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From Super-Earths
      to Brown Dwarfs: Who’s Who?

A perspective from the Solar System

Jérémy Leconte



Who’s who:
Does living in the Solar System mislead us?

Jérémy Leconte



• Earth-mass
• Super-Earths
• Mini-Neptunes
• Ice giants
• Gas Giants
• Super-Jupiters
• Brown Dwarfs

Mass-Radius diagram:
Is there any clear boundary?
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So, where do these
definitions come from?

üü

ññ

óóòò
ôô

ööõõ
úúùù

ÚÚÚ
ÚÚ

Ú
Ú

ÚÚ
Ú

Ú

Ú

Ú

ÚÚ
ÚÚ
Ú

Ú

ÁÁ

Á
ÁÁ

10-6 10-4 10-2 100 102 104
0.01

0.1

1

10

100
10-8 10-6 10-4 10-2 100 102

0.001

0.01

0.1

1

10

M HM≈L

R
HR ≈
L

M HMJ L

R
HR JL



gas giant

giant planet

terrestrial planet

ice giant



gas giant

giant planet

terrestrial planet

An ice giant is a giant planet 
composed mainly of substances 
heavier than hydrogen and helium,
such as O, C, N, S.

ice giant



A gas giant is a giant planet
composed mainly of hydrogen and helium

gas giant

giant planet

terrestrial planet

An ice giant is a giant planet 
composed mainly of substances 
heavier than hydrogen and helium,
such as O, C, N, S.

ice giant



A giant planet is any massive planet

A gas giant is a giant planet
composed mainly of hydrogen and helium

gas giant

giant planet

terrestrial planet

An ice giant is a giant planet 
composed mainly of substances 
heavier than hydrogen and helium,
such as O, C, N, S.

ice giant



A giant planet is any massive planet

A terrestrial planet, telluric planet or rocky planet is a planet that 
is composed primarily of silicate rocks or metals

A gas giant is a giant planet
composed mainly of hydrogen and helium

gas giant

giant planet

terrestrial planet

An ice giant is a giant planet 
composed mainly of substances 
heavier than hydrogen and helium,
such as O, C, N, S.

ice giant
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physical basis
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(Sub)stellar evolution equations
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(Sub)stellar evolution equations

⇤r

⇤m
= � 1

4�r2⇥

⇥l

⇥m
= �� T

⇥S

⇥t

� lnT

� lnP
= rT

⇥P

⇥m
= �Gm(r)

4�r4

✓
S
P

◆
= f(⇢, T ) ✏ = �(⇢, T )

=> Boundary conditions
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Only one big family?



Do we need precise definitions?



No
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How many exoplanets fall into IAU’s definition?

A planet is a celestial body that
(a) is in orbit around the Sun,

(b) has sufficient mass for its self-gravity to overcome 
rigid body forces so that it assumes a hydrostatic 

equilibrium (nearly round) shape, and
(c) has cleared the neighbourhood around its orbit.



But naming things is important...



The Palgrave Dictionary of Economics



The Palgrave Dictionary of Economics

It’s not the definition,
     it’s the concept that matters

•the geologists never bothered to define a «continent»
•We always have the numbers to be specific!



The eight «concepts» of the Solar System
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What we would forget without the Solar System

Beta pic with GPI

• Planets are more than a data point in a mass-radius diagram
• We can resolve Solar System planets
• Many different, exquisite observational constraints

• We can even go there...
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What we would forget without the Solar System

• Planets are not spherically symmetric
• Planets (and their atm) are actually 3D dynamical objects                        

(at all scales)
• Moons are common
• Planetary interiors are not fully mixed (or fully stratified)



What we would forget without the Solar System
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abundances (∼10 times the solar value) have also been suggested as a scenario to
explain the delivery of heavy elements to the planet (Gautier et al. 2001, Hersant
et al. 2004).

In the case of Saturn, both carbon in the form of methane and nitrogen as
ammonia appear to be significantly enriched, but with large error bars (Atreya
et al. 2003). In Uranus and Neptune, methane is probably between 30 and 60 times
the solar value (Gautier & Owen 1989, Hersant et al. 2004).

3.3. Interior Models: Jupiter and Saturn

As illustrated by Figure 6, the simplest interior models of Jupiter and Saturn
matching all observational constraints assume the presence of three main layers:
(a) an outer hydrogen-helium envelope, whose global composition is that of the
deep atmosphere; (b) an inner hydrogen-helium envelope, enriched in helium be-
cause the whole planet has to fit the H/He protosolar value; and (c) a central dense
core. Because the planets are believed to be mostly convective, these regions are
expected to be globally homogeneous. (Many interesting thermochemical trans-
formations take place in the deep atmosphere, but they are of little concern to this
review.)

