shields the lower 
layers of the atmosphere from observation, granting us only a partial view of the region potentially accessible. By 
contrast, hot exoplanets represent a natural laboratory for chemistry and formation studies: their higher 
atmospheric temperatures limit the effects of condensation and sinking of the volatile species, thus making the 
atmospheric composition more representative of the bulk one. Hot planets allow us to investigate also exotic 
chemical regimes (Si-rich and metal-rich atmospheres) that are impossible to observe in the Solar System and offer 
us hints of the composition of the high-Z materials present in the interior of colder planets. Especially the gaseous 
ones, play a particular important role to this regard. 

Howard et al. 2013 Talk by Giovanna Tinetti on Thursday July 16 
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              A last message…. 
 
-Let’s go step by step: the spectroscopy of exoplanets will improve as in 
the case of the solar system planets 
 
-Let’s try to understand first the whole variety of exoplanets 
 

Gillett et al. 
ApJ 1969:  
First evidence for a 
thermal inversion 
 
 
 
 
 
Jupiter ISO-SWS 
1996 
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