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M
V

r = Numero e tipo di atomi/molecole

Come la materia è compressa

Equazione di stato P(V,T): 
Legge che descrive lo stato della materia
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Il sistema solare

Noi siamo qui

Image credit IAU

Pianeti intorno al Sole

Mercurio, Venere, Terra, Marte,      Giove, Saturno,       Urano, Nettune

Plutone

Cattedra Fermi 2019 – G. Tinetti



Sistema solare
Strutture interne dei pianeti intorno al Sole

?



Lune intorno a Giove



Sistema solare
Strutture interne dei pianeti intorno al Sole



…e gli esopianeti?
Massa, dimensione, temperatura stimata
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Fig. 13.— Mass-Radius relation for planets with masses < 20 M�, measured with precisions

better than 20%. Circles indicate the planets with masses measured via RVs; triangles

indicate planets with masses measured via TTVs (Carter et al. 2012; Jontof-Hutter et al.

2016). The plot also includes Earth and Venus, for reference. The lines show models of

di↵erent compositions, with solid lines indicating single composition planets (either H2O,

MgSiO3, i.e. rock, or Fe). The dashed and dotted lines indicate Mg-silicate planets with

di↵erent amounts of H2O and Fe. The data points representing the planets are color-coded

as a function of incident bolometric stellar flux (compared to the Earth) and equilibrium

temperature (assuming circular orbit, uniform planetary surface temperature, and bond

albedo A=0). For other A values, the temperature can be obtained by multiplying those

values by a factor of (1 � A)1/4, following the flux and temperature scale indicated in the

upper-left corner of the diagram.

Zeng et al. 
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as a function of incident bolometric stellar flux (compared to the Earth) and equilibrium
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Massa-raggio
Leggi empiriche tratte dai dati

Chen & Kipping, 2017
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Figure 11.4: Phase diagram for hydrogen. The dashed line near
1011 Pa marks the molecular to metallic transition. Hydrogen is
solid in the hatched area, with its three phases indicated. Values
of the degeneracy parameter θ = T /TF (where TF is the Fermi
temperature) are shown as dotted lines. Temperature–pressure
profiles are shown for Jupiter, Saturn, Uranus, Neptune, and
HD 209458 b. Adapted from Guillot (2005, Figure 1).

1985; Marley & Hubbard, 1988; Saumon et al., 1995; Guil-
lot, 2005; Chabrier et al., 2007).

The behaviour of hydrogen at the relevant tempera-
tures and pressures is complex, but fundamental in pre-
dicting densities and heat transport. In the gas giants,
molecules, atoms and ions may coexist, in a fluid that
is partially degenerate (i.e. the free electron energies are
determined by both thermal and quantum effects) and
partially coupled through Coulomb interactions.

The temperature–pressure phase diagram of hydro-
gen (Figure 11.4) shows a number of regions relevant to
exoplanet atmospheres (Guillot, 2005): in their relatively
cool low-pressure photospheres (T ∼ 50 − 3000 K, P ∼
104 −106 Pa), hydrogen is in molecular form. Deeper in
their interiors, H (and He) becomes progressively fluid.
At P >∼ 1011 Pa extreme pressures result in ionisation,
and the H becomes electrically conductive or ‘metallic’
(Wigner & Huntington, 1935; Loubeyre et al., 1996; Weir
et al., 1996; Chabrier et al., 1992; Saumon et al., 2000).

At low temperatures and high pressures, hydrogen
can solidify (Datchi et al., 2000; Gregoryanz et al., 2003),
with three phases recognised (Mao & Hemley, 1994). But
as noted by Hubbard (1968), and as evident from Fig-
ure 11.4, the interiors of the H/He giant planets remain
fluid, rather than solid, whatever their age: an isolated
Jupiter should begin partial solidification only after >∼
103 Gyr of cooling.

Suggestions for high-pressure laboratory experi-
ments on H and He to further the understanding of the
interiors of the solar system and exoplanet giants have
been made by Fortney (2007).

Phase diagram for water The structure and other
characteristics of H2O (in solid, liquid, or gas form) are
dictated by the corresponding phase diagram and as-
sociated equations of state (Figure 11.5). Many of its
properties, as collated by the International Association
for the Properties of Water and Steam (Wagner & Pruß,
2002), are therefore relevant to the predicted character-
istics of the ice giants, icy moons, and ‘ocean planets’.