A large part of the uncertainty in the models lies in the existence and location
of an inhomogeneous region in which helium separates from hydrogen to form
helium-rich droplets that fall deeper into the planet owing to their larger den-
sity. Models have generally assumed this region to be relatively narrow because
helium was thought to be most insoluble in low-pressure metallic hydrogen (e.g.,
Stevenson 1982). However, DFT calculations have indicated that the critical

Figure 6 Schematic representation of the interiors of Jupiter and Saturn. The range of
temperatures is estimated using homogeneous models and including a possible radiative
zone indicated by the hashed regions. Helium mass mixing ratios Y are indicated. The
size of the central rock and ice cores of Jupiter and Saturn is very uncertain (see text).
In the case of Saturn, the inhomogeneous region may extend down all the way to the
core, which would imply the formation of a helium core. Adapted from Guillot 1999b.
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Stevenson (1979); Chabrier & Baraffe (2007); 
Leconte et al. (2013, 2014)

Assumption of large 
homogeneous/well mixed layers 
often done because of the lack 

of constraints!

from a review by T. Guillot (2005)
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98 A new perspective on heat transport in the interior

§ 4.2, the thermal gradient is determined by the energy transport process which is relevant in the zone
considered.

The departure from sphericity of the iso-density surfaces results in a perturbation of the external
gravity field VG(r,�) that writes

VG(r,�) =�GM1

r

⇥
1�

�

⇥
i=1

(
Req

r
)2iJ2iP2i(cos�)

⇤
, (4.57)

J2i =� 1
M1R2i

eq

�

V
⇥(r,�)r2iP2i(cos�)d3r, (4.58)

where r is the radial distance from the center of the planet, M1 the mass of the planet, Req the equatorial
radius, � the colatitude, P2i are Legendre polynomials and J2i denote the gravitational moments, that
can be computed once the figure equations have been solved. The measured gravity moments provide
stringent constraints on the density profile and the possible layering within these planets.

As, in practice, Legendre polynomial expansions are truncated at a given order n, a closure equation
is provided by the equation of state (EOS) of the mixture along the planet’s interior profile. Such an EOS
is generally given by the so-called ideal volume law for the mixture:

1
⇥
=

X
⇥X

+
Y
⇥Y

+
Z
⇥Z

, (4.59)

where X , Y and Z denote the mass fractions of H, He and heavy elements, respectively. For the H/He
fluid, the most widely used EOS is the Saumon-Chabrier-vanHorn EOS (Saumon et al. 1995 ; SCvH).
For the heavy material, I have used the "Rock" EOS of (Hubbard and Marley 1989) for silicates and
the "Ice" ANEOS equation of state (Thompson and Lauson 1972) for volatiles (CH4, NH3, H2O). The
impact of the differences between various EOS’s on exoplanet structure and evolution has been explored
in (Baraffe et al. 2008).

Once such equations of states, P[⇥(Xi)], are specified, structure models with various compositions
are calculated by solving iteratively the aforementioned hydrostatic equilibrium condition for a rotating
body and the third-order level-surface theory (Zharkov and Trubitsyn 1978) to obtain a model which
reproduces the observed values of the radius, Req, and gravitational moments J2 and J4 measured by the
Pioneer and Voyager missions (see Table 4.1).

Table 4.1: Observed characteristics of Solar System gaseous giants (Guillot 2005 ; the numbers in paren-
theses are the uncertainty in the last digits of the value).

Jupiter Saturn
Mp [1026kg] 18.986112(15) 5.684640(30)
Req [107m] 7.1492(4) 6.0268(4)
Rpol[107m] 6.6854(10) 5.4364(10)
Prot [104s] 3.57297(41) 3.83577(47)
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)



An independent confirmation from ring seismology

Fuller (Icarus, 2014)

Convective
Envelope

Stable
Outer Core

Inner
Core

C-Ring

f-mode
cavity g-mode

cavity

Figure 1: Cassini image of Saturn and its rings, overlaid with a schematic cartoon of our hypothesis for Saturn’s interior
structure. The structure shown here is not quantitatively accurate. It is meant only to illustrate the general features of Saturn’s
interior structure that we advocate: a thick convective envelope (which harbors f-modes, p-modes, and i-modes) overlying a
region of stable stratification near the core of the planet (which harbors g-modes and r-modes). We have also pointed out the
C-ring, where all of the mode-driven waves of been observed.
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but there is hope for exoplanets...
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with our new model atmosphere grids, yield the thick solid
curves in Figure 9. These lead to slower cooling for both
planets, most dramatically for Uranus. Neptune’s evolution is
still approximately consistent with an arbitrarily hot start at
formation. This last finding agrees with the work published in
Fortney & Nettelmann (2010).

