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I. Observations and simulations 
 Hot Jupiters 

First discovery:  
51 Peg b, Mayor & Queloz 1995 
 
 
Jupiter mass and radius  
 
 
Short orbits: tidally locked  
 
 
Day side – night side temperature difference: ~1000K 
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Mass Radius Orbital period Semi major axis 
0.7 MJ = 222 MT 95000 km = 1.36 RJ 3.5 days 0.04 AU 

HD 209458b 
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I. Observations and simulations 
 Warm Neptunes 

First characterized:  
Corot 7b, Leger et al. 2009  
 
 
 
Warm Neptunes or super Earths ?  
 
 
 
 
First atmospheric studies: GJ 1214b. Low density: extended atmosphere  
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Mass Radius Orbital period Semi major axis 
6.5 MT 2.7 MT 1.5 days 0.015 AU 

GJ 1214b 
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I. Observations and simulations 
 Detection 

Image credit : Josh Winn 
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I. Observations and simulations 
 Observations 

Knutson et al. 2007 

This is surprising, as the timescale for orbital circularization is sig-
nificantly shorter than the ages of these systems14,15. This eccentricity
is too small to have been detected by radial velocity measurements4,6.
The observed delay is moderately inconsistent with the timing of the
16-mm eclipse3, which occurs 29 6 65 s later than predicted6.

Atmosphere models allow us some insight into the factors that
control the day–night temperature contrast. The response of a planet
to stellar irradiation depends on a comparison between the radiative
timescale (over which starlight absorption and infrared emission
alter the temperature) and the advection timescale (over which air
parcels travel between day and night sides)16–18. If the radiative time is
much shorter than the advection time, the hot dayside reradiates the
absorbed stellar flux and the nightside remains cold. If the radiative
time greatly exceeds the advection time, however, then efficient ther-
mal homogenization occurs. Radiative transfer models of highly irra-
diated giant planets17–21 predict that the bulk of absorption of stellar
flux and emission of thermal flux occurs at pressures from tens of
millibars to several bars, where the predicted radiative timescales18

range from 104 s to 105 s. Advection times are less well constrained,
but estimates of wind speeds16,22–26 (hundreds to thousands of m s21)
suggest advection times of ,105 s. Thus, current models suggest that
the radiative timescale is comparable to the advective timescale, and
temperature differences could reach 1,000 K. In contrast, the small
flux variation that we observe implies that the timescale for altering

the temperature by radiation modestly exceeds the timescale for
homogenizing the temperature between the day and night sides.

It is possible that the observed planetary flux emerges from deeper
in the atmosphere than expected, where the radiative timescales are
longer. In the 8-mm band, models suggest that H2O dominates
the opacity, with additional contributions from CH4 and collision-
induced absorption of H2. Silicate cloud opacity is not expected at
these temperatures27. If the radiative time constants are as small as
expected18, then supersonic wind speeds exceeding ,10 km s21 (,4
times the sound speed) would be necessary to transport energy to the
nightside. The times of minimum and maximum flux also provide
information on the planet’s meteorology. Our observation that the
minimum and maximum do not occur at phases of 0 and 0.5, respect-
ively, indicates advection of the temperature pattern by atmospheric
winds16,22–26,28. The existence of a flux minimum and maximum on a
single hemisphere suggests a complex pattern not yet captured in
current circulation models.

In contrast to the 8-mm phase variation for HD 189733b presented
here, the 24-mm variation reported7 for the non-transiting planet u
Andromedae b was quite large. The reasons for the differing results
are not immediately clear, although the sparse data sampling and
unknown radius for uAnd b mean that the uncertainty in the inferred
day–night contrast is much larger. A higher opacity at 24 mm and a
lower surface gravity for u And b could lead to a photospheric pres-
sure two times smaller, but this difference is probably insufficient to
explain the discrepancy. The dayside of u And b receives 50% more
flux from its star, but it is unclear how this would affect the day–night
temperature contrast. Secondary eclipse depths for several planets
have been in good agreement with the predictions from simple
one-dimensional models17,19–21 that assume a uniform day–night
temperature, consistent with our conclusions for HD 189733b.
Taken together, these results argue for atmospheres that are very dark
at visible wavelengths, probably absorbing 90% or more of the incid-
ent stellar flux, and at the same time able to transport much of this
energy to the nightside.