The second most common molecule in the Universe
after H2, the physical and chemical properties of water
are nevertheless extremely complex (e.g. Hobbs, 1974;
Brovchenko & Oleinikova, 2008), in large part due to
its versatile intra-molecular hydrogen bonding. Chap-
lin (2010), for example, lists 67 anomalous properties as
compared with other liquids.

The triple point of water, the temperature and pres-
sure at which the solid, liquid and gas phases1 coexist
in thermodynamic equilibrium, occurs at Ttp ≡ 273.16 K
≡ 0.01 C (by definition) and at a partial vapour pressure
of Ptp = 611.657 Pa (Guildner et al., 1976). [More gener-
ally, triple points occur where any three phase lines join,
and H2O has many other triple points corresponding to
its many solid phases].

The critical point (Tcrit ∼ 647 K, Pcrit ∼ 22.064 MPa)
occurs at the end of the liquid–gas phase line where the
properties of these two phases become indistinguish-
able. Beyond the critical point, only a single homoge-
neous supercritical fluid phase exists.

Currently, water has 19 known solid phases (Chap-
lin, 2010): three non-crystalline polyamorphs (LDA,
HDA, VHDA, designating low-density, high-density, and
very high-density amorphous), and 16 crystalline poly-
morphs, distinguished by their structure, ordering and
density. These are designated I h (hexagonal, the pre-
dominant form in the biosphere), I c (cubic), and II–
XV (variously displaying cubic, hexagonal, monoclinic,
orthorhombic, rhombohedral or tetragonal forms, and
in which the H-bonding may be ordered or disordered).
Ice IV and XII are metastable, with IV, XII–XIV occurring
in the phase space of ice V.

Densities are ρ < 1 Mg m−3 only for ice I h/I c (0.92)
and LDA. Densities of other well-characterised phases
exceed 1.14, reaching 2.51 Mg m−3 for ice X.

Ice XI refers to both the low-temperature (ferroelec-
tric) polymorph of ice I h, but also to a theoretical high-
pressure form (also referred to as ice XIII, a name, con-
fusingly, also assigned to another form). The high-
pressure phase is expected to be a dense (∼11 Mg m−3)
fluid plasma under conditions relevant for Jupiter’s core

1The terms ‘gas’ and ‘vapour’ are frequently used as synonyms
(as here) although, more strictly, vapour is a gaseous substance
below Tcrit, and which can therefore be liquefied by pressure
alone. ‘Steam’ is commonly used synonymously for water
vapour, especially when above the boiling point.

Diagramma di fase

Guillot et al.,  2005
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Figure 11.5: Phase diagram for water. Heavy lines indicate boundaries between two phases. The triple point is the intersection of
the solid/liquid, liquid/gas, and gas/solid phase boundaries, and where these three phases can accordingly coexist (Ttp = 273.16 K,
Ptp = 611.657 Pa). The critical point is the location at which the gas–liquid phases merge into a single supercritical fluid (Tcrit ∼
647 K, Pcrit ∼ 22.064 MPa). Roman numerals designate the various solid phases. Mean surface conditions are indicated for (M)ars,
(E)arth, and (V)enus. Inset: enlargement of the central phase space region, showing isodensity lines for the liquid phase (dashed).
The dot-dash (isothermal) and long-dash (adiabatic) lines are relevant to ocean depths (§11.5.2). Adapted from Chaplin (2010).

of T ∼ 20000 K and P ∼ 5×1012 Pa, and possibly super-
ionic within Saturn and Neptune (French et al., 2009).

Other determinations of the phase diagrams of H2O
(and NH3) of relevance for the middle ice layers of Nep-
tune and Uranus (P = 30 − 300 GPa, T = 300 − 7000 K)
were reported by Cavazzoni et al. (1999), with melting
curves at high pressure studied by Datchi et al. (2000).

New and complex properties of water, notably at the
more extreme conditions of temperature and pressure,
are still being discovered. For example, ice XII was dis-
covered only in 1996, ices XIII–XIV in 2006, and ice XV
only in 2009 (Salzmann et al., 2009). Meanwhile, the
latest models of icy exoplanet interiors (e.g. Valencia
et al., 2007b) typically take into account at least the high-
pressure phases ice VII (Fei et al., 1993; Frank et al., 2004)
and ice X (Pruzan et al., 2003; Caracas, 2008; Aarestad
et al., 2008). Although the phase structure may have lim-
ited effect on radii (Valencia et al., 2006) it does impose
conditions on the compositional phases that are likely to
occur towards the planet surface.

