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an expanding system of white cloud material that
was redistributed east and west by the prevailing
zonal winds. Historical records show that Saturn’s
atmosphere exhibits such planetary-scale distur-
bances approximately once per saturnian year
(29.4 Earth years), usually after the summer
solstice [heliocentric longitude Ls in the range
from 110° to 167° for previous storms (7, 8), mea-
sured from the spring equinox at Ls = 0°]. The
2010–2011 storm occurred earlier in the seasonal
cycle than usual (Ls ~ 16°), and is an exception
to the 30-year cadence [the previous equatorial
eruption occurred in September 1990 (8–12) at
Ls = 120°]. It is the first to occur at this latitude in
over a century [the last eruption at 36°N was in
1903 (7) at Ls ~ 134°], and only the sixth dis-
turbance to be recorded since 1876. However,
although previous disturbances have been inten-
sively studied in reflected sunlight (7–12), their
effect on the atmospheric thermal structure, chem-
istry, and circulation patterns has never been
measured.

We combined orbital spectroscopy (5 to
200 mm) from the Cassini spacecraft with high-
resolution Earth-based thermal imaging from
the European Southern Observatory (ESO) Very

Large Telescope (VLT) in Chile (7 to 20 mm) to
reveal the vertically coupled dynamics of the
storm system from the upper troposphere (at
pressures ranging from 70 mbar to 3 bar) to the
stratosphere (0.5 to 20 mbar). The VLT images
taken on 19 January 2011 (Fig. 1) (13) reveal
large-amplitude perturbations of the usually
quiescent thermal field between 20° and 50°N
and extending from east to west over an entire
hemisphere (140,000 km at 40°N) 45 days after
the onset of the disturbance. Cooler tempera-
tures were due to vertical upwelling and adiabatic
cooling of air parcels (typical of Saturn’s zones in
the upper troposphere), whereas warmer temper-
atures were due to subsidence. The VLT images
are centered on a compact cold oval (79 T 2 K at
100 mbar, 4000 × 5500 km in size T 800 km)
near 41°N, 314°W, which appeared bluish-white
in visible imaging andwas surrounded by a collar
of white clouds (Fig. 1, B and C). Thermal con-
trasts in Fig. 1D are consistent with a newly
formed anticyclonic vortex in geostrophic balance
whose peripheral velocity decreases with altitude.
The central latitude of the disturbance, near the
peak of a weak westward jet (39°N), had been
previously identified as a region of potential dy-

namic instability and eddy activity derived from
the mean zonal flow (14) and was the site of
the highest concentration of discrete vortices
before Cassini’s arrival (15). The “storm head”
of visibly bright clouds extended 60° west of
the cold vortex (toward 15°W on January 19).
The vortex marked a distinct boundary between
warmer temperatures over the western storm head
and cooler temperatures to the east (an east-west
contrast of 5 T 2 K at 70 to 300 mbar, Fig. 1D),
and was a point of bifurcation into two cool east-
ward branches of the disturbance: a northern
branch between 42° and 48°N and a southern
branch between 31° and 38°N, separated by a
faint warm sector between 38° and 42°N. The
two cool branches, characterized by undulating
white cloud structures in visible observations,
extended eastward with the prevailing zonal flow
(15) at 32°N and 47°N (Fig. 1C). Conversely,
the compact vortex at the center of the distur-
bance propagated westward with the retrograde
jet at 39°N.

We used the VLT images to place Cassini
spectroscopic observations into their global con-
text. TheComposite Infrared Spectrometer (CIRS)
(16) obtained two nadir maps of the northern
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Fig. 1. (A) Thermal images acquired with VISIR (23) on the VLT on 19 January
2011, sensitive to Saturn’s tropospheric temperatures (10.7- and 18.7-mm, 200 to
500mbar) and stratospheric temperatures (8.6- and 12.3-mm emission frommeth-
ane and ethane, respectively, sensitive to the 1- to 10-mbar level), compared to
a visible-light RGB image from T. Barry [left, from the International Outer Plan-
ets Watch Planetary Visual Observatory & Laboratory (13) database]. The storm
clouds appear white in Saturn’s spring hemisphere (visible image), but the
disturbance is dark and cold in the thermal images and flanked in the strato-

sphere by regions of bright, warm emission. (B) Cool tropospheric brightness
temperatures at 18.7 mm are correlated with (C) albedo features in the visible.
White vertical arrows highlight the central vortex (41°N, 314°W) and the undulat-
ing features of the eastern branches. TB is the brightness temperature in kelvin.
Black horizontal arrows in (C) show the prevailing zonal wind (u) direction at each
latitude. (D) Saturn’s longitudinal temperature structure near 40°N retrieved from
the eight VLT images (7 to 20 mm). The dark vortex core at 314°W (B) can be seen
as a cold region near 100 mbar in the longitudinal temperature cross-section (D).
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Fig. 7. Mass range of heavy elements in the core (Mc) and in the enve-
lope (MZ,env) consistent with all observational constraints, for different
numbers of layers, for Jupiter (bottom right) and Saturn (upper left).
The open dots at the upper left of each region correspond to the homo-
geneous interior models. As the number of semiconvective layers in-
creases, the efficiency of convection decreases, and the heavy element
mass fraction increases to counteract the radius increase induced by the
planet’s higher internal temperature. The metals initially present in the
core are then redistributed within the envelope. For Jupiter, solutions
with no core at all (Mc = 0) can be found for the non adiabatic models
(red dots).

core mass at fixed number of layers illustrated in Fig. 7 is ob-
tained when varying the core composition from pure ice (top)
to pure rock (bottom). In Jupiter the inferred core mass is too
low for the equation of state to make a significant difference.
One could wonder why the homogeneous case is not continu-
ously recovered when α tends toward 1. This slightly counter-
intuitive effect arises because completely homogeneous models
(central core plus a fully homogeneous envelope) cannot in gen-
eral reproduce both the observed J2 and J4, at least when using
the SCvH EOS (Chabrier et al. 1992; Saumon & Guillot 2004).
Thus, if we relax the constant Z condition in the envelope, the
presence of a compositional gradient and of a smaller core ap-
pears to be the best solution for reproducing observational data,
even in the absence of any additional superadiabaticity.

