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Abstract

The Juno spacecraft measured Jupiter’s gravity� eld and determined the even and odd zonal harmonics,Jn, with
unprecedented precision. However, interpreting these observations has been a challenge because it is dif� cult to
reconcile the unexpectedly small magnitudes of the momentsJ4 and J6 with conventional interior models that
assume a large, distinct core of rock and ice. Here we show that the entire set of gravity harmonics can be matched
with models that assume an ab initio equation of state, wind pro� les, and a dilute core of heavy elements that are
distributed as far out as 63% of the planet’s radius. In the core region, heavy elements are predicted to be
distributed uniformly and make up only 18% by mass because of dilution with hydrogen and helium. Our models
are consistent with the existence of primary and secondary dynamo layers that will help explain the complexity of
the observed magnetic� eld.

Uni� ed Astronomy Thesaurus concepts:Solar system gas giant planets(1191)

Supporting material:machine-readable table

1. Introduction

Conventional models for giant planet interiors are con-
structed with a compact core of rock and ice, atop which is
a hydrogen–helium envelope. Since hydrogen and helium
are predicted to become immiscible at megabar pressures
(Stevenson & Salpeter1977), one typically separates this
envelope into an upper helium-depleted layer of molecular
hydrogen, an intermediate helium rain layer, and a deep
helium-enriched layer of metallic hydrogen. There is indeed
good evidence that helium rain has occurred on Jupiter because
the Galileo entry probe measured a helium mass fraction of
� ( )Y Y X Y 0.238 0.005� w � � � � � o(von Zahn et al.1998) that
is well below the protosolar value of 0.2777(Lodders2010).
Furthermore, neon in Jupiter�s atmosphere was measured to be
ninefold depleted relative to solar, and this can be attributed to
ef� cient dissolution in helium droplets(Roulston & Stevenson
1995; Wilson & Militzer 2010). However, many details of

layering in giant planet interiors have remained uncertain.
Since a detailed experimental characterization of H–He phase
separation is still outstanding, one relies instead on predictions
from ab initio computer simulations(Morales et al.2013) to
constrain the thickness of the helium rain layer. Also, the
abundance of elements heavier than hydrogen and helium is
poorly constrained in all but the uppermost layer of Jupiter�s
atmosphere. The Galileo entry probe measured the heavy-
element abundances up to a pressure of 22 bars. There, noble
gases and several other heavy elements were found to have
approximately three times the protosolar concentration(Mahaffy
et al.2000; Wong et al.2004). In contrast, the probe measured
subsolar concentrations of oxygen, the element with the largest
mass contribution due its high relative solar abundance. Prior to
Juno, it was debated whether the subsolar oxygen is representa-
tive of the average envelope or if it re� ects inhomogeneities
associated with dynamical processes localized to the 5� m hot
spot into which the probe fell.

The Juno spacecraft, in orbit about Jupiter since 2016,
improved our knowledge of the gravity� eld through multiple
close� ybys. These measurements are summarized in terms of
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zonal gravity coef� cients,Jn, which are integrals over all mass,
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whereM anda are the planet�s mass and equatorial radius,Pn

are the Legendre polynomials, and� represents the planet’s
density at radiusr and colatitude� with cos�N �R�� . Throughout
this work, we useGM= 1.266865341× 1017km3 s� 2 from
Durante et al.(2020), a 1 bar radius ofa = 71492 km from
Lindal et al.(1981), and a rotation period of 9:55:29.711 hr, or
870.536° day� 1, from Archinal et al.(2010). The dimension-
less rotational parameter then becomesq a

GMrot

2 3

�� �8 =
0.08919543238.