11.3.3 Structural models

The structure and evolution of a spherically symmetric
giant planet are assumed to be governed by the equa-
tions of hydrostatic and thermodynamic equilibrium,

and mass and energy conservation. These can be ex-
pressed as (e.g. Guillot 2005, equations 1–4)

∂P
∂r

= −ρg (11.8)

∂T
∂r

= ∂P
∂r

T
P

dlnT
dlnP

(11.9)

∂M
∂r

= 4πr 2ρ (11.10)

∂L
∂r

= 4πr 2ρ

!
ϵ̇−T

∂S
∂t

"
, (11.11)

respectively, where P is the pressure, ρ the density, L the
intrinsic luminosity, S the entropy per unit mass, and
g = GM/r 2 the gravity. ϵ̇ accounts for energy produced
by nuclear (above ∼ 13MJ), radiogenic, or tidal heating.
Equivalent expressions are given by Fortney et al. (2007,
eqn 1–3). The resulting models of cooling and contract-
ing adiabatic planets, described further by Fortney &
Hubbard (2003, 2004), have been applied to evolution-
ary models of Jupiter and Saturn (Fortney & Hubbard,
2003), cool giant exoplanets (Fortney & Hubbard, 2004),
and hot Jupiters (Fortney et al., 2006).

General models of giant planets assume a core of an
unknown mass, comprising an unknown generic com-
bination of iron, refractory material (‘rock’) and more

Diagramma di fase



Campo magnetico
Solo alcuni pianeti hanno un campo magnetico: collegato a dinamo interna



Pianeti gassosi (pre-Juno)

Sono privi di una superficie solida
ben definita: la pressione e la
temperatura aumentano con la
profondità



Pianeti gassosi (pre-Juno)

the amount of heavy elements (that is, any
species other than hydrogen and helium) that
the planets hold and has direct consequences
for their evolution, as gravitational energy is
transformed into heat during helium sedimen-
tation (18). However, because any H-He
phase separation is expected near the molec-
ular-to-metallic transition of hydrogen (19 ), it
is convenient to equate the helium-poor and
helium-rich regions with the molecular and
metallic regions, respectively.

Another important feature of present-day
models of Jupiter and Saturn is the assump-
tion that the molecular and metallic regions
are quasi-homogeneous. This is because the
planets emit significant intrinsic heat fluxes,
and are therefore hot, fluid, and mainly con-
vective (18, 20 ). The assumption probably
breaks down at several locations (21), as
follows: (i) Where a minimum in the mean
radiative opacities of the fluid at temperatures
of 1300 to 1800 K (22) probably yields the
presence of a radiative region in Jupiter and
possibly Saturn (23). In such a radiative zone,
a variation of chemical abundance is in prin-
ciple possible, either through gravitational
settling or through the slow mixing of mate-
rial that struck the planet after its formation.
Gravitational settling is expected to be small
because it is inhibited by turbulent diffusion
(24 ). Helium (and tentatively any late supply
of heavy elements to the outermost layers)
should be able to sink through the radiative
zone thanks to a salt-finger type of instability
(25 ), thus ensuring an almost uniform chem-
ical composition of the radiative zone. (ii) In
the region of varying helium concentration,
in which convection may be suppressed. The
extent of this inhomogeneous region (Fig. 1)
is estimated from fully ionized phase separa-
tion models (19 ). In reality, the inhomoge-
neous region could be narrower or wider. It is
not included in any interior models so far, but
this seems justified because the gravitational
moments only provide constraints on quanti-
ties that are averaged over relatively extended
regions. More important, this region could be
a relatively efficient barrier to the mixing of
minor species, because they would have to be
transported by slow diffusion processes. The
same would occur at the boundary of a first-
order transition from the molecular to the
metallic phase (18).

Interior models of Jupiter and Saturn are
calculated by solving the standard quasi-hy-
drostatic differential equations, including the
rotational potential calculated within the the-
ory of figures (26 ). In recent calculations,
only models that match all observational con-
straints are considered. Uncertainties in the
equation of state, surface temperature, opac-
ities, internal rotation, and observational error
bars on the gravitational moments are taken
into account to determine the allowed range
of internal compositions of these planets. The

space of parameters is then extensively stud-
ied within the three-layer assumption. Addi-
tional constraints are provided by planetary
evolution calculations, because they should
yield model ages that are in agreement with
that of the solar system (23). A critical im-
provement of the evolutionary models lies in
the ability to account for helium differentia-
tion, because it can considerably slow down
the contraction and cooling of a given planet
(27 ). In fact, helium sedimentation is re-
quired to explain Saturn’s intrinsic heat flux
and may be significant in Jupiter as well. The
characteristics of typical Jupiter and Saturn
models are shown in Fig. 1, including corre-
sponding uncertainties in the temperature
profiles.