For Jupiter, models can be found that match the gravita-
tional moments without the presence of a central, completely
differentiated core. These are shown as red dots on the bot-
tom right of Fig. 7). Such cases yield an atmospheric metallicity
Zatm ∼ 4−5 Z⊙. That the possible erosion of the core mass would
have been more efficient in Jupiter than in Saturn might stem
from the larger energy flux available in Jupiter (Guillot et al.
2004).

6. Prospect for giant planet evolution

While the aim of present study is to examine and to constrain
the properties of transport by semiconvection inside Jupiter and
Saturn at the present time, the impact of nonadiabatic interiors

Table 3. Heavy element content for Jupiter and Saturn inferred from the
various models consistent with the observational constraints within the
quoted observational uncertainties.

Jupiter Saturn
Region Amount of heavy elements (M⊕)

Homogeneous model
Envelope 36 4.7
Core 3.9 25.6
Total 40 30.3

Semiconvective models
Envelope 41–63.5 10–36
Core 0–0.5 10–21
Total 41–63 26–50

on the cooling of these planets, and of giant planets in general,
remains to be explored. This requires more cumbersome evo-
lutionary calculations, for which initial conditions will be cru-
cial, as will be explored in a forthcoming study. Evolution will
add an additional constraint, namely that the planet cooling rates
yield the correct properties at the age of the solar system, which
will put more stringent constraints on the range of possible layer
sizes/numbers. Without going into such detailed calculations,
however, the following points can be mentioned.

6.1. Merging of the layers

As mentioned in Sect. 4, soon after they form, layers are ex-
pected to merge, leading to thicker layers, until the layer height
reaches either the planet size, yielding a standard adiabatic in-
terior, or an equilibrium value, which is the semiconvective
case considered here. Numerical simulations by Radko (2005)
and Rosenblum et al. (2011) tend to show that the equilibra-
tion timescale of the staircase is much shorter than the typical
timescale for the evolution of the planet.

Thus, if an equilibrium height is reached, as discussed in
Sect. 4.1, this rather quick equilibration timescale suggests that
the layer size should remain roughly constant during the evolu-
tion, or change slowly with the mean properties of the medium
(e.g. the mean molecular weight gradient). Because precise pre-
scription for the height of the layers is still lacking and demands
a more precise knowledge of the heat transport properties of lay-
ered convection under astrophysical conditions, it seems reason-
able, as a first guess, to use a constant size, whose value has been
constrained in the earlier sections, throughout the evolution.

6.2. Initial heavy element distribution

Conventional models based on fully adiabatic thermal profiles
notably lead to cooling times about 15% longer than the age of
the solar system for Jupiter (Fortney et al. 2011). In principle, the
hotter non-adiabatic internal structures suggested in the present
paper will prolong the cooling and thus worsen the problem.

However, in the case of the erosion of an initially large core,
part of the gravitational work will be spent eroding the core and
mixing the material upward and will thus not contribute to the
total luminosity, thereby quickening the cooling. All these ef-
fects must be properly accounted for to determine the appropri-
ate cooling timescale.

In addition, if Jupiter and Saturn initial cores were allowed
to be relatively large (>∼10 M⊕), the corresponding high surface
density of solids in the protosolar nebula will quicken the for-
mation timescale in the conventional core accretion scenario,
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Table 2. Observed characteristics of solar system gaseous giants.

Jupiter Saturn
M p [1026 kg] 18.986112(15) 5.684640(30)
Req [107 m] 7.1492(4) 6.0268(4)
Rpol[107 m] 6.6854(10) 5.4364(10)
Prot [104 s] 3.57297(41) 3.83577(47)
T1bar [K] 165.(5) 135.(5)
Ftot [W.m−2] 5.44(43) 2.01(14)

J2 × 102 1.4697(1) 1.6332(10)
J4 × 104 –5.84(5) –9.19(40)
Zatm/Z⊙ 2–4 2–8
(Y/(X + Y))atm 0.238(50) 0.215(35)

Notes. Guillot (2005) and references therein; the numbers in parenthe-
ses are the uncertainty in the last digits of the value.

the interpolated SCvH EOS, we do not consider the effect of
a plasma phase transition, and we are thus left with only two
free parameters, namely the core mass (Mc) and the metal mass
fraction in the gaseous envelope (Zenv)6. The temperature, den-
sity, and pressure profiles of our most representative homoge-
neous models of Jupiter and Saturn are shown in Fig. 4 (solid
curves). These are composed of a solid core of mass Mc = 3.9
and 25.6 M⊕ surrounded by a H/He gaseous envelope with a con-
stant metal fraction Zenv = 0.11 for Jupiter and Zenv = 0.05 for
Saturn (summarized in Table 3). These reference models yield
interior enrichment that is consistent with previous determina-
tions (Chabrier et al. 1992; Saumon & Guillot 2004; Guillot
2005).

5.3. Inhomogeneous models

We now derive semiconvective, inhomogeneous interior mod-
els for Jupiter and Saturn. We stress that all these models are
consistent, within the observational uncertainties, with the mea-
sured gravitational moments of Jupiter and Saturn (see Table 2;
Campbell & Synnott 1985; Campbell & Anderson 1989).

An additional constraint on the outermost value of the com-
positional gradient is provided by the surface abundance of
heavy elements in the planets measured by the 1995 Galileo
Entry Probe mission. Indeed, elemental abundances of the at-
mospheres of solar giant planets are observed to differ signifi-
cantly from each other and from the solar composition, because
they are enriched by a factor ∼2–4 and ∼2–8 with respect to the
Sun’s atmosphere for Jupiter and Saturn, respectively, as shown
in Table 2 (Guillot 2005). Moreover, the planet’s total mean
abundances of H and He (X̄ and Ȳ) must recover the values of
the protosolar nebula, i.e. Ȳ/(X̄ + Ȳ) ≈ 0.275.

In our calculations, the adjustable parameters to fulfill all
these constraints are chosen to be the mass of the core (Mc),
the mean heavy element mass fraction in the gaseous envelope
(Z̄env), and the global compositional variation in the envelope
(∆Zenv, the difference between the metal mass fraction just above
the central core and the one in the atmosphere). To assess the ro-
bustness of our results with respect to the equation of state cho-
sen to describe the thermodynamics of the heavy material, we
derived several sets of models for which the composition of the
core varies from pure ice to pure rock.