Matching the Juno measurements(Durante et al.2020) in
Table1 with conventional interior models has been a challenge.
Models typically predict values forJ4 andJ6 that are larger in
magnitude than was measured, as illustrated in Figure1. This
discrepancy has made it dif� cult to draw conclusions from the
gravity measurements about Jupiter�s interior structure and
evolution. Earlier work has demonstrated that it is possible to
bridge the J4–J6 discrepancy by reducing the density of
hydrogen, helium, and heavy elements in the planet�s interior
in a number of ways. One can, e.g., assume a subsolar value of
the heavy-element fraction,Z1 (Hubbard & Militzer 2016;
Wahl et al.2017). (For the heavy-element abundance of the
protosolar nebula, we assume the value ofZsolar= 0.0153 from
the composition model of Lodders2010.) One can also make
the interior hotter by raising the interior entropy(Wahl et al.
2017), but the resulting models are no longer compatible with
the adiabatic temperature pro� le starting fromT1bar= 166.1 K
that the Galileo probe measured(Seiff et al.1997). Nettelmann
et al.(2012) showed that one can also reduce the density in the
deep interior by adopting an equation of state(EOS) that has a
different entropy than is predicted by ab initio simulations
(Militzer & Hubbard 2013). Different EOSs and 1 bar
temperatures higher than 166.1 K were recently employed by
Miguel et al. (2022) to demonstrate that the heavy-element
abundance cannot be constant throughout Jupiter’s envelope.

Recently, Debras et al.(2021) proposed that the density in
Jupiter’s deep interior could be reduced by invoking a stably
strati� ed layer at intermediate pressures. To match the Juno
gravity data, such models assume that the temperature pro� le

of a deep adiabat of compositionZ > Zsolar is higher, but its
density is lower that an adiabat withZ � Zsolar. So far, this
assumption is not supported by experiments or ab initio
simulations(Soubiran & Militzer 2015). Earlier, Debras &
Chabrier(2018) addressed theJ4–J6 challenge by reducing the
density in an intermediate layer from� 1 to 5 Mbar by adopting
a higher entropy(or temperature) and/ or a subsolar heavy-
element abundance.

In this paper, we matchJ4 andJ6 by adopting a dilute core
that extends to� 63% of the planet’s radius. It makes the
density in the deep envelope higher than in models that assume
a compact core. We explain why a dilute core allows us to
matchJ4 and J6. Here “dilute core” refers to a still-evolving
state in which theZ component has been dissolved and greatly
diluted into a hydrogen-rich envelope. Wahl et al.(2017)
showed that approximately one-third of theJ4–J6 discrepancy
can be ameliorated by assuming Jupiter has a dilute core. Here
we develop this approach further by combining assumptions
for the planet’s interior with models for winds. We optimize the
model parameters for the interior and winds simultaneously,
which enables us to match the entire set of even and odd
gravity harmonics under one self-consistent set of assumptions.

Our results differ from the predictions in a recent paper on
Jupiter’s interior by Nettelmann et al.(2021). This paper does
not model the effects of winds on zonal harmonics or use our
optimization procedure to� nd models consistent with a given
EOS but rather modi� es the EOS to obtain a match with the
Juno data. Nettelmann et al.(2021) computed zonal harmonics
using a seventh-order theory of� gures, which brings the
predictions into better agreement with concentric Maclaurin
spheroid(CMS) results than earlier lower-order calculations.
With knowledge of the predictions in this paper, Idini &
Stevenson(2022) recently invoked a dilute core to relate large
values of the tidal Love numberk42 to internal waves that are
trapped in the core.

2. Methods and Model Assumptions

All interior models are derived with the CMS method
(Hubbard 2013; Militzer et al. 2019) with 1025 or 2049
spheroids that enables one to model a rotating planet in
hydrostatic equilibrium without invoking perturbative methods.
For a given pressure and entropy, the density of the mixture of

Table 1
Comparison of Juno Measurements(Durante et al.2020) and Predictions of Model A for the Even and Odd Gravity Coef� cients

EvenJn × 106 J2 J4 J6 J8 J10

Interior model 14,696.4484 � 586.8463 34.4692 � 2.4983 0.2067
Wind model(i) 0.0579 0.2377 � 0.2684 0.0763 � 0.0231
Interior+ wind 14,696.5063 � 586.6086 34.2008 � 2.4220 0.1837
Juno measurement 14,696.5063 � 586.6085 34.2007 � 2.422 0.181
3� error bar 0.0017 0.0024 0.0067 0.021 0.065
Deviation model measurement 0.0000 � 0.0001 0.0001 0.0000 0.0027

Odd Jn × 106 J3 J5 J7 J9

Wind model(i) � 0.0569 � 0.0750 0.1354 � 0.1157
Juno measurement � 0.0450 � 0.0723 0.120 � 0.113
3� error bar 0.0033 0.0042 0.012 0.036
Deviation between model and measurement � 0.0119 0.0027 0.015 0.003