The resulting constraints on the enrich-
ment in heavy elements of Jupiter and Sat-
urn’s metallic regions relative to solar com-
position (Fig. 2) are weak. However, the en-
richments of the molecular regions can be
usefully compared to other observations. Ga-
lileo probe measurements are compatible
with an enrichment of Jupiter’s deep atmo-
sphere [pressure (P) ! 15 bar] of two to four
times the solar values in C, N, and S (28). The
Galileo probe results are thus consistent with
an abundance of major gases [except helium,
neon (16 ), and water] that is two to four times
larger than in the sun, which is in agreement
with interior models using the new helium
mixing ratio but not the one derived from
Voyager data (Fig. 2). The lack of abundant
water in the Galileo measurements is thought
to be due to jovian meteorology, and its bulk

abundance is therefore still unknown (28,
29 ). On the basis of the Galileo measure-
ments, interior models also rule out water
abundances larger than 10 times solar in Ju-
piter’s deep atmosphere. In Saturn, spectro-
scopic measurements indicate enrichments of
CH4 on the order of three to five times solar
(30 ). The lower measured abundance of NH3

(Fig. 2) is certainly due to condensation, be-
cause the planet is cooler than Jupiter. The
global enrichments calculated with the Voy-
ager helium mass mixing ratio (15 ) are in-
compatible with the observed CH4 abundance
(Fig. 2). Instead, static and evolutionary mod-
els favor a higher value of Y/(X ! Y) "
0.11 # 0.25 (23, 27 ).

Table 1 gives the total mass of heavy
elements in Jupiter and Saturn and shows
how they are distributed as core mass in the
metallic and molecular envelopes. It is not
required that Jupiter have a central core in
order to fit the gravitational moments, but
that solution is not the preferred one because
it implies a rather extreme equation of state
and also yields high heavy-element enrich-
ments (in the upper range of Fig. 2). In any
case, Jupiter’s core must be smaller than 10
Earth masses (MQ). Furthermore, it is gener-
ally found that Saturn has a bigger core than
Jupiter, but the constraints are relatively
weak because some of the material in the
deep metallic envelope could be accounted
for as core mass, and vice versa. It is impor-
tant to note that heavy elements in Jupiter’s
and Saturn’s molecular regions, and some of
those in their metallic regions, were probably

Fig. 1. Schematic rep-
resentation of the in-
teriors of Jupiter, Sat-
urn, Uranus, and Nep-
tune. The hashed re-
gion indicates a possi-
ble radiative zone [in
Jupiter, it corresponds
to P $ 0.15 to 0.6
GPa, T $ 1450 to
1900 K, and R$ 0.990
to 0.984 RJ; in Saturn,
it is located around P
$ 0.5 GPa, T $ 1700
K, and R $ 0.965 RS,
but it is probably very
marginal (23)]. The
range of temperatures
for Jupiter and Saturn
is for models neglect-
ing the presence of
the inhomogeneous re-
gion. Heliummass mix-
ing ratios Y are indi-
cated. In the case of
Saturn, it is assumed
that Y/(X ! Y) " 0.16
in the molecular re-
gion. The size of the
central rock and ice cores of Jupiter and Saturn is very uncertain (see text). Two representative
models of Uranus and Neptune are shown, but their actual interior structure may be significantly
different (34). The figure is adapted and updated from (19).
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Urano e Nettuno – pressioni interne sono troppo basse per generare idrogeno metallico

Sono privi di una superficie solida ben definita: la pressione e la temperatura aumentano con la profondità



Missione NASA Juno

• Arrivata a Giove nel
2016

• Risponderà a molte
domande:

• e.g. quanta acqua è
contenuta in Giove?

• Quanto è grande il
nucleo di Giove?



Giove dopo “Juno”

• La gravità è causata dalla
massa,

• Il campo gravitazionale di Giove
dipende da come la materia è
strutturata nell’interno.

