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How deep is Jupiter’s metallic hydrogen region?
Yue-Kin Tsang and Chris Jones
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Interior structure of Jupiter

(JPL)

•mainly composed of hydrogen and helium
• surface: T ∼ 170 K and P ∼ 1 bar

centre: T ∼ 20000 K and P ∼ 70 Mbar
•hydrogen molecules ionise to form metallic

hydrogen at T ∼ 4300 K and p ∼ 0.5 Mbar (∼ 0.9 rJ)
• continuous transition from the outer insulating

molecular layer to the inner conducting region

Theoretical calculation of EOS and conductivity σ(r)18 J. Wicht et al.
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Fig. 2.5 Interior profiles of density (black), pressure (blue), and temperature (red) of our three-
layer Jupiter model shown in Fig. 2.4. The separation between the He-poor outer and the He-
rich inner envelope, which also contains more heavier elements, is modeled by a sharp change in
composition that explains the small jump in density. Note the flattening of the T-profile due to H2

dissociation (French et al. 2012)

core masses are typically below 10 ME and decrease with increasing Psep value
(Miguel et al. 2016; Nettelmann et al. 2012). Moreover, the real interior structure of
Jupiter and Saturn may be different from the simple adiabatic few-layer assumption
due to the unknown efficiency of convective mixing (Helled and Stevenson 2017).
Therefore, the size of the heavy-element-rich central region, i.e., the inner core, may
be larger than predicted so far. One goal of the Juno mission is to determine that size.
Combined efforts from internal structure modeling and from flow and magnetic field
modeling may be necessary to reach that goal.

In agreement with previous work (e.g., Stevenson and Salpeter 1977b; Fortney
and Hubbard 2003), we find that such adiabatic structure models yield too low
luminosities for present Saturn. This well-known diviation is generally attributed to
the assumption of homogeneous thermal evolution where the local mean molecular
weight stays constant with time. This precludes physical processes, such as sedi-
mentation and erosion. On the other hand, sedimentation of a major species could
significantly change the gravitational energy of the planet and thus have a strong
effect on the thermal evolution. We discuss this issue in Sect. 2.2.4.

Interior structure of Jupiter
The Astrophysical Journal Supplement Series, 202:5 (11pp), 2012 September French et al.
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Figure 7. Dependence of the electrical (top) and the thermal (bottom) conduc-
tivity on the concentration of helium: Y1 ≈ 0.238 (dotted line), Y ≈ 0.275
(solid line), and Y2 ≈ 0.311 (dashed line). These calculations were performed
with the PBE functional.

concentration along the Jupiter adiabat. These quantities are
potentially not as insensitive to the stoichiometry as η, λi , or
diffusion coefficients and its influence needs some assessment.

Several calculations are performed for three different helium
concentrations using the PBE functional. The general trends
are displayed in Figure 7 and the correct absolute values
for the conductivities can be obtained by scaling with the
HSE:PBE ratios shown in Figure 5. In particular, we have chosen
216 hydrogen and 20 helium atoms to represent the mean helium
fraction (Y ≈ 0.275), 222 hydrogen and 17 helium atoms (Y1 ≈
0.238) for the outer layer, and 208 hydrogen and 24 helium
atoms (Y2 ≈ 0.311) for the inner layer, respectively. The
electrical and thermal conductivities of the H–He mixtures are
mainly determined by the hydrogen subsystem. They decrease
systematically with the helium concentration, similar to what
was found by Lorenzen et al. (2011).

For all considered concentrations, the dependence of σe and
λe on the helium abundance is relatively small. In a case where
the influence of the helium concentration on the conductivity has
to be accounted for, both this work and that of Lorenzen et al.
(2011) can be used to scale the conductivities in the vicinity
of the mean helium fraction. The discontinuity of the helium
concentration at the layer boundary is a characteristic attribute
of three-layer models by definition, however, it is relatively
small in our models: from Y1 = 0.238 in the outer envelope to
Y2 = 0.291 (J11-4a) or 0.311 (J11-8a) in the inner envelope.
Therefore, and also due to the high computational demands,
we restrict our following calculations with the HSE functional
solely to the mean helium fraction (Y ≈ 0.275).

The main results for the electrical conductivity σ = σe and
the magnetic diffusivity β = 1/μ0σ , where μ0 is the vacuum
permeability, were obtained with the HSE functional (Heyd
et al. 2003, 2006). They are displayed in Figure 8. The most
prominent feature is the transition from nonmetallic to metallic-
like conduction (σ � 2 × 104 S m−1; see Redmer & Holst
2010) at about 0.9 RJ , which corresponds to a pressure level of
0.5 Mbar. The transition is continuous because Jupiter’s adiabat
lies above the critical point of the first-order liquid–liquid phase
transition in hydrogen predicted by Morales et al. (2010) and
Lorenzen et al. (2010); see Figure 3.