Note.The interior and wind models both make contributions to the evenJn, while for the oddJn, only the wind contributions matter. The results of wind model(i) are
shown. With wind approach(ii ), the Juno measurements can be matched to four signi� cant digits. Machine-readable data� les for model A are included in the
supplemental material.
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hydrogen, helium, and heavier elements is obtained by
combining the EOSs of Saumon et al.(1995) at low pressure
with the ab initio results(Militzer & Hubbard 2013; Militzer
2013) at high pressure. Heavy elements are incorporated
according to Hubbard & Militzer(2016).

In this paper, we report results from models of types A, B,
and I that invoke slightly differing assumptions for the interior
but all rely on a dilute core and a core transition layer where the
heavy-element abundance,Z(P), changes(see Figure2). In
model A, we keep the hydrogen–helium mass ratio constant as
Z(P) changes across this layer,� ( )Y Y X Y� w � ��� constant. In
our initial models of type I, we kept the helium mass fractionY
instead of �Y constant across the core transition layer. The

impact on the computed gravity� eld is small, but we consider
keeping �Y constant to be more plausible because the
hydrogen–helium ratio probably remained constant as heavy
elements were added to this layer. The other difference between
models A and I is that in models I, we represent the heavy-
element abundance by a� exible piecewise linear function of

( )Plog with 11 knots. As we learned that so much� exibility
was not needed, we constructed models of type A for which we
assume the heavy-element abundance is constant at low
pressure,Z1, as well as at high pressure inside the dilute core,
Z2. It changes linearly between these two values across the core
transition layer(see Figure2). In Table1, we summarize all
of the parameters and provide values for a reference model of

Figure 1. Comparison of Juno measurements(diamonds) and model predictions for the even and odd gravity coef� cients. The large open symbols show results from
the dilute core model A in Table1, while the small symbols represent ensembles of A- and I-type models. The stars show earlier model predictions from Hubbard &
Militzer (2016) and Wahl et al.(2017). The large triangles show models that combine dilute and compact cores. The labels indicate the masses of their compact cores
in Earth masses.
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type A. For models of type B, we make the same assumptions
as for the A models, but we change the EOS for hydrogen–
helium mixtures over selected pressure intervals(see Table3)
in order to determine the impact on the inferred heavy-element
abundance.

We assume Jupiter’s outer molecular layer to be homo-
geneous and convective. Its entropy,S1, is set to match
T1bar= 166.1 K. Its helium mass fraction,Y1, is set to match the
observed value ofY/ (X + Y) = 0.238. The only adjustable
parameter in this layer is the heavy-element fraction,Z1. We
introduce two pressures,Prain,1 and Prain,2, that mark the
boundaries of the helium rain layer. Following Militzer et al.
(2019), their values are adjustable but constrained to remain

close to the predictions of the ab initio simulations by Morales
et al.(2013) so that the entropyS2 is constrained to be between
S1 and a maximum entropy consistent with the helium
immiscibility curve. Throughout this helium rain layer, we
gradually change the entropy and the helium fraction between
the value of the layers above and below.

We set the helium mass fraction of the metallic layer,Y2,
so that the planet overall has a protosolar fraction of
Y/ (X+ Y) = 0.2777(Lodders2010). In the helium rain layer
from pressurePrain,1 to Prain,2, we gradually switch from the
exterior adiabat of entropyS1 and helium fraction�Y1 to an
interior adiabat characterized byS2 and �Y2. The mass fraction of
heavy elements,Z1, remains constant. We employ the algebraic