• Misurando con precisione il
campo gravitazionale, abbiamo
informazione sull’interno di Giove



Giove dopo “Juno”

Folkner et al., 2017



Giove dopo “Juno”Confidential manuscript submitted to Geophysical Research Letters

  Metallic hydrogen
       (helium rich)

        Molecular hydrogen
          (helium depleted)

Dissolution and upward mixing

Dense rocky core

 Helium
droplets

Helium-poor
envelope

Helium rain layer

Figure 1. Density profiles of representative models. Solid lines denote models using MH13, while dashed

use REOS3. In black is a model with S, Y and Z matching that measured by the Galileo entry probe, and a

core with constant enrichment of heavy elements inside r/rJ=0.15. In red (Model D) Z=0.007 in the molec-

ular envelope and constant Z-enriched, dilute core expanded to r/rJ ∼ 0.50 to fit the J4 observed by Juno. In

blue (Model E) with Z=0.007 also fitting J4 with Gaussian Z profile. In orange (Model R) and green (Model

S) are profiles for the REOS3 models fitting J4 with a compact and dilute core, respectively. (Inset) Schematic

diagram showing the approximate location of the helium rain layer, and dilute core.

from Johnathan Lunine, David Stevenson, William Folkner and the Juno Interior Working

Group.
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Pianeti gassosi
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Nel sistema solare



Il ruolo dell’atmosfera

L’atmosfera controlla il raffreddamento
del pianeta.

Il controllo atmosferico è causato da
specie molecolari, atomiche o ioniche
che assorbono la radiazione uscente
(opacità).

Pianeti gassosi nel sistema solare



Incertezza struttura interna

uncertainties in radii, depending on physical
parameters (age and albedo) and input phys-
ics (equation of state and opacities). The age
of the planetary system (inferred from that of
the star) will remain fraught with uncertainty.
However, planetary albedos will be deter-
mined by either accurate photometry of the
eclipsing system or by future direct observa-
tions capable of resolving the star-planet sys-
tem. Theoretical models are also expected to
provide better constraints on the albedo (47),
but the presence of clouds and grains makes
this a complex problem. Hopefully, uncer-
tainties associated with the input physics will
be reduced by the calculation of new equa-
tions of state that include the latest deuterium
compression experiments and by improved
opacity calculations. At present, the expected
theoretical uncertainty in model radii is about
15% for a 1-MJ planet, translating into an
accuracy of !43 MQ regarding the mass of
heavy elements present in the planet. Inter-
estingly enough, this is about the minimal
quantity of heavy elements necessary to form
such a planet in situ (48). In the case of a
10-MJ planet, the fractional uncertainty is
smaller, but the absolute precision regarding
the mass of heavy elements is !170 MQ.
Systems of planets with small masses at short
orbital distances are interesting because they
should experience significant mass loss and
therefore contain a large proportion of heavy

elements. Radii measurements and corre-
sponding theoretical models would therefore
go beyond a simple answer to the question of
whether extrasolar giant planets are mainly
formed with hydrogen and helium or are
mainly rocks and ices [the limiting radius
then being on the order of 1/3 Jupiter radius
(RJ) (39)].

Quantity of Heavy Elements and the
Formation of Giant Planets
The planets in our solar system formed in the
so-called protosolar nebula, a flattened disk of
hydrogen, helium, and solid planetesimals (49).
Jupiter, Saturn, Uranus, and Neptune are be-
lieved to have formed through accretion of a
solid core followed by the capture of surround-
ing gaseous hydrogen and helium (50), but
direct gravitational instability of the gas in the
disk has been proposed as a mechanism for
forming Jupiter and Saturn (51). Saturn’s rela-
tively high core mass seems to rule out the latter
hypothesis. The extrasolar giant planets discov-
ered so far could have formed by any of these
processes. It has been proposed that those at
small orbital distances either formed at further
distances and then migrated inward (52) or
formed in situ within a massive protoplanetary
disk (48). An important test of these theories
can be provided by a calculation of the quantity
of heavy elements captured after the first for-
mation stages.

In our solar system, the first 10 million
years after the giant planets reached an
appreciable fraction of their current masses
were crucial for planetesimal delivery. Be-
tween 80 and 90% of the planetesimals that
remained in the outer solar system at that
time were acquired by the planets or were
ejected from the solar system during that
period. Dynamic calculations using present-
day radii and an initial 50-MQ disk of plane-
tesimals suggest that less than 2% of the mass
of giant planets (6 MQ for Jupiter and 2 MQ
for Saturn) is due to late-arriving planetesi-
mals (53). However, at these early epochs,
the growing planets possessed effective cap-
ture radii that were larger than their present
radii (54) and were thus able to capture in-
coming planetesimals more efficiently while
ejecting fewer of them out of the solar
system. It is estimated that Jupiter, Saturn,
Uranus, and Neptune could have captured
by that process up to !17, 10, 2, and 2 MQ
of heavy elements, respectively (55). Mas-
sive extrasolar planets (!5 MJ) are able to
efficiently eject material out of the system
and are therefore expected to acquire a frac-
tionally smaller inventory of “late heavy
elements”.