6 As already found by Chabrier et al. (1992) and Saumon & Guillot
(2004), with the SCvH EOS, simple homogeneous models such as our
reference case cannot reproduce J4 to better than a few percent error.
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Fig. 4. Pressure (black), temperature (red) and density (blue) profiles as
a function of depth (expressed by the Lagrangian coordinate, i.e. the
mass m), for the reference adiabatic (solid curves) and semiconvective
(dashed curves) cases of Saturn a) and Jupiter b). The increased thermal
gradient due to the inefficient heat transport in the semiconvective case
(with Nl = 104.5 for Jupiter and 105.4 for Saturn) strongly increases
the internal temperature. This causes a partial redistribution of the core
material within the gaseous envelope.

5.3.1. Number of layers

From a macroscopic point of view, an important quantity
describing layered convection is the number of convective-
diffusive layers, Nl. This number is roughly equal to the ratio of
the size of the semiconvective zone, comparable to the planet’s
radius, R p, if this zone extends over the whole planet, to the
height of a typical convective/diffusive cell, l + δT . As shown
in Sect. 4, in the regime of interest, l + δT ≈ l, and Nl ≈ R p/l.
Because HP ≈ R p in the deep interior, the number of layers in
the planet is thus approximately equal to Nl ∼ α−1, and in the
following we always refer indifferently to either α or

Nl ≡ α−1 ≡ HP/l. (44)

As shown in Sect. 4, Nl is constrained to lie within the range
102−4 ≤ Nl ≤ 106−9. Note that, given the small size of the
diffusive-convective layers compared with the size of the planet,
the discontinuous (staircase-like) temperature and composition
profiles can be approximated well by continuous mean thermal
and compositional gradients (⟨∇T ⟩ and ⟨∇µ⟩, respectively) to de-
termine the planet’s global structure, as illustrated in Fig. 2.

This possible range of numbers of layers is further con-
strained by our numerical calculations, which show that, in or-
der to reproduce our giant planet observational constraints, no
more than ∼2.5 × 105 layers (αmin ≈ 4 × 10−6) can in reality be
present in Saturn and ∼3 × 104 (αmin3 × 10−5) in Jupiter (see
Table 1). Indeed, more layers leads to such high temperatures in
the interior that the induced mean density decrease cannot be
counterbalanced by an increase in the heavy element mass frac-
tion compatible with the observed surface abundances. This is
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an expanding system of white cloud material that
was redistributed east and west by the prevailing
zonal winds. Historical records show that Saturn’s
atmosphere exhibits such planetary-scale distur-
bances approximately once per saturnian year
(29.4 Earth years), usually after the summer
solstice [heliocentric longitude Ls in the range
from 110° to 167° for previous storms (7, 8), mea-
sured from the spring equinox at Ls = 0°]. The
2010–2011 storm occurred earlier in the seasonal
cycle than usual (Ls ~ 16°), and is an exception
to the 30-year cadence [the previous equatorial
eruption occurred in September 1990 (8–12) at
Ls = 120°]. It is the first to occur at this latitude in
over a century [the last eruption at 36°N was in
1903 (7) at Ls ~ 134°], and only the sixth dis-
turbance to be recorded since 1876. However,
although previous disturbances have been inten-
sively studied in reflected sunlight (7–12), their
effect on the atmospheric thermal structure, chem-
istry, and circulation patterns has never been
measured.

We combined orbital spectroscopy (5 to
200 mm) from the Cassini spacecraft with high-
resolution Earth-based thermal imaging from
the European Southern Observatory (ESO) Very

Large Telescope (VLT) in Chile (7 to 20 mm) to
reveal the vertically coupled dynamics of the
storm system from the upper troposphere (at
pressures ranging from 70 mbar to 3 bar) to the
stratosphere (0.5 to 20 mbar). The VLT images
taken on 19 January 2011 (Fig. 1) (13) reveal
large-amplitude perturbations of the usually
quiescent thermal field between 20° and 50°N
and extending from east to west over an entire
hemisphere (140,000 km at 40°N) 45 days after
the onset of the disturbance. Cooler tempera-
tures were due to vertical upwelling and adiabatic
cooling of air parcels (typical of Saturn’s zones in
the upper troposphere), whereas warmer temper-
atures were due to subsidence. The VLT images
are centered on a compact cold oval (79 T 2 K at
100 mbar, 4000 × 5500 km in size T 800 km)
near 41°N, 314°W, which appeared bluish-white
in visible imaging andwas surrounded by a collar
of white clouds (Fig. 1, B and C). Thermal con-
trasts in Fig. 1D are consistent with a newly
formed anticyclonic vortex in geostrophic balance
whose peripheral velocity decreases with altitude.
The central latitude of the disturbance, near the
peak of a weak westward jet (39°N), had been
previously identified as a region of potential dy-

namic instability and eddy activity derived from
the mean zonal flow (14) and was the site of
the highest concentration of discrete vortices
before Cassini’s arrival (15). The “storm head”
of visibly bright clouds extended 60° west of
the cold vortex (toward 15°W on January 19).
The vortex marked a distinct boundary between
warmer temperatures over the western storm head
and cooler temperatures to the east (an east-west
contrast of 5 T 2 K at 70 to 300 mbar, Fig. 1D),
and was a point of bifurcation into two cool east-
ward branches of the disturbance: a northern
branch between 42° and 48°N and a southern
branch between 31° and 38°N, separated by a
faint warm sector between 38° and 42°N. The
two cool branches, characterized by undulating
white cloud structures in visible observations,
extended eastward with the prevailing zonal flow
(15) at 32°N and 47°N (Fig. 1C). Conversely,
the compact vortex at the center of the distur-
bance propagated westward with the retrograde
jet at 39°N.