Figure 2.Predictions from models I and A for the mass fractions of heavy elements,Z, and helium,Y/ (X + Y), are shown as a function of equatorial radius. Instead of
a compact core ofZ � 1, our models include a dilute core that reaches to 63% of the planet�s radius(R = 0.63). In its inner part, the composition is uniform, withZ
values ranging from 0.16 to 0.19. This inner region is surrounded by a stably strati� ed layer whereZ gradually decreases until it reaches a constant, approximately
solar value forR � 0.63. The lower panel shows the helium distribution of our models that are constrained to match measurements of the Galileo entry probe near
R= 1 and, on average, to agree with the protosolar helium abundance.
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switching function,
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to control the entropy,S(P) = S1 + f (P) × (S2 � S1), and
helium fraction, � ( ) � ( ) ( � � )Y P Y f P Y Y1 2 1� � � � � q � �, at intermedi-
ate pressures. The exponent� is a positive, adjustable
parameter. If it is chosen to be larger than 1, more helium
has been sequestered from the upper region of the rain layer.
Figure 2 shows that models of type A favor this scenario.
Conversely, if� were set to a value smaller than 1, less helium
would have been sequestered.

We employ two numerical methods to generate models that
match the Juno gravity data: the downhill simplex
method(Press et al.2001) and Markov Chain Monte Carlo
(MCMC) calculations(Goodman & Weare2010). The cost
function is dominated by the� 2 deviation between the
measured values of the even and odd gravity harmonics,Jn,
and the model predictions. But then we include additional
penalty terms as explained in Militzer et al.(2019) that, for
example, ensure that the pressure values for the rain boundary,
Prain,1 andPrain,2, are compatible with the H–He immiscibility
curve derived by Morales et al.(2013). The downhill simplex
method allows one to optimize a single model. The
disadvantages of this method are that it tends to get stuck in
local minima, and, more importantly, it does not provide a
practical way to determine whether a minimum is global or
local. This makes it dif� cult to decide whether model
assumptions need to be modi� ed in cases when model
predictions do not match the spacecraft measurements well.
Furthermore, if there are degeneracies among the best models
—if, for example, unnecessary model parameters are included
—the downhill simplex will not help to identify them.
Conversely, MCMC methods are very ef� cient in mapping
out the allowed parameter region and identifying parameter
degeneracies. On the other hand, assessing the quality of the
generated ensemble may be a challenge. For example, in the
MCMC ensemble of Guillot et al.(2018), there were models
that matched the gravity data inJ4–J6 space. There were also
models that matched inJ6–J8 andJ8–J10 spaces, but there was
no model at the time that matched allJn simultaneously. The
simplex method is very good at reoptimizing selected models
from the MCMC ensemble to assess their quality. For these
reasons, we combine simplex and MCMC methods here, which
enables us provide the reference model in Table2 for further
use in addition to generating model ensembles.

2.1. Thermal Wind Models with Latitude-dependent Depth

Guillot et al. (2018) and Kaspi et al.(2018) demonstrated
that the winds on Jupiter reach a depth of approximately
3000 km. Here we model their gravity effects by solving the
thermal wind equation(Kaspi et al.2016) for a rapidly rotating
planet. We adopt the time-averaged wind pro� les that were
observed by tracking cloud motion(Tollefson et al.2017) and
assume they remain initially constant in the direction parallel to
the planet spin axis but then decay at some depthH. Then we
construct two ensembles of wind models under slightly
different assumptions. Both� t the Juno data when combined
with our interior models. In this section, we describe our wind
approach(i) that directly employs the observed cloud-level
wind pro� le (Tollefson et al.2017) without modi� cations.

Matching the even harmonics� Jn requires us to make the wind
depth latitude-dependent, as shown in Figure3. In Section2.2,
we introduce our wind approach(ii ) that assumes the wind
depth and decay function to be independent of latitude but
instead allows the wind pro� les to deviate from the cloud-level
observations(Figure3).

In addition to providing theJn in Equation(1), the CMS
method also gives access to the surfaces of constant potential
(gravity plus centrifugal terms) throughout the planet�s interior.
We use these surfaces and the density structure to solve the
thermal wind equation(Kaspi et al.2016) for a rotating, oblate
planet(Cao & Stevenson2017a) in geostrophic balance. On an
equipotential surface, we construct paths,s, from the equatorial
plane to the poles and integrate the dynamical part of the
density, ( )s�S�a , using
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wherez is the vertical coordinate that is parallel to the axis of
rotation;� is the static background density that we derive with
the CMS method;u is the differential� ow velocity with respect
to the uniform rotation rate,� , that one obtains from the
planet’s rotation period; andg is the acceleration that we derive
from the gravitational–centrifugal potential in our CMS
calculations. We represent the� ow � eld u as a product of the
surface winds,us, and a decay function,D,

( ) ( ( )) ( )u u D d H, , 4s � R � R� � � q

where d presents the distance from the surface, andH
represents the wind depth that we allow to vary between
1000 and 5000 km with colatitude� . We assume thatu remains
initially constant but then decays to zero over a depth interval
from d1 = H[1 � w/ 2] to d2 = H[1 + w/ 2] according to
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wherew is the width of the decay interval. We obtain good
models by settingw to 0.1 and 0.2.