Received 8 February; accepted 23 March 2007.
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Figure 3 | Brightness estimates for 12 longitudinal strips on the surface of
the planet. Data are shown as a colour map (a) and in graphical form (b); see
below for details. We assume that the planet is tidally locked, and we
approximate it as being edge-on with no limb-darkening, so that the
brightness of the ith slice is Fi(sinwi,2 2 sinwi,1) where 2p/2 # wi,1, wi,2 #p/2
are the edges of the visible portion of each slice, and Fi is the flux from a slice
when it is closest to us. We bin the light curve into 32 bins with 4,000 data
points each, excising the data during the eclipses. We define our goodness-
of-fit parameter as x2zl

P
12
i~1 Fi{Fi{1ð Þ2, where x2 is the goodness of fit

for the light curve, and the second term is a linear regularizing term that
enforces small variations in adjacent slices for large l and allows a unique
solution for Fi for a given value of l. We optimize this function using a 1,000-
step Markov Chain Monte Carlo method to determine the planetary flux
profile and corresponding uncertainties. We chose a value for l that
produced a reasonable compromise between the quality of the fit and the
smoothness of the final brightness map. We varied both the size of the bins
and the number of longitudinal slices, and our resulting slice fluxes are
robust. The brightness values in b are given as the ratio of the flux from an
individual slice viewed face-on to the total flux of the star, with 61s errors.
Panel a shows a Mollweide projection of this brightness distribution, with an
additional sinusoidal dependence on latitude included (note that the data
provide no latitude information). This plot uses a linear scale, with the
brightest points in white and the darkest points in black.
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I. Observations and simulations 
 Simulations 
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Figure 9
Examples of calculations from general circulation models of hot Jupiters. Despite the use of different input parameters, techniques to
treat radiation and numerical schemes for atmospheric dynamics, the chevron-shaped feature appears to be a generic outcome of the
hot exoplanet regime. Courtesy of Kevin Heng ( panel a, using the FMS GCM), Emily Rauscher ( panel b, using the IGCM), Ian
Dobbs-Dixon ( panel c, using a customized code), Nathan Mayne ( panel d, using the U.K. Met Office GCM), and Adam Showman
( panel e, using the MITgcm). Panel f shows an analytical model from Heng & Workman (2014), generalized from the work of Matsuno
(1966), Gill (1980), and Showman & Polvani (2010, 2011).

in some cases the emergence of additional eastward jets at high latitudes (Showman et al.
2008a, 2009; Kataria et al. 2013). The circulation in 3D models is also accompanied by
strong mean-meridional circulation cells; the strength and depth of these cells are sensi-
tive to the stellar irradiation, becoming stronger and deeper for more irradiated atmospheres
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Figure 9
Examples of calculations from general circulation models of hot Jupiters. Despite the use of different input parameters, techniques to
treat radiation and numerical schemes for atmospheric dynamics, the chevron-shaped feature appears to be a generic outcome of the
hot exoplanet regime. Courtesy of Kevin Heng ( panel a, using the FMS GCM), Emily Rauscher ( panel b, using the IGCM), Ian
Dobbs-Dixon ( panel c, using a customized code), Nathan Mayne ( panel d, using the U.K. Met Office GCM), and Adam Showman
( panel e, using the MITgcm). Panel f shows an analytical model from Heng & Workman (2014), generalized from the work of Matsuno
(1966), Gill (1980), and Showman & Polvani (2010, 2011).

in some cases the emergence of additional eastward jets at high latitudes (Showman et al.
2008a, 2009; Kataria et al. 2013). The circulation in 3D models is also accompanied by
strong mean-meridional circulation cells; the strength and depth of these cells are sensi-
tive to the stellar irradiation, becoming stronger and deeper for more irradiated atmospheres
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I. Observations and simulations 
 Robustness of superrotation 

Mayne, Debras et al. 2017 

10/27/19 Physics at the equator - hot Jupiters and warm Neptunes - Florian Debras 

What is the physical origin of superrotation on hot 
Jupiters ? 
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I. Observations and simulations 
 Primitive equations ? 

10/27/19 Physics at the equator - hot Jupiters and warm Neptunes - Florian Debras 

Can we model warm Neptunes/super Earths with the primitive equations ?  

Mayne et al 2014: primitive equations hot Jupiters 
 
 
 
 
 

            
 
 
 
 

           Mayne et al. 2019: what about warm Neptunes ?  

10/30 



II. Warm Neptunes 
 Primitive equations  

10/27/19 Physics at the equator - hot Jupiters and warm Neptunes - Florian Debras 

Much faster computationnally than full equations.  
 