We used the VLT images to place Cassini
spectroscopic observations into their global con-
text. TheComposite Infrared Spectrometer (CIRS)
(16) obtained two nadir maps of the northern
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Fig. 1. (A) Thermal images acquired with VISIR (23) on the VLT on 19 January
2011, sensitive to Saturn’s tropospheric temperatures (10.7- and 18.7-mm, 200 to
500mbar) and stratospheric temperatures (8.6- and 12.3-mm emission frommeth-
ane and ethane, respectively, sensitive to the 1- to 10-mbar level), compared to
a visible-light RGB image from T. Barry [left, from the International Outer Plan-
ets Watch Planetary Visual Observatory & Laboratory (13) database]. The storm
clouds appear white in Saturn’s spring hemisphere (visible image), but the
disturbance is dark and cold in the thermal images and flanked in the strato-

sphere by regions of bright, warm emission. (B) Cool tropospheric brightness
temperatures at 18.7 mm are correlated with (C) albedo features in the visible.
White vertical arrows highlight the central vortex (41°N, 314°W) and the undulat-
ing features of the eastern branches. TB is the brightness temperature in kelvin.
Black horizontal arrows in (C) show the prevailing zonal wind (u) direction at each
latitude. (D) Saturn’s longitudinal temperature structure near 40°N retrieved from
the eight VLT images (7 to 20 mm). The dark vortex core at 314°W (B) can be seen
as a cold region near 100 mbar in the longitudinal temperature cross-section (D).
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correlation among the parameters. The opposite is true for the WFC3, whose narrow spectral range does not permit to 
separate confidently the various atmospheric parameters.   

Concerning smaller planets, the analysis of the transit spectra for the 6.5 MEarth super-Earth GJ 1214b has 
oscillated between a metal-rich or a cloudy atmosphere (e.g. Bean et al. 2010; Kreidberg et al., 2014). An 
interesting case is 55 Cnc e, a very hot super-Earth orbiting around its star in less than one day. Most recent 
observations with Spitzer/Hubble suggest a very strong thermal gradient day-night and a volatile atmosphere 
around it (Tsiaras et al., 2016; Demory et al., 2016). Further observations in a broader spectral range are 
needed to understand the history and composition of the planet (Kite et al, 2016; Hansen et al., 2015). 

Despite some early successes, current data are rather sparse – in particular, there is insufficient wavelength 
coverage and most observations were not made simultaneously. Because an absolute calibration at the level 
of 10-100 ppm is not guaranteed by current instruments, great caution is needed when one combines multiple 
datasets at different wavelengths which were not recorded simultaneously. The degeneracy of solutions 
embedded in the current transit observations (Swain et al., 2009; Madhusudhan and Seager, 2009; Lee et al., 
2012; Line et al., 2013; Waldmann et al., 2015a,b) inhibits any reliable attempt to estimate the elemental 
abundances or any meaningful classification of the planets analysed. New and better data of uniform 
calibration and quality are essential for this purpose, and most importantly we need the data for a large 
population of objects. In other words, we need ARIEL. Figure 2-9 illustrates the capabilities of ARIEL for 
recording high quality, broad wavelength spectra for a range of planetary types. In the following sections, we 
explain how we are going to accomplish these objectives and we detail the specific questions ARIEL is 
going to address. 

 

 
Figure 2-9: Simulated spectra of four exisiting planets with different sizes and temperatures as observed by ARIEL. The 
simulations were obtained with our instrument end-to-end simulator, ARIEL-Sim (Sarkar et al, 2016), see §3.2.1.1. 
Top: Transit spectrum of a hot-Jupiter similar to HD189733b, clouds are included in the simulation (left). Transit 
spectrum of a warm Neptune at 800K around a K-type star, mag. K= 7, similar to HAT-P-11b (right). Bottom: transit 
spectrum of a warm sub-Neptune, similar to GJ1214b, at 600 K around a M star, Mag K=9 (left). Eclipse spectrum of a 
hot super-Earth similar to 55-Cnc-e around a G-type star, Mag K =4. Note that the simulated spectra were generated 
assuming the current knowledge about these planetary types, which is in many cases negligible when it comes to 
atmospheric composition (right). 
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Model

uncertainties, while present, do not significantly affect our
results, especially the fits described in Section 5. To the extent
that they are affected, the error should be concentrated in the
coefficient of our fits (not the power) because to first order
these uncertainties would affect all planets equally.

First, we consider the effect of the heavy-element distribu-
tion on the structure and evolution of the planets. Considering
the two extreme cases, where the metal is either entirely
confined to a core or entirely dissolved into a homogeneous
envelope, we compared the resulting models of four repre-
sentative giant planets against our preferred models. As can be
seen in Figure 5, these different choices have a clear effect on
the inferred metal abundance, but the effect is small compared
to observational uncertainties.

To evaluate the effect of EOS uncertainty, we considered the
difference between the Saumon-Chabrier H/He EOS that we
used and the Militzer & Hubbard (2013) EOS. This EOS is
computed from DFT-MD simulations, which may be more
accurate than the semi-analytic SCvH EOS. We were unable to
use it for this work because it only covers densities up to those
found in roughly Jupiter-mass planets. Figure 12 from Militzer
& Hubbard (2013) shows that for envelope entropies typical of
older planets, the deviation in the resulting radius is about 10%.
To match this, we might require as much as 15% less metal. In
practice, the amount is somewhat lower due to next-order

effects: e.g., smaller planets evolve slower (less surface area to
emit from) and the metal EOS of the planets is unaffected by a
H/He EOS change.
To quantify this, we derived inferred metal-masses of our

planets using the Militzer–Hubbard EOS where possible. The
results for four planets are shown in Figure 6. This sample of
planets is not representative in mass because the Militzer–
Hubbard EOS does not extend to high enough pressures to
model super-Jupiters. Most of the results were fairly similar
(bottom row), but a few, generally young planets, exhibited
more significant differences. The choice of EOS matters, but is
usually a next-order effect after observational uncertainties.
As a reference, we applied our model to Jupiter and Saturn.