Various interpolation formulae have been constructed for
the electrical conductivity based on limiting cases, e.g., the
Spitzer theory (Spitzer & Härm 1953) for fully ionized classical
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Figure 8. Upper panel: electrical conductivity along Jupiter’s adiabat calculated
with the HSE functional assuming a constant mean He fraction of Y ≈ 0.275.
Comparison with different models and estimations is made (Stevenson &
Salpeter 1977; Lee & More 1984; Röpke & Redmer 1989; Liu et al. 2008;
Gómez-Pérez et al. 2010); see the text for further details. Lower panel:
magnetic diffusivity β = 1/μ0σ along Jupiter’s adiabat calculated with the
HSE functional.

plasmas, and the Ziman theory (Ziman 1961) for degenerate
plasmas; see Röpke (1988) and Röpke & Redmer (1989).
We compare our ab initio results with such transport theories
developed for strongly coupled plasmas (Röpke & Redmer
1989; Lee & More 1984) assuming a fully ionized hydrogen
plasma with a density that is equal to its partial density in our
H–He mixture. We also compare our results with the model
of Stevenson & Salpeter (1977) which takes into account the
influence of helium. The formula of Stevenson & Salpeter
(1977) is derived from the Ziman theory by employing hard
sphere static structure factors. The model of Lee & More
(1984) is based on the relaxation-time approximation for the
Boltzmann equation which is solved for arbitrary degeneracy.
Desjarlais (2001) generalized this approach to partial ionization
later. Partial ionization is relevant for the metal-to-nonmetal
transition region in Jupiter and by far most challenging for
transport theory since the chemical composition (ionization
degree) and the effective interactions between the various
species (i.e., electrons, ions, atoms, molecules, molecular ions,
etc.) have to be determined within an appropriate theoretical
treatment. Advanced chemical models have been developed for
this purpose; see Redmer (1997). These rely on assumptions for
the discrimination between free and bound electrons as well as
on effective pair potentials, which becomes questionable in the
warm dense matter regime along Jupiter’s adiabat.

We avoid such difficulties by applying a strictly physical
picture of electrons and nuclei. Hence, we are able to give
accurate predictions for the electrical conductivity over a range
of 14 orders of magnitude, from metallic-like conduction in the
deep interior to nonmetallic values in the outer envelope.
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Jupiter’s dynamo

• secular cooling of the planet drives convective
motion of the liquid metallic hydrogen
• current is being generated =⇒ magnetic field
• recent observation of the radial component of the

magnetic field from the Juno mission

Juno determined magnetic field

-2.0mT 2.0mT -1.4mT 1.4mT

Post-Juno Jupiter Br at true surface Pre-Juno Br at true surface.

New features revealed:

• Strongest flux patch has smaller size but higher peak field.

• Strong equatorial flux patch, the ‘Great Blue Spot’now visible.

• More small scale features in the Northern hemisphere than in the
Southern hemisphere. This was not observable before.

Juno magnetometer measurements 6/13

How do we characterise the depth of the dynamo
region for a continuously varying σ(r)?
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A numerical model of Jupiter

•Anelastic rotating MHD spherical shell with radius
ratio rin/rout = 0.0963 (small core, rout ≈ 0.96 rJ)

• convection driven by secular cooling of the planet

•boundary conditions: no-slip at rin and stress-free at
rout, electrically insulating outside rin < r < rout

•dimensionless numbers: Ra, Pm,Ek, Pr

•Large Pm to produce strong field dynamo (Dormy
2016): Jupiter’s field strongly influences its flow

Ra = 2× 107, Pm = 10, Ek = 1.5× 10−5, P r = 0.1

radial magnetic field

r = rout

r = 0.75rout
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Where does the current start flowing?

r=rJ
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•average current over a spherical surface of radius r

µ0j = ∇×B

j2
rms(r, t) ≡

1

4π

∫ 2π

0

∫ π

0
|j|2 sin θdθdφ

• jrms drops quickly but smoothly in transition region
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Magnetic energy spectrum
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•average magnetic energy over a spherical surface

EB(r) =
1

4π

∫ 2π

0

∫ π

0

|B|2
2µ0

sin θ dθ dφ

•write B as sum of spherical harmonics modes (l,m)

2µ0EB(r) =
∞∑
l=1

Fl(r)

Fl(r) ∼magnetic energy in the lth mode

•near the surface r ≈ rout, Fl(r) decays steeply with l

• in the interior (away from the core), Fl(r) becomes
shallow and maintains roughly the same shape

• indicates a qualitative change in the dynamics at

rdyn ≈ 0.889 rJ
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Downward continuation in a j=0 region

• in an interior region r1 < r < rout where j = 0, the
spectrum for r < rout can be related to Fl(rout) at the
surface

•denote such “source-free” spectrum by Rl(r):

Rl(r) =

rout

r

2l+4

Fl(rout) (?)

