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Figure 4. (a) Historical (pre-Juno) observed values of J4 and J6 by
Campbell and Synnott [1985] (purple), by Jacobson [2003] (black), and
Jacobson [2009] (maroon) compared to Juno’s measurement from the
first two orbits (red). Interior model solutions are shown for the models
of Nettelmann et al. [2012] (green), Hubbard and Militzer [2016] (orange),
Miguel et al. [2016] (blue), and Wahl et al. [2017] (gray), and overlying
centered around the Juno-measured values are the range of solutions
possible due to dynamics

(
Jn − ΔJn

)
(transparent yellow). (b) A blowup

of the central region of Figure 4a. Contours show different H values
with H = 1000 km (solid), H = 3000 km (dash-dotted), and
H = 10, 000 km (dashed).

Solutions with a relatively low-density
equation of state (EOS) [Saumon et al.,
1995; Becker et al., 2014] require more
heavy elements in the planetary inte-
rior and thus allow for a larger range of
solutions. Solutionswith a higher-density
EOS [Militzer andHubbard, 2013] allow for
comparatively fewer solutions. With the
former EOSs, when accounting for uncer-
tainties in the calculation of gravitational
moments, the range of solutions from
both Nettelmann et al. [2012] and Miguel
et al. [2016] can be considered as com-
patible with the Juno gravitational mo-
ments. With the latter EOS, the value of J4
remains significantly lower than the Juno
measurement with a three-layer model
[see Hubbard and Militzer, 2016; Miguel
et al., 2016]. However, using the more
elaborate concentric Maclaurin spheroid
method [Hubbard, 2012, 2013], with the
same EOS allows getting solutions which
are compatible with the Juno measure-
ments even if the effect of differential
rotation is small [Wahl et al., 2017].

Thus, at face value, the very small uncer-
tainty of the Juno measurements would
imply either very tight constraints on
the core mass and total mass of heavy
elements for the first series of EOSs or a
requirement of more complex structure
models with more layers and/or nonadi-
abatic layers [e.g., Leconte and Chabrier,
2012; Vazan et al., 2016; Helled and
Stevenson, 2017]. However, the contribu-
tion of differential rotation may not be
negligible, implying that a wide range
of internal structure models must be
considered. Since the measured values
of Jn are composed of the sum of the
static and dynamic values, this can be

estimated simply by accounting for the dynamical values found in Figure 3 and reporting them in Figure 4
(yellow transparent shading). This range, showing that the values are big enough to account for the differ-
ence between the measurements and the interior structure models, has been obtained by subtracting the
maximal values of the range shown in Figure 3b from the measured Juno values of J4 and J6. The values are
subtracted since we are interested in the values that can cover the difference between the measurements
and the interior models. However, in the flow profiles considered in Figure 3, we took only the polynomial fits
to the observed cloud level winds, which are all characterized by an eastward flow around the equator due
to the observed cloud level superrotation. Considering though that the flow patters we use come also to rep-
resent possible large-scale flows beneath the cloud level flow, which a priori can be completely decoupled
from the cloud level winds [Galanti and Kaspi, 2017], we also include the same flow patterns with opposite
values (i.e., large-scale westward flow near the equator). In these cases the H values still represent the expo-
nential decay depth but for a flow structure that begins underneath the superficial cloud level flow. Since we
are only interested in the flow that is the most influential on the gravity field, we do not go into the details of
having the superficial cloud level flows above the deeper (moremassive) flow structures, and simply take the

KASPI ET AL. DIFFERENTIAL ROTATION AND GRAVITY MOMENTS 5965

Kaspi et al. 2017
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Diluted core (Wahl et al. 17, Stevenson 1985, Helled & Stevenson 2017)

Significant entropy increase in the Mbar region

Decrease of heavy elements: Z2 < Z1

Density smaller than isentropic model (Debras Chabrier & 
Stevenson, submitted)

Maximum mass of compact core: 5 Earth masses
(Total metal mass 25 𝑀/ < 𝑀1 < 45 𝑀/)
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H/He immiscibility:
- possible, but not favoured (Morales et al. 2013, Schottler & Redmer 2018),

- decrease in Z < 10%. Low entropy increase. 