Four approximations, based on the Earth’s shallow atmosphere/oceans:  
 
1)  Hydrostatic balance. Never a problem in our simulations. 

2)  Shallow fluid approximation: 𝑟 ≈𝑅, ​𝜕/𝜕𝑟 ≈​𝜕/𝜕𝑧  

3)  Traditional approximation: buyoancy dominates Coriolis. No latitudinal component of rotation 

4)  Gravity is constant with height.  
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II. Warm Neptunes 
 Assumptions 

10/27/19 Physics at the equator - hot Jupiters and warm Neptunes - Florian Debras 

Goal: estimate the validity of 𝑤 ≪𝑣 tan ​(𝜑) 
 
 
Analytical estimates based on four assumptions: 
 
1)  The atmosphere is globally superrotating 

2)   ∆𝑇 ≪ ∆​𝑇↓𝑓𝑜𝑟𝑐𝑖𝑛𝑔  

3)  V is only due to Coriolis 

4)  Incompressible hydrostatic atmosphere 

 
 
 

0.3 bars 
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II. Warm Neptunes 
 Results 

10/27/19 Physics at the equator - hot Jupiters and warm Neptunes - Florian Debras 

𝑈 ~ √ 3&2 𝜋 ​𝑅↓𝑝 ℛ​∆​𝑇↓𝑓𝑜𝑟𝑐𝑖𝑛𝑔 /​𝜏↓𝑟𝑎𝑑    ~ 1400 𝑚.​𝑠↑−1  
                                   𝑊 ~ ​𝐻/𝐿  √ 3&2 𝜋 ​𝑅↓𝑝 ℛ​∆​𝑇↓𝑓𝑜𝑟𝑐𝑖𝑛𝑔 /​𝜏↓𝑟𝑎𝑑                                              𝑉 
tan ​(𝜑) ~ ​𝜋/2 ​𝑅↓𝑝 Ω​​sin ​↑2 (𝜑)/cos​(𝜑)  
 

Increases with:  radius, forcing 
Decreases with; molecular weight  

Increases with: radius, rotation rate 

No dependence on gravity 
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II. Warm Neptunes 
 Verification 
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II. Warm Neptunes 
 Verification 
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II. Warm Neptunes 
 Conclusions 

10/27/19 Physics at the equator - hot Jupiters and warm Neptunes - Florian Debras 

Primitive equations: large planet moderately forced with heavy molecular weight 
 
 
Counter intuitive: large rotation rate.  
 
 
 
Impact: phase curves.  

In the limit of global superrotation. 
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Corot 2b 
III. Hot Jupiters 

Dang et al. 2018 Substellar point 

Maximum temperature 
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Superrotation is ubiquitous in numerical 
simulations and detected indirectly. 
 
 
 
 
 
BUT: Corot 2b 
 
 
 
 
Need to understand physically superrotation  
 



The inflated radius 

Simple evolution models (Guillot et al 1996 + 
Goukenleuque et al 2000): 
HD209458b bigger than expected 
 
 
 
Since then:  
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III. Hot Jupiters 
Deep thermodynamic profiles 

 
 
 
 

by irradiation can explain the inflated radii of these planets.
Indeed, the induced vertical mass flux and the advection of the
potential temperature naturally constrain the atmosphere pressure/
temperature profile to become adiabatic, even in the absence of
convection, when the heating rate is small, as is the case in the
deep atmosphere. Since this structure becomes adiabatic at smaller
pressures than the one at which the atmosphere becomes unstable
to convection, the 2D steady-state atmospheric profile reconnects
with a hotter internal adiabat. This in turn implies a larger radius
for a given mass, explaining the long-standing problem of the
anomalously inflated radii of these objects.

N.M. acknowledges funding from the Leverhulme Trust via a
Research Project Grant. James Manners acknowledges the support
of a Met Office Academic Partnership secondment. This work is
partly funded by the ERC grants No. 320478-TOFU and No.
247060-PEPS. Some of the calculations used the STFC DIRAC
HPC service and the new University of Exeter Supercomputer,
ISCA. D.S.A. acknowledges support from the NASA Astrobiol-
ogy Program through the Nexus for Exoplanet System Science.