Since these planets have well-determined properties that
include some gravitational moments, we can use them as a
test of our model’s validity. Our inferred heavy-element mass
should resemble estimates from better-constrained models that
make use of these gravitational moments (e.g., Guillot 1999)
but the same H/He EOS. A state-of-the-art model for Jupiter in
Hubbard & Militzer (2016) favors metal masses around 22M⊕
(but note that it uses a different EOS).
As we see from Table 2, our inferred metal masses fall

within a plausible range for Jupiter and Saturn. Furthermore,
we show the errors resulting from uncertainties in mass and
radius (10% each) to demonstrate that these are the dominant

Figure 4. Plots of the inferred heavy element masses for four giant planets, using a Gaussian KDE of 10,000 samples each. The top two, HD 80606b and Kepler-16b,
have distributions typical of the sample. HAT-P-15b is one of the six planets for which more than a 1σ portion of the distribution extends below the pure H/He limit.
Each of these planets has had their lower error bars extended to zero, changes marked with a “†” on Table 1. Kepler-75b is the single planet for which only an upper
limit could be determined; its rms heavy element mass (134 M⊕) is reported as the upper error.
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Leconte et al. (2009) 
Cabrera et al. (2010) 
Miller & Fortney (2011) 
Thorngren et al. (2016)

Interior retrieval!



What are the degeneracies? 

Can ARIEL help with it?
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• Boundary conditions:

• Measured temperature

• Evolution => Atmosphere model


(Sub)stellar evolution equations



Boundary condition: measuring the atmospheric temperature
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★In principle, ARIEL could 
measure directly the 
temperature (as in SS)


★But:


➡Large uncertainties 
because you need to 
measure deep


➡Link to the internal 
adiabat less direct for 
highly irradiated planets



Guillot et al. (2010)

T. Guillot: Irradiated planetary atmospheres

Showman et al. 2009
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Fig. 6. Atmospheric temperature-pressure pro-
files for HD 209458b averaged over the dayside
hemisphere. The plain black line corresponds
to a day-side average from Eq. (49), with
fiducial values for the opacities (see Fig. 1).
Profiles resulting from visible opacities that
are increased ten fold, decreased by 1/2 and
1/4 are also indicated by dashed, dash-dotted
and dotted lines, respectively. Calculations for
the dayside from Burrows et al. (2007b) are
shown in blue, with squares indicating the in-
ferred photospheric depth of Spitzer secondary
eclipse measurements in 3 IRAC bands be-
tween 4.5 and 8 microns. Similar calculations
from Fortney et al. (2008) are indicated in red:
three calculations are shown, with two models
of TiO clouds, and without TiO and VO ab-
sorption, respectively. The envelope envelope
of all possible temperature profiles found by
Showman et al. (2009) is indicated as a shaded
region. The parameters used for the calculation
are as in Fig. 7.
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Fig. 7. Globally averaged atmospheric
temperature-pressure profiles for HD 209458b.
The plain black line corresponds to the result of
a global average over all values of µ, including
the night side (Eq. (49)). The dashed line is
a result of the isotropic approximation for an
irradiation flux averaged over the entire plan-
etary surface (Eq. (29)). These are compared
to similar calculations by Fortney et al. (2005),
Iro et al. (2005), and Barman et al. (2005).
The shaded region indicates the envelope of
all possible temperature profiles found by
Showman et al. (2009). The cross corresponds
to the outer boundary condition used by Guillot
et al. (2006) and Guillot (2008) to calculate
the evolution of the planet. The dotted line
represents the globally averaged temperature-
pressure profile obtained for a visible opacity
reduced by a factor 10 compared to our fiducial
value, and is representative of the atmospheric
conditions that would allow explaining the
evolution of HD209458b with no extra source
of heat (see text). The parameters used for
the calculation are as in Fig. 2, except I used
Tint = 300 K.

4.1. Vertical optical depth and photospheric radius

Our approximation of a planar atmosphere is equivalent to as-
suming that the pressure scale height in the atmosphere H ≡
−dr/d ln P is infinitely small compared to the planetary radius,
i.e. H/r ≪ 1. In the case of HD209458b, assuming a perfect
gas, a mean molecular weight µ = 2.3 a mean temperature
T = 1500 K and gravity g = 980 cm s−2, H = RT/µg ≈550 km,
for a planetary radius R = 94370 km. Therefore H/r ≈6×10−3

which is very small compared to other sources of uncertainties
and justifies the planar approximation. I will therefore consider
that g is constant in the atmosphere.

In what follows, I will use the following notation: X(r) will
denote a quantity that is evaluated at level r but that is assumed
constant in the atmosphere. The independent length variable in
the atmosphere will be denoted z, z = 0 corresponding to a radius
level r as measured from the planet’s center (see Fig. 8).

By definition of τ

dτ = −ρκthdz. (50)

In the context of a plane-parallel, hydrostatic atmosphere, this
can be integrated to show that

τ =
κth
g(r)

P, (51)

or equivalently to relate optical depth and altitude:

dτ
τ
= −dz

H
· (52)

Note that H is a function of g(r) (assumed constant in the at-
mosphere), but also for T (z) which can vary significantly. The
above equation can be integrated to yield

z = −H(r)θ̃(r, z) ln[τ(r + z)/τ(r)] · (53)
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Fig. 8. Geometry of the problem for the calculation of the chord optical
depth.

where θ̃(r, z) is a non-isothermal correction that is equal to

θ̃(r, z) =
1

ln[τ(r + z)/τ(r)]
1

T (r)

∫ τ(r+z)

τ(r)
T (τ′)dτ′ · (54)

In the limit of an isothermal atmosphere, θ̃(r, z) = 1. In all cases,
Eq. (53) may be used to evaluate the height difference between
a calculated level and e.g. the photospheric level τ = 2/3.