Prospects for improving our knowledge of
the composition of giant planets and their
formation will depend on the following future
developments. The calculation of a new hy-
drogen and helium equation of state consis-
tent with the recent compression experiments
is essential. The Cassini orbiter will accurate-
ly measure the chemical composition and
temperature structure of Saturn’s atmosphere
(and hopefully of Jupiter as well, although
with a lesser accuracy), but it would be cru-

Fig. 3. Predicted effec-
tive temperatures and
radii (in RJ, !70,000
km) of some extraso-
lar planets and brown
dwarfs, including rea-
sonable uncertainties
for their mass, albedo,
and age (see text) and
assuming solar com-
position. Actual radii
could be significantly
smaller if the planets
contain large propor-
tions of heavy ele-
ments. The dashed line
is for isolated H-He (Y
" 0.25) objects after
10 gigayears of evolu-
tion. The upper panel
also shows potentially
important chemical spe-
cies expected to con-
dense near the photo-
sphere in the indicat-
ed range of effective
temperatures.

Fig. 4. Fractional uncertainty in radii of extra-
solar giant planets (at 0.05 astronomical units
from solar-type stars) due to uncertainties in
physical parameters (top) and input physics
(bottom), as a function of mass. The corre-
sponding absolute uncertainty about the frac-
tion of the planetary mass that is due to heavy
elements is directly proportional to the radii
uncertainty [a 10% uncertainty in model radii
corresponds to a !9% uncertainty about the
mass of heavy elements; that is, in that case
and for a 1-MJ (318 MQ) planet, the mass of
heavy elements would be known with an accu-
racy of !30 MQ]. The albedo was assumed to
lie between 0.1 and 0.5; the age between 3 and
7 gigayears.
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Nel sistema solare: silicati (Si + O) e nucleo metallico
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Titan
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Silicati, ghiaccio, oceani..
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Pianeti solidi
Nel sistema solare

Sotin, Grasset, Mocquet, 2007



Pianeti ricchi di carbonio?

3.3. Phase Diagram

Having performed measurements with starting materials of different composition allowed us to probe not
only SiC compound EoS but also to explore the binary Si–C system. Notably, the three different Si–C compo-
sitions employed for the experiments enabled us to study both the silicon-rich side and the carbon-rich side
of the phase diagram. Our main conclusion regarding the binary mixing is that, over the entire pressure and
temperature range of this study, no intermediate compound has been observed. A SiC + Si assemblage is
stable on the Si-rich side of the diagram, whereas a SiC + C assemblage is observed on the C-rich side of
the diagram (Figure 6). This is in disagreement with the stability of silicon dicarbide (SiC2) predicted by theory
at pressure of 25 GPa by Andrew et al. (2012) and suggested to appear only above 10 Mbar by Wilson and
Militzer (2014). In addition, we do not observe any decomposition of SiC compound or change in diffraction
peaks intensity over 2,000 K, in the pressure range 30–60 GPa as described in Daviau and Lee (2017b).

On the Si-rich side of the diagram, we have been able to determine the melting temperature at 2,100 K and
60 GPa for the sample SiC25, based on the disappearance of the solid diffraction peaks and a simultaneous
plateau in the laser power versus temperature curve. Due to the low Z of thematerial, we could not detect the
appearance of diffuse scattering. Our melting criterion thus possibly leads to overestimating the melting
temperature (Figure 6). As no other signatures of melting were observed, we hypothesize the composition
with 77.81 at % Si and 22.19 at % C to be close to the eutectic. On the C-rich side, no melting was detected
in the whole examined pressure range for temperature up to 3,500 K. This could be related to the difference

of melting temperature of the two end-members, Si and C. Diamond has
indeed a very high melting temperature, much larger than that of Si.
Such a large difference in the melting temperature can have strong
implications for planetary dynamics throughmelt production for any small
Si enrichment, whereas the two-phase assemblage (i.e., SiC + C) can stay
solid in C-rich systems. Overall, the resulting phase diagram is in agree-
ment with the phase diagrams from Wilson and Militzer (2014).