Entropy increase and heavy element decrease
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H/He immiscibility:
- possible, but not favoured (Morales et al. 2013, Schottler & Redmer 2018),

- decrease in Z < 10%. Low entropy increase. 

Need for semi-convection
(potentially triggered by immiscibility, Schubert et al. 1975, Earth)

Entropy increase and heavy element decrease
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Semi-convection 
thermodynamically favoured

deeper than 0.1 Mbar
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ΔS coherent with our 
models (~ 0.5 kB/proton)

Possible to sharply
decrease the metal
content

A&A 540, A20 (2012)
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Fig. 2. Schematic representation of the interiors of Jupiter and Saturn, according to the present study, and of layered convection, with the resulting
compositional and thermal radial profiles. The abundance of metals is constant within the well mixed convective cells of size l, and undergoes a
steep variation within the diffusive interfaces of thermal size δT (gray regions). Thanks to this steep gradient, these interfaces are stable against
convection and energy and matter are transported therein by diffusive processes. Because the size of these layers is very small compared with the
size of the planet, the mean thermal and compositional gradients (⟨∇T ⟩ and ⟨∇µ⟩) can be used in good approximation to infer the planet’s overall
structure.

In a laboratory or a numerical experiment, the efficiency of
the convection is characterized by the thermal Nusselt number,

NuT ≡
Ftot − Fad

d

Fd − Fad
d

, (7)

where by definition the total intrinsic flux (Ftot), the flux trans-
ported by diffusive processes (Fd), and the diffusive flux that
would be present in a completely adiabatic zone (Fad

d ) are given
by (Cox & Giuli 1968; Hansen & Kawaler 1994)
⎛
⎜⎜⎜⎜⎜⎜⎜⎝

Ftot
Fd
Fad

d

⎞
⎟⎟⎟⎟⎟⎟⎟⎠ ≡ κT

ρ cPT
HP

⎛
⎜⎜⎜⎜⎜⎜⎝
∇d
∇T
∇ad

⎞
⎟⎟⎟⎟⎟⎟⎠ , (8)

where cP is the heat capacity at constant pressure. It is found
that, for high Rayleigh numbers, the Nusselt number follows a
law of the type

NuT = CL Raa
⋆, (9)

where Ra⋆ is a modified Rayleigh number3, which is the ratio
of the strength of the thermal forcing to the one of the radiative
losses

Ra⋆ ≡
αT gH3

P

κ2T
α4 (∇T − ∇ad) =

(
N2

T l4/κ2T

)
. (10)

Here, g is the local gravity acceleration, and NT the
Brunt-Väisälä frequency.

As convection at very high Rayleigh numbers is difficult
to study either experimentally or computationally, it is diffi-
cult to give precise values for a and CL. For the bounded
Rayleigh-Bénard problem, theoretical models suggest that the
exponent of the convective flux law, a, could be equal to one
third (Garaud et al. 2010)4. However, experiments done by

3 Indeed, in the astrophysical context, it is convenient to use Ra⋆ =
Pr × Ra, where Ra is the usual Rayleigh number.
4 Although the simulations presented by Rosenblum et al. (2011) seem
to support exponent values lower than 1/3, suggesting that interfaces act
as impermeable boundaries, it should be noticed that the height of the
layers present in their simulations is small compared to a pressure scale
height. Their conclusion may thus not be valid for thicker layers.

Krishnamurti (1995) tend to show that this exponent could be
lower, and as low as a = 0.2. On the other hand, for ho-
mogeneous Rayleigh-Bénard convection (without boundaries),
Garaud et al. (2010) show that the regime predicted by the mix-
ing length theory, i.e. NuT = Ra1/2

⋆ (CL = 1, a = 1/2; see
Appendix A), is recovered. In the following, we thus consider
0.2 ! a ! 0.5 and CL = 1.