2.2. Thermal Wind Model with Modi� ed Cloud-level Wind
Pro� les

Following Kaspi et al.(2020) and Galanti & Kaspi(2021),
we take the approach of allowing the cloud-level wind to be
modi� ed from the observed values. Unlike in methodology(i),
in which the wind depth varies with latitude, for each solution
here, we� nd an optimal wind depth and decay pro� le that we
apply to all latitudes. For an ensemble of interior models of
type A, we� t exactly the odd gravity harmonicsJ3, J5, J7, and
J9 and the residual even harmonics� J2, � J4, � J6, � J8, and
� J10. We start by decomposing the observed cloud-level wind
pro� le into N Legendre polynomials,Pi,

( ) ( ) ( )U A P cos . 6
i

N

i i
obs

0

obs�œ� R � R��
��
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The resulting coef� cients,Ai
obs, represent the latitudinal shape

of the observed wind pro� le from Tollefson et al.(2017). Then
we introduce a second set of coef� cients,Ai

sol, to represent a
modi� ed cloud-level wind pro� le,

( ) ( ) ( )U A P cos , 7
i

N

i i
sol

0

sol�œ� R � R��
��

to represent solutions that may deviate from the observations.
The coef� cients Ai

sol are optimized for the wind-induced
gravity harmonics to� t the spacecraft observations perfectly.
We employ a very large number of polynomials,N = 99, so
that the emerging wind solution follows the observed wind
pro� le as close as possible. The following optimization
procedure ensures that the large set of coef� cients are well
constrained. We perform these calculations in a spherical
geometry but otherwise follow the same steps as in method(i)
when projecting the cloud-level winds inward, allowing it to
decay in the radial direction, calculating the induced anomalous

density � eld, and calculating the wind-induced gravity
harmonics.

Our optimization procedure is based on the methodology of
Kaspi & Galanti (2016) and Galanti & Kaspi(2021). The
parameters to be optimized, i.e., those de� ning the depth of the
wind and the cloud-level wind latitudinal pro� le, are de� ned as
a control vector,

( )

Y X

X

H
h

A
u

A
u

, with

,..., , 8N

0

norm

sol

sol 0
sol

norm

sol

norm

�
	�

�
�

�
	�

�
�

��

��

where the parameterH0 represents the radial wind depth, while
hnorm= 107 m andunorm= 103 m s� 1 are the normalization factors
for the depth and coef� cients, respectively. The goal is to minimize
the difference between the model solution and the gravity
observation and keep the parameters from attaining unphysical

Table 2
Description of Model Parameters and Values in Our Preferred Model A

Parameter Value in Description
Model A

S1 (kB/ el.) 7.078 Entropy in the outer molecular layer. Fixed to match the temperature at 1 bar
of 166.1 K in all models.

Z1 0.0156 Adjustable parameter that represents the mass fraction of heavy elements
in the molecular layer. A penalty is added to models withZ1 < Zsolar.

Y1 0.2332 Helium mass fraction in outer layer.
Fixed to match the observed value ofY1/ (1 � Z1) = 0.238.

Prain,1 (GPa) 93.1 Adjustable parameter for the starting pressure of the helium rain layer.
The corresponding temperature,T1, follows fromS1 and the EOS.
As explained in Militzer et al.(2019), a penalty is introduced ifPrain,1 and
T1 deviate from the H–He immiscibility curve of Morales et al.(2013).

Prain,2 (GPa) 443.2 Adjustable parameter to represent the high-pressure end of the helium rain layer.
T2 follows from S2. Again, a penalty is introduced ifPrain,2 andT2 deviate
from the immiscibility curve.

� 9.4 Exponent in helium rain switching function, also an adjustable parameter.