Appendix

The stationary Euler equations in spherical coordinates r
(radius), f (latitude), and λ (longitude), supplemented by the
energy equation for an ideal gas (whose internal energy e is

given by the equation of state g= -( )P e1 ) read,
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Figure 7. Pressure–temperature profiles of the 2D circulation model with constant profiles a = 2 and =lu 6 km s−1 (A), a = 100 and =lu 6 km s−1 (B), a = 2 and
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2D, vertical winds 1D, no winds 

Internal temperature profile hotter: 
hot interior because of equatorial superrotation 

Tremblin et al. 2017 
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by irradiation can explain the inflated radii of these planets.
Indeed, the induced vertical mass flux and the advection of the
potential temperature naturally constrain the atmosphere pressure/
temperature profile to become adiabatic, even in the absence of
convection, when the heating rate is small, as is the case in the
deep atmosphere. Since this structure becomes adiabatic at smaller
pressures than the one at which the atmosphere becomes unstable
to convection, the 2D steady-state atmospheric profile reconnects
with a hotter internal adiabat. This in turn implies a larger radius
for a given mass, explaining the long-standing problem of the
anomalously inflated radii of these objects.
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ogy Program through the Nexus for Exoplanet System Science.
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Showman Polvani 2011 

 
Solar system: superrotation sometimes associated with propagation and dissipation of Rossby waves 
 
Hot Jupiters: Rossby deformation radius ~ planet size  

 
Beta plane shallow water 
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​𝜕𝑢/𝜕𝑡  −𝑦𝑣+ ​𝜕ℎ/𝜕𝑥 + ​𝑢/​𝜏↓𝑑𝑟𝑎𝑔  =0, 
 
​𝜕𝑣/𝜕𝑡 +𝑦𝑢+ ​𝜕ℎ/𝜕𝑦 + ​𝑣/​𝜏↓𝑑𝑟𝑎𝑔  =0, 
 
​𝜕ℎ/𝜕𝑡 +​𝜕𝑢/𝜕𝑥 + ​𝜕𝑣/𝜕𝑦 + ​ℎ/​𝜏↓𝑟𝑎𝑑  =𝑄. 
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III. Hot Jupiters 
Timeline from SP11 

EA43CH17-Heng ARI 11 May 2015 10:4
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Figure 9
Examples of calculations from general circulation models of hot Jupiters. Despite the use of different input parameters, techniques to
treat radiation and numerical schemes for atmospheric dynamics, the chevron-shaped feature appears to be a generic outcome of the
hot exoplanet regime. Courtesy of Kevin Heng ( panel a, using the FMS GCM), Emily Rauscher ( panel b, using the IGCM), Ian
Dobbs-Dixon ( panel c, using a customized code), Nathan Mayne ( panel d, using the U.K. Met Office GCM), and Adam Showman
( panel e, using the MITgcm). Panel f shows an analytical model from Heng & Workman (2014), generalized from the work of Matsuno
(1966), Gill (1980), and Showman & Polvani (2010, 2011).

in some cases the emergence of additional eastward jets at high latitudes (Showman et al.
2008a, 2009; Kataria et al. 2013). The circulation in 3D models is also accompanied by
strong mean-meridional circulation cells; the strength and depth of these cells are sensi-
tive to the stellar irradiation, becoming stronger and deeper for more irradiated atmospheres
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Superrotation in hot Jupiters 

 
Equilibration of the jet: sequence of linear steady states, Tsai et al. 2014. Vertical tilt of the wave 
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Limits of SP11 and Tsai et al. 2014 
III. Hot Jupiters 

Tsai: Need for an initial superrotation followed by 
slow evolution.  Given by SP11 ? 
 
Linear steady state of SP11 with appropriate ​
𝜏↓𝑑𝑟𝑎𝑔  and ​𝜏↓𝑟𝑎𝑑  : 
(komacek & showman 2016) 

 
 
Linear steady state never reached 
 
Need for time dependent considerations  
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III. Hot Jupiters 
Debras et al.2019, accepted 

Linear time dependent solution: 
 
​𝑋↓𝐹 = ∑𝑛↑▒​​𝑞↓𝑛  ​​𝑋 ↓𝑛 /​𝜎↓𝑛 −𝑖 ​𝜔↓𝑛  (1−​𝑒↑(𝑖​𝜔↓𝑛 −​𝜎↓𝑛 )𝑡 )  
 
Steady state dominated by Rossby waves 
 
BUT  
 
Limit of short timescales: Rossby and Kelvin  
waves with comparable amplitudes 
​𝑋↓𝐹 ≈ ∑𝑛↑▒​𝑞↓𝑛  ​​𝑋 ↓𝑛 𝑡  
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III. Hot Jupiters 
Rossby and Kelvin waves 

