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Table 1: Values of the planetary parameters of Jupiter.

Parameter Value
G

a (global parameter) 6.672598 ◊ 10≠11 ± 2 ◊ 10≠17 m3kg≠1s≠2

G ◊ MJ
b (126686533 ± 2) ◊109m3s≠2

MJ 1.89861 ◊ 1027 kg
Req

c 71492 ± 4 km
Rpolar

c 66854 ± 10 km
Ê

d 1.7585324 ◊ 10≠4 ±6 ◊ 10≠10 s≠1

fl̄ 1326.5 kg m≠3

m = 3Ê
2
/4fiGfl̄ 0.083408

q = Ê
2
R

3

eq
/GMJ 0.0891954

J2 ◊ 106e 14696.572 ± 0.014
≠J4 ◊ 106e 586.609 ± 0.004
J6 ◊ 106e 34.198 ± 0.009
≠J8 ◊ 106e 2.426 ± 0.025
J10 ◊ 106e 0.172 ± 0.069

Table 2: Req and Rpolar are observed at 1 bar. The value of the pulsation is chosen following Archinal et al. (2011).
(a) Cohen and Taylor (1987) (b) Folkner et al. (2017) (c) Archinal et al. (2011) (d) Riddle and Warwick (1976) (e) Iess et al.
(2018)

decreasing abundance of heavy elements in the Mbar region is the favoured solution to resolve this puzzle. We explore in
details the possibility to have such an element distribution.

Our final models are presented in §5. We first show that, without the presence of a sharp entropy increase somewhere
within the gaseous envelope, the values of J6 to J10 are too large compared with Juno’s ones, which implies to invoke an
implausibly large amount of differential rotation. Indeed, a strong entropy increase in the region of hydrogen metallisation
(around 1 Mbar) yields higher internal temperatures, allowing a larger amount of heavy elements in the central region (§5).
This in turn affects the high order gravitational moments and enables us to derive Jupiter models which satisfy both Juno
and Galileo observational constraints. We examine in detail the possible physical mechanisms leading to this type of internal
structure and discuss their implications for the physics of hydrogen pressure ionization. We also examine the possible amount
of differential rotation in Jupiter. In §6, we summarize and examine the validity of the major physical assumptions that have
been made throughout this study. Section 7 is devoted to the conclusion.

2 Method
2.1 Concentric MacLaurin Spheroids
Our Jupiter models are calculated with the Concentric Maclaurin Spheroid method (Hubbard (2012), Hubbard (2013)). As
demonstrated in Debras and Chabrier (2018), in order to yield valid models, the method must fulfill several mathematical
and numerical constraints, in terms of numbers and spacing of the spheroids and of the treatment of the outermost spheroids.
Accordingly, the spheroids implemented in our calculations are spaced exponentially, their equatorial radius is ⁄i = 1 ≠
(ei— ≠ 1)/(eN— ≠ 1) with N the number of spheroids, i ranging from 0 to N ≠ 1, — = 6/N and the upper atmosphere is
neglected1. In this paper, we examine which kind of model is compatible with Juno’s observations, provided the difference
can be explained by the maximum allowed amount of differential rotation, i.e. differential rotation penetrating down to 10,000
km (see Guillot et al. (2018) and Kaspi et al. (2017)). Said differently, we want the uncertainty on the J values obtained for
an acceptable model to be smaller than the one due to this maximum possible level of differential rotation. At this level, we
checked that 512 spheroids yield a sufficient precision and that using 1000 spheroids or changing the — parameter does not
significantly affect the conclusions. Deriving more precise models, fulfilling precisely all Juno’s and Galileo’s constraints
with smaller levels of differental rotation, however, requires at least 1000 spheroids to ensure that the discretisation error is
negligible compared with the other sources of error on the evaluation of the gravitational moments. The various parameters
used for Jupiter throughout this work are reported in Table 1.

1This implies an irreducible error of the order of 10≠7 on J2 and a few 10≠8 on higher order moments, which is negliglible compared to the possible
impact of differential rotation (Debras and Chabrier (2018), Kaspi et al. (2017))
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Compact core, Z=1

Yext
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0.1 Mbar - 93% RJ

90-80% RJ1-2 Mbar -- 5000-7000 K

5-7 Mbar -- 9500-10500 K 70-65% RJ

40Mbar - 19000 K 5% RJ

(a)
Compact core, Z=1

Yext
Zext

Sext

0.1 Mbar - 93% RJ

90-80% RJ1-2 Mbar -- 7000-9000 K

3-7 Mbar -- 10000-13000 K 75-65% RJ

40Mbar - 23000 K 5% RJ

(b)

Compact core, Z=1

Yext

Zext Sext

0.1 Mbar - 93% RJ

90-85% RJ1-1.5 Mbar -- 10000-11000 K

3-5 Mbar -- 13500-15500 K 75-70% RJ

40Mbar - 30000 K 5% RJ

(c)