S2 (kB/ el.) 7.194 Adjustable parameter that represents the entropy in the metallic layer.
It cannot exceed 7.20kB electron–1 to be compatible with the
H–He immiscibility curve.

Y2 ... Helium mass fraction below the helium rain layer that is constrained so that
the planet overall matches the solar value ofY/ (X + Y) = 0.2777 from
Lodders(2010). HereY2 is only employed in models of type I, whereY2(P) is
kept constant asZ(P) varies in the core transition layer.

� ( )Y Y Z12 2 2� � � � 0.2957 Employed in models A and B to keep the helium fraction� ( )Y P2 below
the helium rain layer constant asZ(P) varies. Its value is contained so that the
planet overall matches the solar helium fraction.

Pcore,1 (GPa) 784 Adjustable parameter in models A and B that marks the outer
boundary in pressure of the dilute core.
It affects the heavy elements according to( )�-Z P P Zcore,1 1�� .

Pcore,2 (GPa) 2054 Adjustable parameter in models A and B that marks the inner
boundary in pressure where theZ of the core starts to decrease.

Z2(P) ... Piecewise linear function that represents a heavy-element fraction in the metallic
layer. It is only used in models of type I. TheZ2 value is adjusted on 11 pressure points.

Z2 0.1830 Adjustable parameter in models A and B. We set( )�.Z P P Zcore,2 2�� .

w 0.1 Fractional width of the wind decay interval, typically kept� xed at 0.1 or 0.2,
but models that varyw with latitude have also been constructed.

Note. Machine-readable data� les for model A are included in the supplemental material.

(This table is available in its entirety in machine-readable form.)
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values. The cost function,L, is composed of two terms:

( ) ( )

( )( )
( )

�‹
J J W J J

X X X X

L

.
9

T

U
T

sol obs sol obs

sol obs sol obs

� � � � � �

� � � � � �

The � rst is the difference between the measured and calculated
gravity harmonics, and the second ensures that the wind solution
does not vary too far from the observed one. HereJsol is a vector
that contains the model solution forJ3, J5, J7, J9, � J6, � J8, and
� J10, while the vectorJobsrepresents the corresponding measured
values. The covariance matrix,W, represents the uncertainties of
the gravity measurements(Durante et al.2020). We setòU =
5× 108. HereXobsare the normalized observed wind coef� cients.
Given the value ofòU and the large number of coef� cients,
Ai

sol, the wind is strongly constrained to the observed cloud-level
pro� le, thus ensuring that deviations from the observed values
are only permitted if they result in a signi� cant lowering of the
cost function. Given an initial guess forY, a minimal value of
L is derived using the Matlab functionfmincon19while taking

advantage of the cost function gradient that is derived from the
adjoint of the dynamical model.

3. Results and Discussion

Here we show that all of the zonal gravity harmonics can be
matched with one set of plausible assumptions, including a
dilute core, a helium rain layer, and a model for the zonal wind
speeds and depth. Motivated by the work of Wahl et al.(2017),
we assume a� exible pro� le for the heavy-element abundance
in the deep interiorZ(P) that we represent by a piecewise linear
function of log(P) (see models I in Figure2). When we
simultaneously optimized our interior and wind parameters
under these assumptions, we found that all promising models
had no or only a very small compact core. Instead, the heavy
elements were distributed throughout the deep interior,
extending to 63% of the planet’s radius, as illustrated in
Figure 2. We thus temporarily removed the compact central
core from our models and extended the metallic layer to the
planet�s center. In Section3.2, we explain why redistributing
mass from the compact core reduces the magnitude ofJ4.

The most promising models of type I that then emerged had
a number of features in common. In the dilute core region, the
abundance of heavy elements was constant. Above some radius

Figure 3. Wind speeds as a function of latitude observed in Jupiter�s atmosphere(Tollefson et al.2017). We assume they decay with depth and incorporate them into
our thermal wind calculations. In our thermal wind approach(i), this wind pro� le is adopted without modi� cation, but the wind depth depends on latitude. The gray
pro� les in the lower panel show an ensemble of wind depth pro� les for I-type interior models. The red curve shows the wind depth pro� les for our preferred interior
model A. In our thermal wind approach(ii ), the reconstructed cloud-level wind pro� les(yellow region in upper panel) are permitted to deviate from the observations,
while the wind decay function is latitude-independent. The dashed orange curve shows the wind solution for the preferred interior model A.