While the three-layer models presented in Hubbard &
Macfarlane (1980) were at the time consistent with observa-
tional constraints on their interior structure, that is no longer
the case. Neither the Hubbard & Macfarlane (1980) models, nor
our new implementation of their three-layer models (with the re-
vised EOSs), are consistent with the gravity fields of these plan-
ets. To further expand our treatment of Uranus and Neptune, we
calculated new structure models, using the methods described
in Nettelmann et al. (2008) and Fortney & Nettelmann (2010).
We then investigated the thermal evolution of these models that
are also consistent with the constraints on current structure.8

As in Fortney & Nettelmann (2010), these models also use a
three-layer structure, but include some water mixed into the H/
He layer, and some H/He mixed into the water layer, above the
rock core. The outer layer is predominantly H/He with a helium
mass fraction, relative to hydrogen (Y), of 0.27 (the H-REOS
and He-REOS EOSs; Nettelmann et al. 2008) with a 0.30 mass
fraction of water (the EOS of French et al. 2009). The middle
layer is mostly fluid water (mass fraction 0.878, beginning at
0.20 Mbar for Uranus, and 0.852, beginning at 0.10 Mbar for
Neptune), with a small admixture of H/He. Both of these layers
are adiabatic. The core is rock (Hubbard & Marley 1989) with a
mass of 1.51 M⊕ for Uranus and 2.85 M⊕ for Neptune. For the
evolution models, the rock core uses a radioactive luminosity
from Guillot et al. (1995) and a specific heat capacity of
1 Jg−1K−1. The full allowed range of Uranus/Neptune interior
compositions are explored in Fortney & Nettelmann (2010).
The fit to the Graboske et al. (1975) grids use T1 = 73 K (K =
1.418) and T1 = 78 K (K = 1.571) for Uranus and Neptune,
respectively, including the gravity dependence.

Evolutionary calculations for these model planets are shown
in Figure 10. We can reproduce well the current Teff of Neptune
(blue models) with our new model atmosphere grid (solid
curves), as well as the older grid (dashed). The latter models
agree well with work published in Fortney & Nettelmann
(2010) which shows that the cooling times are insensitive to
details of structure assumptions within the range allowed by
the observational uncertainties. Therefore, there is a plausible
consistency for the planet: the current interior structure and
cooling history can be matched by one model. As shown in
Figure 10, the mismatch for Uranus becomes appreciably larger
with the new model atmospheres, in agreement with Figure 9.
For Uranus in particular the model indicates a very slow change
in Teff with time in the current era, due to the larger incident flux
and higher Teq than for Neptune. Therefore small changes in
the model atmosphere can lead to dramatic changes in cooling
times, as seen in Figures 9 and 10. Another manifestation of
Uranus’ slow cooling is shown by the thin red curve in Figure 9.
This shows that a tiny change in the current Tint, to the maximum
allowed by observation (1σ error bar; Pearl & Conrath 1991)
can dramatically alter the calculation of the past cooling history.

8 These particular curves use T1 = 73 and 78 K for the current Uranus and
Neptune, to better allow the static structure model to match the Teff at the
current time, at the expense of a slightly worse match to the observed T1.
However, changes in T1 by a few degrees in either direction at the current time,
which adjusts the interior structure, has little effect on the cooling history.

Figure 10. Thermal evolution of Uranus (red) and Neptune (blue) for models
that match the current gravity field constraints. The thick solid curves use the
model atmosphere grids presented in this work. The dashed curves are similar
to those presented in Fortney & Nettelmann (2010), which used a fit to the
Graboske et al. (1975) grid. When the Teff of each planet reaches the observed
values, the interior structure of each planet is consistent with the gravity field.
At 4.56 Gyr, the radii of Uranus and Neptune are 25,730 km and 24,670 km,
respectively. Inset: a zoom-in on the current era, which shows that the Teff of
Neptune is well reproduced, but the model Uranus is far too luminous. Measured
Teff and error bars are taken from Guillot (2005).
(A color version of this figure is available in the online journal.)