Rossby:  ~ zero pressure at the  
equator, rotating winds 

Kelvin: no meridional winds, maximum 
pressure at the equator 
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III. Hot Jupiters 
Intermediate and steady linear state 

Short timescales state: mix R-K,  
Similar to SP11 steady state  Steady:  Rossby dominated 
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III. Hot Jupiters 
More accurate timeline 
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Figure 9
Examples of calculations from general circulation models of hot Jupiters. Despite the use of different input parameters, techniques to
treat radiation and numerical schemes for atmospheric dynamics, the chevron-shaped feature appears to be a generic outcome of the
hot exoplanet regime. Courtesy of Kevin Heng ( panel a, using the FMS GCM), Emily Rauscher ( panel b, using the IGCM), Ian
Dobbs-Dixon ( panel c, using a customized code), Nathan Mayne ( panel d, using the U.K. Met Office GCM), and Adam Showman
( panel e, using the MITgcm). Panel f shows an analytical model from Heng & Workman (2014), generalized from the work of Matsuno
(1966), Gill (1980), and Showman & Polvani (2010, 2011).

in some cases the emergence of additional eastward jets at high latitudes (Showman et al.
2008a, 2009; Kataria et al. 2013). The circulation in 3D models is also accompanied by
strong mean-meridional circulation cells; the strength and depth of these cells are sensi-
tive to the stellar irradiation, becoming stronger and deeper for more irradiated atmospheres
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III. Hot Jupiters 
Quasi-linear studies and accelerations 

 
 
 
 
 
 
 
 
 
 
 

10/27/19 Physics at the equator - hot Jupiters and warm Neptunes - Florian Debras 

Separation of linear and non linear considerations too simple 
 
 
 
Quasi linear/statistical studies ?  Srinivasan & Young 2012, Bouchet et al. 2013, Bakas et al. 2015 
 
 
 
 

Vertical accelerations:  
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Summary 
Can we model warm Neptunes/super Earths with the primitive equations ?  
 
 
 
 
 
What is the physical origin of equatorial superrotation on hot Jupiters ? 
 
 
 
 
 
 
 
 
 

Range of planets where traditional approximation breaks 
 
Analytical priors verified numerically 
 
Strong impact on the comparison with observations 
 
 
 
          Initial phases of  simulated superrotation not perfectly understood 
 
Time dependent linear processes needed to be taken into account 
 
Crucial link between superrotation and interior profiles 
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Thank you ! 
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Models compatible with Saturn ?  
 
 
Love numbers with CMS method 
 
 
Interior of hot Jupiters: flatter temperature gradient, favorable for  
semi convection 
 
 
Radius re-inflation for a non convective planet ? 
 
 
 
 

Perspectives 
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Perspectives 

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 
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I. Global picture of Jupiter 
 Why is gravity interesting ? 

J2k = � 4⇡

MR2k

Z R

0

Z 1

0
⇢(~r0)r02k+2P2k(µ

0)dµ0dr0
Pioneer 10-11: 1973-1974 
Voyager 1-2: 1978-1979 
Galileo: 1995 
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Diluted Core 

Moll et al. 2017 
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Metallic H/He immiscibility possible 
 
 
Helium rain: heating up the planet 
Stevenson Salpeter 1977 
 
  
Decrease in Z < 10% 
 

MORALES, HAMEL, CASPERSEN, AND SCHWEGLER PHYSICAL REVIEW B 87, 174105 (2013)

FIG. 1. (Color) Upper panel: difference in the Gibbs free energy
of mixing between our direct free-energy calculations12 and the
results of Lorenzen et al.13 Lower panel: nonideal mixing entropy
as a function of composition, at a pressure of 400 GPa, for various
temperatures. In both figures, lines are a guide to the eye.

using thermodynamic integration, the LM approximation has
been universally applied in the study of hydrogen-helium
mixtures at high pressures. In the following, we demonstrate
how the LM approximation can lead to incorrect conclusions
regarding the accuracy of DFT-based approaches in describing
the properties of hydrogen-helium mixtures, especially for
mixtures with high helium concentrations at high pressure.