• if Fl(r) ≈ Rl(r), it implies j ≈ 0 at depth r < rout

• the deviation of Rl(r) from Fl(r) estimated by

∆(r) =

√√√√√∑l(lnRl − lnFl)2∑
l(lnFl)2

is a measure of the significance of j at r
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Characterisation using surface observation

•direct measurement of Jupiter’s interior magnetic
field is not possible, hence Fl(r) is not available from
observation

• can we estimate the depth of the metallic hydrogen
region from B observed near the surface?

•white source hypothesis: at the depth where j becomes
significant, Rl becomes independent of l

•a characteristic radius rflat can be obtained from the
spectrum Fl(rout) at the surface by assuming Rl(r) at
r = rflat is independent of l, then by (?)

lnFl(rout) = 2 ln

(
rflat

rout

)
l + lnRl(rflat) + 4 ln

(
r

rout

)

is linear in l, a least-squares linear fit gives the slope
of lnFl(rout) from which we obtain

rflat = 0.885 rJ

•we have also calculated Rl(rflat) using (?) and
verified that it is indeed flat
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Comparison with Juno data

Figure 5 compares the Lowes’ spectrum (Lowes, 1974) computed from the JRM09model field with that of the
Earth (Langel & Estes, 1982). The Lowes spectrum offers a relative comparison of the mean square magnetic
field contributed bymodel spherical harmonic terms of degree n. A magnetic field with similar amplitudes on
a sphere at all spatial scales would result in a relatively flat spectrum at the corresponding radial distance, like
the Earth’s crustal field (r = 1 Re). The Earth’s dynamo, in contrast, fits a linear trend in degree n reflecting the

depth to the dynamo surface (at ~0.54 Re). Naively interpreted, the cur-
rent trend in Jupiter’s Lowes’ spectrum through degree 10 might imply
a dynamo core surface near 0.85 Rj, although the Jovian dynamo is
likely not characterized so simply as having a sharp transition between
electrically conducting fluid and (relatively) insulating mantle above
(like Earth’s).

5. Conclusions

We present a degree 10 spherical harmonic model of Jupiter’s plane-
tary magnetic field, offering the most detailed view of a planetary
dynamo (other than Earth) ever obtained. This is an interim model,
based on a subset of the orbital data to be acquired during Juno’s base-
line mission. This model will improve prediction of the field at close-in
radial distances, relative to prior models, and prove useful in planning
Juno’s remaining orbital operations. But as yet adjacent periapsis
passes are too widely spaced in longitude (~0.8 Rj at perijove) to con-
strain the field at the smallest spatial scales evident in observations
near closest approach. Therefore, one must anticipate significant
departures from the model during subsequent perijoves, as Juno
slowly accumulates longitudinal coverage of the field with perijove
separation (~0.2 Rj after 33 orbits) comparable to the depth to the
source region.

It is premature to discuss potential secular variation of the field,
although it is a topic of great interest and recent speculation
(Connerney & Acuña, 1982; Ridley & Holme, 2016; Russell & Dougherty,

Figure 4. Contours of the radial magnetic field (Gauss) on the dynamically flattened surface with equatorial radius
rc = 0.85 Rj in rectangular latitude-longitude projection. An orthographic projection of this figure is provided in the sup-
porting information, showing remarkable agreement with Moore et al.’s (2017) analysis (their Figure 2) of the perijove 1
observations.

Figure 5. A comparison of the Lowes’ spectrum for Earth and Jupiter using the
JRM09 model magnetic field through degree/order 10.

Geophysical Research Letters 10.1002/2018GL077312

CONNERNEY ET AL. 2595

The latest data from the Juno
mission produces a magnetic
spectrum (Connerney et al.
2018) that is steeper than that
from our numerical model.

This spectrum is consistent with
having a white noise source at a
depth of r = 0.85 rJ as compared
to our rflat = 0.885 rJ .

The discrepancy between our numerical model and
the Juno data suggests that
• theoretical calculation may have overestimated the

conductivity in the Jupiter interior

• the metallic hydrogen layer, thus the transition
region in the conductivity profile σ(r), could be
deeper than predicted

•our numerical model has more small-scale forcing
than Jupiter does