3.3. Effects of the Atmosphere Grids

As shown in Figures 7–10, a general finding of our work is that
the cooling of our solar system’s giant planets is slowed with the
new model atmospheres. The main reason is higher atmospheric
opacity, due to improvements in opacity databases, especially
at high temperature, as well as the inclusion of opacity sources
not previously known in 1975 or 1997. Here, we investigate
the reasons for these differences in atmospheric structure and
cooling. We will first examine Jupiter and Saturn.

It is important to note that the agreement between the Burrows
et al. (1997) grid and our grids are best at current (low) Tint
values. This is not necessarily surprising. Both works use the
same model atmosphere code (that of Marley et al. 1996; Marley
& McKay 1999). However, the opacity databases used have
changed significantly over the past 14 years, most importantly
at high Tint values. At low temperature, the only remaining
opacity sources are methane vapor and H2 collision induced
absorption (CIA). At warmer temperatures, observations of
numerous T-type brown dwarfs have necessitated dramatic
revisions to model atmospheres since 1997, including the
inclusion of important new opacity sources, such as the alkali
metals (Burrows et al. 2000; Allard et al. 2001). In addition,
high-temperature molecular opacity databases, which were in
their infancy in 1997, are now becoming more complete, which
generally leads to higher opacities. Compared to Figure 2 of
Burrows et al. (1997) we find much smaller detached radiative
zones below the photosphere, over a narrower range of Tint. (In
fact, for the Jupiter grid specifically, only the 450 K and 600 K
models possess them.)

At constant Tint, a smaller or nonexistent detached radiative
zone leads directly to a lower specific entropy adiabat, as
shown in Figure 11 for models at 596 and 417 K, representing
Jupiter at ages of 10 and 32 Myr, respectively. In black we
show the standard 3× solar metallicity models. In orange we
show the same calculation, but with 1× solar metallicity. The
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was larger in the protosolar nebula: Yproto = 0.275±0.01 and (X +Y )proto ≈ 0.98.
Less helium is therefore found in the atmosphere of Jupiter than inferred to be
present when the planet formed.

Helium is also found to be depleted compared to the protosolar value in Saturn’s
atmosphere. However, in this case the analysis is complicated by the fact that
Voyager radio occultations apparently led to a wrong value. The current adopted
value is now Y = 0.18−0.25 (Conrath & Gautier 2000), in agreement with values
predicted by interior and evolution models (Guillot 1999a, Hubbard et al. 1999).
Finally, Uranus and Neptune are found to have near-protosolar helium mixing
ratios, but with considerable uncertainty (Gautier & Owen 1989).

The abundance of heavy elements, i.e., elements other than hydrogen and he-
lium, bears crucial information for the understanding of the processes that led to the
formation of these planets. Again, the most precise measurements are for Jupiter,
thanks to the Galileo probe. As shown by Figure 5, most of the heavy elements are
enriched by a factor of two to four compared with the solar abundance (Niemann
et al. 1998, Owen et al. 1999). One exception is neon, but an explanation is its
capture by the falling helium droplets (Roulston & Stevenson 1995). Another ex-
ception is water, but this molecule is affected by meteorological processes, and the
probe was shown to have fallen into a dry region of Jupiter’s atmosphere. There
are strong indications that its abundance is at least solar. Possible very high interior

Figure 5 Elemental abundances measured in the tropospheres of Jupiter (circles) and
Saturn (squares) in units of their abundances in the protosolar nebula. The elemental
abundances for Jupiter are derived from the in situ measurements of the Galileo probe
(e.g., Mahaffy et al. 2000, Atreya et al. 2003). Note that the oxygen abundance is
considered to be a minimum value owing to meteorological effects (Roos-Serote et al.
2004). The abundances for Saturn are spectroscopic determination (Atreya et al. 2003
and references therein). The solar or protosolar abundances used as a reference are
from Lodders (2003). The arrows show how abundances are affected by changing the
reference protosolar abundances from those of Anders & Grevesse (1989) to those of
Lodders (2003). The horizontal dotted lines indicate the locus of a uniform two and
four times solar enrichment in all elements except helium and neon, respectively.
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abundances for Jupiter are derived from the in situ measurements of the Galileo probe
(e.g., Mahaffy et al. 2000, Atreya et al. 2003). Note that the oxygen abundance is
considered to be a minimum value owing to meteorological effects (Roos-Serote et al.
2004). The abundances for Saturn are spectroscopic determination (Atreya et al. 2003
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