Figure 5: Schematic internal structure of our final Jupiter models. Yext = 0.23, Zext = 0.02 as stated in the text. (a) The
modest entropy increase between the outer and inner envelopes yields a moderate helium increase in this latter, and an inward
helium enrichment in the diluted core (see text). (b) The larger entropy increase in the inhomogeneous boudary region yields
a supersolar helium fraction in the inner envelope, but then the helium abundance decreases in the diluted core. (c) Our least
favoured model. An increase of both helium and heavy element abundances in the inner envelope requires a strong entropy
increase, at the limit of what is physically achievable. A mixture of structures (a) and (c) is also possible, with a small increase
in both helium and heavy elements. The required �S would be comparable to (b).

boundary region between the outer and inner envelopes, which has the opposite effect on J4 compared to J2. Furthermore,
this boundary region between ≥0.1 and 2 Mbar has a much stronger contribution on J2 and J4 than the deeper region. This
stems from the fact that this region has a high mean radius, hence the mass of a spherical shell is much larger than in the 5
Mbar region, and the impact on J2 and J4 is enhanced. In consequence, a small change in the ≥ 0.1 ≠ 1 Mbar region must
be compensated by a strong change in the diluted core.

- Impact on the high-order moments (> J4). The high order gravitational moments strongly depend on the value of J4,
as shown by Guillot et al. (2018). For a given J4, the other parameters affecting these moments are the external abundance
of metals (as expected), and the mass of the central compact core. Changing the helium content within the inner convective
envelope has almost no impact, as there is a trade-off between the inner abundances of helium and heavy elements and the
entropy increase, without affecting the high order gravitational moments. Similarly, the position and extent of the boundary
region of compositional change is a second order correction to the J6 to J10 values. As a whole, we found out that the J6 to
J10 values are not much affected by the composition in the inner part of Jupiter, deeper than where the compositional change
occurs.

As mentioned above, we found out that some models with an inward increase of heavy elements in the envelope inhomo-
geneous region (ÒZ < 0) can fulfill all observational constraints (case (c)) provided the entropy change around ≥ 1 Mbar
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Mass of the diffuse core is between 10 and 24 MEarth
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Exoplanet Mass-Radius Diagram
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Figure 10. The mass-radius diagram for small planets. Data comes from the NASA Exoplanet Archive’s planetary systems
table, as accessed on 2022-Nov-17 (NASA Exoplanet Archive 2022). Planets with mass and radius measurements to better
than 50% and 15% fractional precision, respectively, are shown as the circles with 1� error bars. The opacity of the points is
proportional to mass measurement precision (i.e., a less precise mass measurement translates to a more transparent marker).
Color corresponds to equilibrium temperature assuming zero Bond albedo and full day-night heat redistribution. Underlying
contours come from Gaussian kernel density estimation (KDE) of the confirmed planets described above. The 11 transiting
planets from this work are overplotted as the stars. Mass upper limits (98% confidence) are plotted for HD 25463 c (yellow star
near the radius valley) and HIP 9618 c (labeled). A handful of composition curves are plotted for reference (Lopez & Fortney
2014; Zeng et al. 2016, 2019). The curves of H/He envelopes atop Earth-like cores come from Lopez & Fortney (2014) and are
chosen for a planet receiving 10⇥ Earth’s incident flux (i.e., Teq ⇡ 500 K) orbiting a 10 Gyr-old, solar-metallicity star. The
50% water plus 50% Earth-like composition curve from Zeng et al. (2019) is calculated for a fixed temperature of 700 K at 100
bar, which determines the planetary model’s specific entropy. Note that familiar features of the planet radius distribution are
now visible as two-dimensional features in the mass-radius plane. These include the radius valley (Fulton et al. 2017; Van Eylen
et al. 2018), with center near 6 M� and 1.8 R�, and the radius cli↵ (e.g., Kite et al. 2019), as seen by in the steep drop o↵ in
the number of planets around 3 R�.

cally di�cult to infer for main sequence stars, we placed
a uniform prior on the age of each system between 1 and
10 Gyr (including for the subgiant TOI-1736).
We explored the posteriors of planet mass, instella-

tion flux, system age, and fenv using emcee. Each
emcee sampler used 50 chains with each chain taking
at least 5000 steps. Chains continued sampling until
they converged or the chains reached 104 steps. Con-
vergence was determined by enforcing that each chain
was at least 50⇥ longer than the maximum autocor-
relation time across all parameters (⌧max; Goodman &

Weare 2010) and that the maximum relative change in
⌧max between convergence checks (every 100 steps) was
< 1%. After sampling was complete, the first 60% of
steps in each chain were discarded as burn-in and the
remaining samples were concatenated. The inferred val-
ues of fenv for each planet are summarized in Table 9.
Figure 11 plots the inferred fenv values as a function of
planet radius.
For HD 25463 c, the planet is too highly irradiated (Sp

⇡ 1400 S�) for the LF14 grid (which has an upper limit
of Sp = 1000 S�). To place an upper limit on fenv for

Akana Murphy et al. (2023)



Europa

water-ice surface + oxygen atmosphere

Europa has the smoothest surface of any 
known solid object in the Solar System
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Europa Clipper

Instruments:   IR imager, visible light imager, near-IR spectrograph, 
UV spectrograph, radar, magnetometer, magnetic sounding 
instrument, mass spectrometer, surface dust analyzer, radio antenna 
for gravity measurements