The upper panel of Fig. 1 shows the difference in the
Gibbs free energy of mixing between our direct free-energy
calculations12 and the results of Lorenzen et al.13 using the
LM approximation, as a function of composition for several
temperatures at a pressure of 400 GPa. Two key features are
prominent in this comparison; the free energies agree very well
at low helium fractions, and the agreement worsens with either
increased amounts of helium or decreasing temperatures.
While small deviations between the two calculations are
always expected due to differences in the choice of simulation
parameters, including system size, treatment of the electron-
proton interaction (pseudopotentials, PAW), grids in density
and temperature, k points, plane-wave cutoffs, etc., most of
the discrepancies come from the approximated treatment of
the entropy of the mixture. The use of the linear mixing
approximations leads to a deep minimum of the mixing free
energy at high helium fractions.13 This leads to an incorrect
evaluation of the slope in the equal tangent construction,
which in turns leads to small deviation in the resulting critical
composition. This translates into a difference in the demixing
temperature of ∼1000 K.

The large nonideal contribution to the entropy can be
understood by looking at the structural properties of the
liquid, in particular at the hydrogen-hydrogen correlation as
the amount of helium is varied. Figure 2 shows the hydrogen-
hydrogen pair correlation function for mixtures of various
compositions at a temperature of 8000 K and a density given
by rs = 1.05. The structure of hydrogen is strongly influenced
by the helium concentration; a molecular-like peak builds up
smoothly with increasing helium concentration (xHe → 1).
Although at low xHe hydrogen is in the monatomic fully
ionized state, an effective proton-proton attraction reminiscent
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FIG. 2. (Color online) H-H pair correlation function for a
hydrogen-helium mixture, at T = 8000 K, for a series of of helium
fractions at a density given by rs = 1.05. A very strong dependence in
the height and shape of the first peak with helium fraction is observed.
Figure taken from Morales et al.12

of molecular bonding develops upon increasing xHe, even at
the high pressures and temperatures found in the core of
the planets. Under these conditions, helium is not ionized;
this inhibits the delocalization of the hydrogenic electrons,
enhancing the formation of weak molecular bonds. Such weak
attraction gives proton pairs with short lifetimes, as also
inferred from direct inspection of the MD trajectories.

The effects of the weak proton-proton attraction on the
internal energy of the mixture should be accurately captured
by the work of Lorenzen et al.,13 since the enthalpy of
the mixture is calculated through direct MD simulations.
The effects on the entropy, on the other hand, will not be
adequately described in the LM approximation since it does
not take into account changes in the chemical environment
with varying composition. In fact, this approximation assumes
that the chemical state of the system does not change with
composition. To better understand the implications of the
LM approximation on the Gibbs free energy of mixing, we
calculate the nonlinear contribution to the mixing entropy,
defined as !Smix = S(x) − SLM

mix(x). !Smix measures how
much the mixing entropy deviates from ideal behavior.15 The
lower panel of Fig. 1 shows the nonideal mixing entropy
at a pressure of 400 GPa for various temperatures. The

174105-2

III. New models of the interior of Jupiter 
Immiscibility 
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II. Superrotation 
Solar system  

Mid latitudes jet (Jupiter, Saturn,  
Earth) : Rossby waves 
 
 
Global superrotation (Venus) : 
Meridional momentum diffusion 
 
 
 
Equatorial jet : Rossby waves from magnetic field of heat fluxes 
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II. Spin-up of superrotation 
Tsai et al. 2014 

3D = infinite sum of 2D with different  
equivalent depths (wu et al. 2000) : projection 
of the heating function in the vertical  
 
 
 

             
             
             

 
            Equilibration of the jet  
            from the vertical structure   

 
 
 
 

The Astrophysical Journal, 793:141 (25pp), 2014 October 1 Tsai, Dobbs-Dixon, & Gu

Figure 9. Rossby (left) and Kelvin (right) components of the wave geopotential and velocity for the modest α = 0.1 and strong α = 0.5 damping cases shown in
Figure 8. The geopotential contours are color-coded in the same scale.
(A color version of this figure is available in the online journal.)

Figure 10. Vertical structures of the wave geopotential and velocity along the equator when the zonal-mean flow increases from −1000, 0, 500, to 1000 m s−1.
(A color version of this figure is available in the online journal.)
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II. Spin-up of superrotation 
 My contribution : time dependent solution 

 
 
 
 

Homogeneous solution :  With 

Forced solution :  
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II. Spin-up of superrotation 
Non linear considerations 

 
 
 
 

For real forcing, umax >> usteady :  
linear steady state never reached 
 
 
 
Timescale analysis : limit of short times,  
Kelvin and Rossby waves have same amplitude 
different from limit of long times  
(Rossby dominate) 
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