Equation (9) is sufficient to calculate the flux transported
by convection once the super adiabaticity is known. To com-
pute this, however, we must first define a quantity that can be
computed a priori from the local thermodynamical properties of
the medium and the total internal energy flux to be transported.
Following Hansen & Kawaler (1994), this convective forcing can
be defined by

Φ ≡ NuT × Ra⋆. (11)

Introducing εd ≡ ∇d − ∇ad, we rewrite Eq. (11) as Φ ≡ Φ0 α4 εd
where

Φ0 ≡
⎛
⎜⎜⎜⎜⎝
αTgH3

P

κ2T

⎞
⎟⎟⎟⎟⎠ · (12)

It is clear from Eq. (11) thatΦ0 is a local constant of the medium,
which characterizes its ability to transport energy by convection,
independently of the mixing length or of the flux to be trans-
ported (∝ εd).

Then, from Eqs. (9) and (11), one sees that in a region where
convection remains efficient enough,

Φ = NuT × Ra⋆ = CL Ra1+a
⋆ ⇒ Ra⋆ =

(
Φ

CL

)1/(1+a)

, (13)

which yields the super adiabaticity,

εT ≡ ∇T − ∇ad =

(
εd

NuT

)
=

(
εd

CLΦ
a
0 α

4 a

)1/(1+a)

. (14)

The range of super adiabaticity in the convective layers implied
by this equation for the various possible exponents a is shown
in Fig. 3 (pale red area). As seen, the uncertainty on a leads to a
large dispersion on this super adiabaticity. In this high convective

A20, page 4 of 13
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Magnetic field: Moore et al. 2018, sign of 
two dynamo regions ? 

LETTER RESEARCH

state, such as a magnetic field reversal or a transition between different 
dynamo states14,15. However, such a situation cannot necessarily be 
reconciled with the co-existence of strong dipole and non-dipole fields. 
Instead, we next consider whether Jupiter’s internal structure could 
account for the observations.

Starting near the top of Jupiter’s dynamo region, there is the possi-
bility of a stably stratified layer due to precipitation of helium16. Such 
a layer might axisymmetrize the field17, but could also destabilize the 
field18. However, this scenario also seems unlikely to be able to account 
for the observed hemispheric difference in the field morphology.  
There is also the effect of the steep gradient in electrical conductiv-
ity immediately above the metallic-hydrogen transition7. A recent  
numerically simulated dynamo including this effect shows irregular  
behaviour19, with one snapshot appearing similar to the Juno-
determined field. This is a possibility that requires further investigation. 
Finally, another recent study20 has examined flow and the generation 
of magnetic fields in Jupiter for three scenarios that involve near-sur-
face layering, although none of the scenarios produces magnetic fields 
similar to that observed by Juno.

At depth, other processes may be important. In particular, the  
mixture of rock and ice that probably constitutes (or constituted) 

Jupiter’s core will be soluble in hydrogen at the temperature and  
pressure expected there21–25. This may lead to gradual core dissolution, 
and may have been crucial in Jupiter’s thermal history26,27. Dissolution 
of rock and ice in metallic hydrogen will increase the density of the 
hydrogen region. Recent Juno observations of Jupiter’s gravity field are 
consistent with the existence of a partially or fully dissolved core inside 
Jupiter, with rock and ice non-uniformly mixed in the hydrogen out 
to approximately half the radius of the planet28; the region further out 
may be homogeneous, except for helium rain.

If, as theory and observations suggest, the metallic-hydrogen 
region is layered (the upper layer solute-free and the lower layer con-
taining dissolved rock and ice), the implications for the dynamo will 
depend on the convective instability of these layers. The upper layer is  
most probably convectively unstable, given the very large heat flux 
observed at Jupiter. The properties of the lower layer are far less 
clear. If the lower layer is stable, then dynamo action will be confined  
to the upper layer and will therefore operate in a shell with a radius  
ratio (inner to outer radii) of approximately 0.5. A similar geome-
try has been investigated previously as a possible explanation for the  
magnetic fields of Uranus and Neptune29, albeit with a numerical 
dynamo model much less sophisticated than what is now feasible. 
The magnetic field map obtained from this simulation with a radius 
ratio of 0.5 (see figure 16, model 5 in ref. 29) bears similarity to the 
map of Jupiter’s field shown here, but with an axial dipole that is much 
less dominant. In addition, structure may arise from double diffusive 
convection26.