4. Implications for Exoplanets Studies
4.1. Mass-Radius Relation for SiC-Based Planets

The parameters obtained on the Si–C binary system for the EoSs and phase
diagram were used to model mass-radius curves for different C-rich pla-
nets composition (Figure 7). Extrapolations have been limited by the valid-
ity of the used equations. Accordingly, we only modeled planets up to 5
times the mass of the Earth. Similar models have already been proposed
in the past, usually plotting mass-radius relations for archetypal planets
made entirely by one element (i.e., carbon or iron) or one compound
(i.e., MgSiO3, SiC, and H2O), as in Duffy et al. (2015).

Table 2
Values of the Thermal Equation of State for the Two Structures, Fitted With Both the Mie Grüneisen Debye and the Thermal
Pressure Models

Zinc-blende structure Rock-salt structure

MGD TP MGD TP

Number of data points 105 105 348
V0 (Å

3) 82.80a 82.80a 65.8 (0.04) 65.9 (0.04)
K0 (GPa) 228 (7) 224 (2) 339 (10) 339 (2)
K00 3.9 (0.3) 4.1 (0.14) 3.06 (0.06) 3.03 (0.02)
T Debye (K) 1,200a 1,200a

γ0 1.06a 0.50 (0.05)
q !1.3 (0.5) 1.67 (0.5)
T Einstein (K) 976.2a 976.2a

Alpha(10!5 K!1) 0.62 (0.11) 0.56 (0.01)

Note. MGD = Mie Grüneisen Debye; TP = Thermal Pressure.
aParameters are kept fixed.

Figure 6. Phase diagram of the Si–C binary system at P = 60 GPa.
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SiC o SiO4x ?
In this study, along with the mass-radius plots for commonly considered
end-members (i.e., pure SiC and MgSiO3), we present the mass-radius
curves for several idealized carbon-rich differentiated planets in which a
pure iron core is assumed (EoS from Bouchet et al., 2013). The proposed
inner compositions represent end-members that are unlikely to occur in
nature, due to the absence of both Mg and O, as equally unlikely
end-members (due to the lack of major rock-forming elements) are planets
entirely made of pure MgSiO3 or pure Fe. Nonetheless, such Mg- and
O-free end-members were already studied by different authors (e.g.,
Madhusudhan et al., 2012; Nisr et al., 2017; Wilson & Militzer, 2014).
Studying end-member compositions, we provide reference limit values
of the bulk density that can be used to interpret the possible interiors of
such exoplanets. Planets less dense than pure MgSiO3, for example, are
classically believed to incorporate a high amount of volatiles. Very interest-
ingly, our data show that planets with carbon-rich interiors can also be less
dense than a pure MgSiO3 (see Figure 7).

Along with a hypothetical planet made by pure SiC, as already done in
previous literature, we also considered two models that include Fe, in
different proportions, as Fe is consider one of the most common elements
in C-rich exoplanets. In the first model of an Earth-like planet, the iron core
makes up a third of the planets mass. In the secondmodel, the proportions
of Fe and SiC are chosen so as the bulk composition of the planet matches

solar Fe/Si abundances (solar Fe/Si; Lodders et al., 2009). In the pressure range examined in this experimental
study, our density estimates agree very well with theoretical density functional theory calculations from
Wilson and Militzer (2014; i.e., less than 1% variation on R at 2 Me for pure SiC planets). As expected, the addi-
tion of iron to a pure SiC interior increases the planet density. The Fe + SiC model with core mass proportions
similar to Earth’s core yields to a mass-radius relationship very similar to the Earth-like case. Thus, in this case,
it is almost impossible to discriminate between an Earth-like interior and a carbon-rich interior on the sole
basis of mass and radius. This highlights the importance of having independent constrains on the composi-
tion of planetary interiors.

4.2. Estimations on the Geodynamics of SiC Planets

The thermal evolution of a planet is governed by its geodynamical regime, affecting both deep and shallow
processes. The growing knowledge about properties of Earth’s minerals contributes to improve the models
representing the dynamical behavior of silicate-rich planets. Nevertheless, little is known about the potential
effects of carbides, in particular SiC, on convection.