4.2. Chord optical depth & transit radius

When measuring the size of an exoplanet from a primary transit,
the level that is probed is higher than the photospheric level. It
corresponds instead to the level at which optical rays that are
grazing, at the terminator, have an optical depth close to unity
(Hubbard et al. 2001). Neglecting refraction, we thus define a
chord optical depth for this grazing incident radiation:

τch(ν, r) =
∫ +∞

−∞
ρκνds. (55)

As shown by Fig. 8, (r + z)2 = r2 + s2, hence

τch(ν, r) = 2
∫ ∞

0
ρκν

z + r
(z2 + 2rz)1/2 dz. (56)

This equation may be simplified with our plane-parallel assump-
tion (z/r ≪ 1). We further use Eqs. (50) and (53) to yield

τch(ν, r) =
κν
κth

(
2r

H(r)

)1/2 ∫ τ(r)

0

dτ
[
−θ̃(r, z) ln

(
τ(r+z)
τ(r)

)]1/2 · (57)

With a new change of variable Z = − ln[τ(r + z)/τ(r)], we get

τch(ν, r) = τ(r)
κν
κth

(
2πr
H(r)

)1/2 ∫ ∞

0

e−Z

[
πθ̃(r, Z)Z

]1/2 dZ. (58)

Using Eq. (53), we now rewrite Eq. (58) at level r + ∆z:

τch(ν, r + ∆z) = τ(r)e−∆z/H(r)θ̃(r,∆z) κν
κth

(
2πr
H(r)

T (r)
T (r + ∆z)

)1/2

×
∫ ∞

0

e−Z

[
πθ̃(r + ∆z, Z)Z

]1/2 dZ. (59)

κ
v */10κ

th *x5κ
v */5

κ
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HD 209458 b

Fig. 9. Radius of HD 209458b as a function of age for different val-
ues of the thermal and visible opacities. The fiducial values are κ∗th =
10−2 cm2 g−1, κ∗v = 6×10−3 cm2 g−1 (bottom curves). Alternative models
are found by choosing κv = κ∗v/5, κth = κ∗th/5, κv = κ∗v/10, respectively.
The dotted curves correspond to photospheric radii (τ = 2/3). The plain
curves correspond to transit radii (τchord = 2/3). The measured age and
radius of the planet (Knutson et al. 2007b) are indicated with their er-
ror bar.

The height difference between the photospheric level for which
τ(r) = 2/3 and the transit radius for which τch(ν, r+∆z) = 2/3 is:

∆z = H(r)θ̃(r,∆z) ln

⎧⎪⎪⎨
⎪⎪⎩
κν
κth

(
2πr
H(r)

T (r)
T (r + ∆z)

)1/2

×
∫ ∞

0

e−Z

[
πθ̃(r + ∆z, Z)Z

]1/2 dZ

⎫⎪⎪⎪⎬
⎪⎪⎪⎭
· (60)

In the limit of an isothermal atmosphere, θ̃(r, Z) = 1, the integral
is equal to 1 (the erf function evaluated at infinity) and the ex-
pression of the chord optical depth and height difference reduce
to the relations proposed by Burrows et al. (2007a). Thus in the
isothermal case,

∆z = H(r) ln

⎧⎪⎪⎨
⎪⎪⎩
κν
κth

(
2πr
H(r)

)1/2
⎫⎪⎪⎬
⎪⎪⎭ .

In the more general case of a variable atmospheric temperature
profile, Eq. (60) may be easily resolved by iterations.

4.3. Thermal evolution and sizes of transiting exoplanets

I now calculate how the transit radius of an exoplanet is af-
fected by the outer boundary conditions, and specifically, using
Eq. (49), by a choice of κth and κv. Figure 9 shows the result
of the calculation applied to HD 209458b, assuming a low he-
lium abundance Y = 0.24, standard evolution models (Guillot
& Morel 1995; Guillot 2008) and with values of the opacities
that vary so that γ = κν/κth ranges between 0.04 and 0.4. The
difference between the model radius (at 10 bars) and the tran-
sit radius in the visible is calculated using Eqs. (53) and (60).
With our fiducial values of the opacity coefficients, the mod-
eled size falls short of the observed value by more than 10%, as
obtained before (Bodenheimer et al. 2001; Guillot & Showman
2002; Burrows et al. 2003; Baraffe et al. 2003; Guillot 2008;
Miller et al. 2009). Accounting properly for the transit radius
and not the photospheric radius has a relatively small effect in
that case. Decreasing the value of γ (either by increasing κth or
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Changing the composition 
of the atmosphere 

changes the evolution
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Figure 2-11: Benefits of knowing the atmospheric composition when inferring the core mass of a gaseous planet. Left: 
Radius evolution tracks for a half Saturn mass planet for two different atmospheric compositions (black: Solar; Blue: 
10 times solar) illustrating the core inference process (models from Leconte & Chabrier, 2013). For the solar 

composition, a 9 M� core is sufficient to explain the observed radius (grey cross).  A super-solar atmosphere, being 

more opaque, slows down the cooling, hence the contraction, of the planet. A larger — here 15 M� — core is thus 
needed to explain measured radius. Not knowing the composition can here lead to a 70% bias on the core mass 
inferred. Right: To see whether this effect is statistically significant when measurement uncertainties are taken into 
account, we repeated this process a large number of times, randomizing the measured radius (Thorngren et al. 2016). 
The radius uncertainty was taken to be equal to 2%, in line with the precisions envisioned for future missions (Rauer et 
al. 2012). For each atmospheric composition, a histogram shows the probability for the core to have a given mass. 
Assuming a given atmospheric composition (a given histogram), one would conclude that a 2% radius uncertainty 

entails 1 sigma = 1.4 M� uncertainty on the core, but this is not accurate. The difference (or bias) on the average core 
mass inferred in the two atmospheric scenarios is 4 times larger. By constraining the atmospheric composition, ARIEL 
would thus lead to more accurate core mass predictions. 

2.2.2.2 Gas-rich exoplanets: ARIEL ability to measure atmospheric chemistry 

Among the different categories of exoplanets, the hot/warm gas-rich planets are the most interesting ones 
because the molecular abundances determined by observations are a direct reflection of their elemental 
abundances. In addition, they provide the highest quality observations. Indeed, unlike the giant planets of our 
own Solar System (Jupiter, Saturn...), condensation is likely to be less important in these very hot 
atmospheres, and there is therefore no cold trap for oxygen-, carbon- and nitrogen-bearing species (see Table 
2-2). Key species such as H2O, CH4, NH3 do not condense and observations can provide a measure of the 
elemental composition. Table 2-2 summarises how ARIEL will test the validity of current theoretical 
predictions, which hypothesize classes of gaseous planets according to chemical and thermal properties. 