Alternatively, if the lower layer is convectively unstable, then it 
could be convecting separately from the layer above owing to the 
possible presence of a density jump at the boundary between the  
layers28. Convection in Jupiter’s metallic-hydrogen region can be 
driven by relative density variations (∆ρ/ρ) of the order of 10−6, so 
even a small density jump could be impervious to convection. In this  
scenario, dynamo action may occur separately in the thick lower shell 

a b

c

Fig. 2 | Magnetic field lines. a, North polar view; b, south polar view; 
c, equatorial view. The non-dipolar nature of the magnetic field in the 
northern hemisphere and the dipolar nature in the southern hemisphere 
is apparent. The equatorial view is centred near the Great Blue Spot and 
shows the linkage of magnetic field lines that enter through the Great Blue 
Spot. The contoured surface on which the field lines shown start and end 
is at r = 0.85RJ, where the density of field lines is proportional to the radial 
magnetic field strength and is depicted by the colour scale (red outward 
flux, blue inward flux). An animated version of this figure is available at 
https://doi.org/10.6084/m9.figshare.6828953.

Fig. 1 | The radial component of Jupiter’s magnetic field. The plots are 
shown on a Hammer equal-area projection with the central meridian at a 
longitude of 180° west (System III coordinates). The colour scale depicts 
the strength of the radial component of the magnetic field, with yellow–red  
shades depicting field in the positive radial direction (outwards) and 
green–blue shades depicting field in the negative radial direction 
(inwards). a, b, A regularized solution (a) and the JRM09 solution (b) at 
r = 1.00RJ; c, d, the same at r = 0.95RJ; e, f, the same at r = 0.90RJ;  
f, g, the same at r = 0.85RJ. Although the regularized solution and the 
JRM09 solution have a similar pattern at each depth, the regularized 
solution reveals more intense and concentrated field structure. Overall,  
the same basic field morphology is apparent across the range of depths  
and the two models.
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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

Moore et al. 2018

Connerney et al. 2018

Deep dipolar dynamo and 
shallow multipolar dynamo ?
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1) Phase separation very efficient. Very doubtful
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decrease in metals. Doubtful 

3) Atmospheric accretion occurred since 
the breaking of convection 
~ 1 Earth mass. 

Crucial consequences on formation models !! 
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Long term survival of a diluted core ? 

Moll et al. 2017

III. Implications 13/17



13/17

Moll et al. 2017 Giant impact: Liu et al. 2019LETTER RESEARCH
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Extended Data Fig. 3 | Two-dimensional snapshots of a merger between 
the proto-Jupiter with a 10M⊕ rock/ice core and a 10M⊕ impactor. 
a, Density contours in the orbital plane before the impact; b, before the 

impactor arriving at the core; c, after the destruction of the core; d, at 
about 10 h after the impact. Time in each panel is measured since the start 
of the simulation.
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Diluted and compact cores:
-Energy required to dilute the core ? 
-Demixing of heavy elements with time ?

Has Jupiter ever been fully convective ?  

Evolutionary models must be taken with extreme care ! 

Leconte & Chabrier 2013
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Extrasolar planets
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Atmospheric composition is NOT easily linked with bulk composition

Jupiter and Saturn are NOT adiabatic, maybe from several Gyrs. Factor of ~3 on the 
total metal mass
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Atmospheric composition is NOT easily linked with bulk composition

Jupiter and Saturn are NOT adiabatic, maybe from several Gyrs. Factor of ~3 on the 
total metal mass

Careful with over simplifications ! 



Summary and prospects 

Juno provided new data excluding older models 

Need for diluted core, extended immiscibility 
and/or layered convection 

Strong constraints on core mass
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Summary and prospects 

Juno provided new data excluding older models 

Need for diluted core, extended immiscibility 
and/or layered convection 

Strong constraints on core mass

Prospects 

Oscillations are the necessary next step

Understanding the generation of magnetic fields in semi-convective regions is also key
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Thank you !