Studies focused on deep Earth’s minerals highlighted how phase transitions might have a first-order effect on
the dynamics of a planet (Green & Borch, 1987; Karato & Wu, 1993; Karato & Jung, 2003 in Text S4). The upper
to lower mantle transition at 660-km depth is known to have an effect on the dynamic topography (Flament
et al., 2013) and the geoid (Hager, 1984; Ricard et al., 1993), due to an increase in viscosity (~30). On the other
hand, phase transitions such as the perovskite to bridgmandite generate a small viscosity jump (≪1; e.g.,
Nakagawa & Tackley, 2011; Yamazaki et al., 2006). As SiC undergoes a phase transition that involves a large
volume change, it is of primary interest to evaluate the effect of a potential viscosity jump on the rheological
behavior and, consequently, on planet’s dynamics. Unfortunately, parameters such as viscosity, deformation
mechanism, and activation energies have only been evaluated at ambient pressure on SiC compounds often
doped with other chemical elements, to enhance the quality for industrial application. The absence of those
parameters for the pure compound, coupled with the uncertainties regarding the characteristic of C-rich exo-
planets, thus limits the possibilities of running complex numerical models. We thus decided to investigate
how different values of viscosity jump and activation volume affect the dynamic of a planet, by mapping
the onset of mantle convection, for different initial temperatures.

We performed numerical simulations on a pure SiC mantle for a planet with one Earth mass (B3–B1 phase
transition occurring around 1,830-km depth), employing the thermodynamic parameters obtained in this
study and the rheological data from Carter et al. (1984). All details about the employed equations,

Figure 7. Mass-radius relations for different idealized exoplanet interiors
together with the standard comparison curves (pure Fe, MgSiO3, and earth
like). We propose several C-rich end-members: a pure SiC planet, an iron
core + SiC mantle planet with mass proportions similar to the Earth’s core
and mantle, and finally, an iron core + SiC mantle planet with a bulk ratio of
Fe/Si that matches solar abundances. The black dots show the measured
masses and radii for solar system planets and some observed exoplanets.
Details on the calculation of the M/R plot are provided in supporting
informations, Text S3.
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La densità è molto simile!!!

Miozzi et al., 2018



Statistica galattica
C’è una bimodale! Il “Fulton gap”

Fulton et al., 2017, 2018Cattedra Fermi 2019 – G. Tinetti



Roccia o ghiacci/H?
Non-unicità della soluzione

Valencia et al., 2013



GJ1214b, mini-Nettuno?

GJ1214 b can be made out of 100% H2O 
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Diagramma Toblerone…
Non-unicità della soluzione



55 Cnc e, roccioso?
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55 cnc e, roccioso?

55 CNC-E: VOLATILE OR ROCKY
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Figure 2 — Longitudinal brightness maps of 55 Cancri e. Longitudinal brightness distributions

as retrieved from the Spitzer/IRAC 4.5µm phase-curve. The planetary dayside is modelled using

two prescriptions. Left: single-band model whose longitude, width and brightness is adjusted in

the fit. Right: model including three longitudinal bands whose positions and widths are fixed,

but their relative brightness being adjustable. The color-scales indicate the planetary brightness

normalised to the stellar average brightness (left) and the corresponding brightness temperature

(right) for each longitudinal band.
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Demory+ 2016

Tsiaras+ 2016

Either a volatile planet with day-side only circulation, or a magma ocean planet

A volatile planet with H 
(HCN)

Pare ci sia un’atmosfera ricca di idrogeno…da dove viene?

Tsiaras et al., 2016

Demory et al., 2016



55 cnc e, roccioso?
Pare ci sia un’atmosfera ricca di idrogeno…da dove viene?
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Fig. 7. (Left). Schematic of two stages of nebular ingassing and outgassing. As planetary embryos reach sizes in excess of 0.1 ME in the presence of a nebular gas, a substantial H-rich
atmosphere will develop. Ingassing of H2, H2O and rare gases will occur. δD values will be extremely low. The high H2 concentration will lower the f(O2) and cause reduction of FeO to
Feo which can then be transferred to the core as Fe metal or FeHx. Ingassing may lead to 10′s of ocean equivalents of H. (Right). After dissipation of the solar nebula, outgassing of H2

and H2O will occur. The loss of H2 will raise the f(O2) of the (outer) mantle until water becomes the predominant O-H phase (f(O2) = FMQ). Loss of H2 to space by hydrodynamic
escape will raise the δD to approximately −300‰. Late addition of isotopically heavy hydrogen from comets and chondrites will bring the δD to its present value.

147Z.D. Sharp / Chemical Geology 448 (2017) 137–150