The atmospheric temperatures found in short-period exoplanet atmospheres are very high and therefore one 
could think that the chemical composition of these atmospheres can be described by thermochemical 
equilibrium, as the high temperatures lead to very fast chemical kinetics. It is exactly what was assumed in 
the first models used to study these kind of planets (e.g. Burrows et al. 1999; Seager et al. 2000; Sharp et al. 
2007; Barman 2007; Burrows et al. 2007, 2008), but it was quickly realised that interpreting observational 
data of hot-Jupiters was not so trivial. There are out-of-equilibrium processes (mixing and 
photodissociations) that can influence the chemical composition. Indeed, a strong vertical mixing induces the 
phenomenon of quenching. In the deep atmosphere, the temperature is high, the kinetics are fast, and the 
atmosphere is at thermochemical equilibrium. At lower pressures, temperature decreases, the kinetics slow 
down, and there is a level where the dynamical timescale becomes shorter than the chemical timescale. Here, 
kinetics are not sufficiently fast enough to maintain the atmosphere with a composition corresponding to the 
thermochemical equilibrium. Then, vertical transport brings the composition of this level (called quenching 
level) towards lower pressure levels. The chemical composition of the atmosphere above this quenching 
level no longer corresponds to the prediction of the thermochemical equilibrium. 

To a fundamental level, the chemical composition of the atmosphere is determined by:  

1. the elemental abundances (how much oxygen, how much carbon...) the planet formed with  

2. the temperature of the atmosphere, which is of course dependent on the host star and internal heating and  

3. physical processes in the atmosphere (mixing, photolysis, etc.). 
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significantly changes the inferred core mass
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• Boundary conditions:

• Measured temperature

• Evolution => Atmosphere model


• Equation of State (Composition)

(Sub)stellar evolution equations
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Is the atmosphere representative of the envelope?

★Compared to Solar System giants:

★Condensation is less of an issue!

★Probably no Helium separation!

★We may have access to elemental abundances w/o relying on chemistry


➡Atmospheric composition should be similar to the gaseous envelope

Although we cannot completely rule out inhomogeneities (Leconte et 
al. (2012), Vazan et al. 2016)



Mass-Radius observations

Atmospheric composition through ARIEL 
will clarify the degeneracy

H/He 
Atmosphere

Rocky 
Interior

Icy 
Interior

Water vapour 
Atmosphere

Same mean density – Different atmospheric signatures

Lifting the envelope composition degeneracy



Can ARIEL test interior model predictions?



Testing interior model predictions

The dramatic rise in the number of observed transiting
exoplanets provides a unique opportunity. With radii derived
from transit observations and masses derived from radial-
velocity or transit-timing variation measurements, we get
especially detailed information about these objects. This gives
us a measured density, and therefore some rough information
about their bulk composition. A more advanced analysis uses
models of planet structural evolution (e.g., Fortney et al. 2007)
to constrain the quantity of heavy elements.

Most of the giant planets we have observed are strongly
irradiated hot Jupiters, whose radii are inflated beyond what
models predict. Much effort has been put into understanding
this discrepancy. A thorough discussion is outside the scope of
this article, but the various proposed inflation mechanisms are
extensively reviewed in Fortney & Nettelmann (2010), Baraffe
et al. (2014), and Weiss et al. (2013). Unfortunately, without
a definite understanding of the inflation process, this acts as a
free parameter in modeling: the inflationary effect enlarges
a planet and added heavy elements shrink it, resulting in a
degeneracy that inhibits our ability to obtain useful composi-
tion constraints. Still, work has been done to use models to
address a the star–planet composition connection, using
plausible assumptions about the effect, as a heat source
(Guillot et al. 2006) or as a slowed-cooling effect (Burrows
et al. 2007). Both studies saw an increase in planet heavy
element mass with stellar metallicity.

A promising avenue of investigation are the sample of
transiting exoplanets, which are relatively cool. Planets that
receive an incident flux below around 2×108 erg s−1 cm−2

(Teq1000 K) appear to be non-inflated (Demory & Seager
2011; Miller & Fortney 2011), obviating the need for
assumptions about that effect. Figure 2 shows this threshold.
Miller & Fortney (2011; hereafter referred to as MF2011)
studied these planets, finding correlations in the heavy element
mass with planetary mass and stellar metallicity. In particular,
they noted a strong connection between the relative enrichment
of planets relative to their parent stars (Zplanet/Zstar) and the
planet mass. However, that study was limited by a small
sample size of 14 planets.

In our work that follows, we consider the set of cool
transiting giant planets, now numbering 47, and compare them
to a new grid of evolution models to estimate their heavy
element masses, and we include a more sophisticated treatment
of the uncertainties on our derived planetary metal-enrich-
ments. We then examine the connections between their mass,
metal content, and parent star metallicity.

2. PLANET DATA AND SELECTION

Our data was downloaded from the Extrasolar Planets
Encyclopedia (exoplanets.eu, Schneider et al. 2011) and the
NASA Exoplanet Archive (Akeson et al. 2013). These data
were combined, filtered (see below), and checked against
sources for accuracy. Some corrections were needed, mostly in
resolving differing values between sources; we aimed to
consistently use the most complete and up-to-date sources. We
tried to include all known planets who met the selection (even
if some of their data werefound in the literature and not the
websites). Critically, we use data from the original sources,
rather than the websites (see Table 1).
For our sample, we selected the cool giant planets that had

well-determined properties. Typically, this means they were the
subject of both transit and radial velocity studies. The mass and
radius uncertainties were of particular importance. Planets
needed to have masses between 20 M⊕ and 20MJ, and relative
uncertainties thereof below 50%. Our sample’s relative mass
uncertainties were typically well below that cutoff, distributed
as -

+10 %5.7
12.8 . We also constrained relative radius uncertainty to

less than 50%, but again saw values much lower ( -
+5.0 %2.5

4.6 ).
Both uncertainty cuts were made to eliminate planets with only
rough estimates or upper limits for either value.
As discussed in Section 1, we used a 2×108 erg s−1 cm−2

upper flux cutoff to filter out potentially inflated planets.
Consequently, candidates needed to have enough information
to compute the time-averaged flux: stellar radius and effective
temperature (for both stars, if binary), semimajor axis, and
eccentricity. In addition, we needed measured values for the
stellar metallicities in the form of the iron abundance [Fe/H].
These tended to have fairly high uncertainties, and were a
major source of error in our determination of Zplanet/Zstar.

Figure 1. Highly schematic and simplified view of planes that are useful for
understanding planet formation. The main purpose of this study is to
provide planetary composition information to inform planet formation
models.

Figure 2. Planetary radii for observed planets against stellar insolation. The
black line is a4.5 Gyr, 1 MJ pure H/He object, roughly the maximum radius
for older, uninflated planets. The dashed vertical line marks the flux cutoff we
use to identify the cool, uninflated giants.
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Testing interior model predictions

The « warm giant » opportunity

Thorngren et al. (2016)

size of our error bars in our sample, we cannot rule out that any
such patterns exist, but we do not observe them here. We also
considered the residual against the stellar flux. Any giant
planets with radius inflation that made it into our sample would
appear as strong outliers below the fit, since we would have
mistaken inflation for lower heavy element masses. Therefore,
the lack of a pattern here suggests our flux cut is eliminating the
inflated hot Jupiters as intended.

5.4. Heavy Element Masses in Massive Planets

The extreme values for some of the heavy element masses
are noteworthy. HAT-P-20 b, the upper-right point in Figure 7,
contains over 600 M⊕ of metal. It is a 7.2 MJ planet orbiting a
metal-rich star ([Fe/H]= 0.35± 0.08), so we expect it would
be metal-rich. Still, it is surprising that a planetary nebula can
have so much metal to put into just one planet. This is not a
high estimate; our choice of a 10 M⊕ core yields a value lower
than if more of the metal were located in a core (see
Section 3.1). A core-dominated equivalent could have as much
as 1000 M⊕ of metal. As such, it is much more plausible that
the planet is envelope-dominated. The extreme metal content of
HAT-P-20 b has been observed before (Leconte et al. 2011)
and is not unique (e.g., Cabrera et al. 2010). Such planets raise
questions about how such extreme objects can form (see also
Leconte et al. 2009for a similar discussion for other massive
giant planets). These planets would presumably have had to
migrate through their system in such a way as to accumulate
nearly all of the metal available in the disk.

However, in contrast with HAT-P-20b is Kepler-75b, at 10.1
MJ, our most massive planet in the sample. Its metal-
enrichment is significantly smaller than HAT-P-20b. One
could entertain the suggestion that HAT-P-20b formed via
core-accretion, but that Kepler-75b is a low-mass brown dwarf
that formed through a different mechanism. At any rate, the
future of determining whether a given object is a planet or low-
mass brown dwarf via characteristics like composition, rather
than mass, which we advocate (and see also Chabrier et al.
2014) is promising.

6. INTERPRETATION

One might expect that coreaccretion produces giant planets
with total metal masses of approximately Mz= Mcore+ Z*
Menv, where the core mass Mcore∼10 M⊕ depends on
atmospheric opacity but is not known to depend strongly on
final planet mass, a large fraction of disk solids are assumed to
remain entrained with the envelope of mass Menv as it is
accreted by the core, and the mass fraction of the disk in metals
is assumed to match that of the star, Z*. Such a model would
predict that a planet of total mass Mp= Mcore+ Menv has a
metallicity ºZ M Mpl z p that is related to that of the star by

( )( )* * *= + -Z Z M M Z Z1 1pl core p . This expression falls
off substantially more rapidly with planet mass than the

( )* »
-Z Z M M10pl p J

0.5 fit in Figure 11.
This lack of good agreement is not surprising given that the

above model does not predict the high metallicities of
solarsystem giants. These have long been interpreted as
coming from late-stage accretion of additional planetesimal
debris (e.g., Mousis et al. 2009). In keeping with this solar
system intuition, we instead propose that the metallicity of a
giant planet is determined by the isolation zone from which the
planet can accrete solid material. We assume that a majority of

solids—which we treat interchangeably with metals in this
initial investigation—eventually decouple from the disk gas
and can then be accreted from the full gravitational zone of
influence of the planet. An object of mass M, accreting disk
material with surface density Σa at distance r from a star of
mass M*, can accumulate a mass

( ) ( )
*

p p= S = S
⎛
⎝⎜

⎞
⎠⎟M r f R f

M
M

r2 2 4
3

, 5a a aH H H

1 3
2

where fH∼3.5 is the approximate number of Hill radii
( )*=R r M M3H

1 3 from which accretion is possible as long
as the orbital eccentricity of accreted material is initially less
than ( )*M M3 1 3 (Lissauer 1993). Thus, under our assumption
that solids have decoupled from the gas, a planet of mass Mp

can accrete a total solid mass of

( )*
*

p» S
⎛
⎝⎜

⎞
⎠⎟M f f Z

M

M
r4

3
, 6z eH

p
1 3

2

where Σ is the total surface density of the disk and *Sf Ze is the
surface density in solids. The parameter fe allows for an
enhancement in the metal mass fraction of the disk compared to
the solar value, Z*, for example due to radial drift of solid
planetesimals through the gas nebula. No enhancement corre-
sponds to fe= 1. We note that Equation (6) applies independent
of the solid mass fraction of the planet because Mp is taken to be
the final observed planet mass, including any accreted solids.
For comparison, the standard isolation mass of a planet

forming in a disk with total surface density Σ is

[ ( ) ] ( )*p= S-M f M r4 3 7iso H
1 3 2 3 2

which may be calculated using Equation (5) with
= =M M Ma iso and Σa= Σ. Recalling that =Z M Mpl z p,

Equations (6) and (7) combine to yield

( )
*

=
-⎛

⎝⎜
⎞
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Z

Z
f

M

M
8pl

e
p

iso

2 3

Figure 11. Heavy element enrichment of planets relative to their parent stars as
a function of mass. The line is our median fit to the distribution from
bootstrapping, with 1, 2, and 3σ error contours. Jupiter and Saturn are shown in
blue, from Guillot (1999). The pattern appears to be stronger than considering
Zplanet alone against mass.
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• We need to study the atmosphere to understand the 
interior 
– Inferences from M-R measurements: 
•  rely on many assumptions 
•  show many degeneracies 

• By lifting these degeneracies, ARIEL could be seen as 
a real interior characterization mission!!! 
• (although not to the extent of what is done in the 

Solar system) 
• Statistical comparison with interior model

Some conclusions



Thank you