19 MathWorks:https:// www.mathworks.com/ help/ optim/ ug/ fmincon.html.
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(quanti� ed below), it started to decay gradually until it reached
the value of the outer layer,Z1. We consequently simpli� ed
how we represent the distributionZ2(P). We kept only two
values,Z1 and Z2, but introduced two pressure values,Pcore,1
and Pcore,2, that mark the region of decay fromZ2 to Z1 with
decreasing pressure, as we illustrate in Figure2. We require
this region and the helium rain layer to be Ledoux stable
(Ledoux1947). Under these assumptions, we obtained model
A (see Table2 and Figure4), whose even gravity coef� cients
match the Juno observations exceptionally well(Table1). We
still see some minor deviations, e.g., for the odd gravity
harmonicsJ3 but the magnitude of the deviations is reasonably
small so that they can be eliminated with our second set of
wind approach.

Summarizing, one can say that the dilute core with a constant
Z distribution emerged from our� exible I-type models because
we tried to match as closely as possible the measuredJ4 andJ6
values but also because we assume that the core region has a

constant entropy and require that theZ fraction does not
decrease as one descends into the planet(Ledoux stability).
When we constructed our subsequent models of type A, we
assumedZ to be constant inside the dilute core.

For 8572 interior models of type A that we constructed with
MCMC calculations, we derived wind solutions with approach
(ii ) to match the Juno measurements. The resulting wind
models are shown in Figure5. Since the observed
wind (Tollefson et al.2017) already allows a reasonable match
to the higher gravity harmonics(Kaspi et al. 2020), only
moderate modi� cations are needed to enable an exact� t to all
of the even gravity harmonics(Figure 5(a)). At midlatitudes,
the deviation of the optimized wind is mostly within the
observed uncertainty of around 15 m s� 1 (Tollefson et al.
2017), and in the equatorial region, the deviations are larger,
reaching 50 m s� 1. With the modi� ed cloud-level winds, a
perfect match to all gravity harmonics is reached(Figures5(b)–
(e)). For all solutions, the depth of the wind is around 3000 km.

Figure 4.Temperature and density pro� les of model A. The vertical dotted lines mark the boundaries of the helium rain region. The dashed lines show the boundaries
of the transition layer. The bottom panel shows the density deviation from a protosolar adiabat(Y= 0.2735 andZ = 0.0153; Lodders2010) for T1bar= 166.1 K.
Because of the helium sequestration, the density of model A is lower in the molecular and helium rain layers. Conversely, in the dilute core and the coretransition
layer, the density of model A is much higher because of the enrichment in heavy elements. In the metallic hydrogen layer, the density of model A is slightly higher
than that of the protosolar adiabat because of the enrichment in helium.
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In Figure1, we separate the contributions from our interior
and wind models. Diluting the core changes the interior
contributions toJ4 andJ6 linearly until the residual discrepancy
can be bridged with a wind model that we derive self-
consistently with wind approach(i). The green and yellow
symbols respectively represent the interior and interior+ wind
contributions to the different gravity harmonics that we derived
from an MCMC ensemble of A-type models. The wind models
contribute � J4 � 0.24× 10� 6 and � J6 � � 0.27× 10� 6, as
well as smaller amounts to all otherJn. The magnitude of the
wind corrections is broadly consistent with that reported by
Guillot et al. (2018). Still, the characterization of the wind
structure below the visible cloud desk remains a goal of the
Juno extended mission. From the single-spot wind measure-
ments of the Galileo entry probe(Atkinson et al.1998), one

may expect deviations between the deep� ows and those visible
at the cloud level.

We also inserted small compact cores composed of a 1:1
rock–ice mixture into our dilute core models and reoptimized
all model parameters. We were able to accommodate compact
cores of up to 3M� (1% of Jupiter’s mass). For larger compact
cores, we cannot� t the gravity data. Already for 4M� , we� nd
a discrepancy of� J4 � 0.9× 10� 6 (or � 103� ; Durante et al.
2020) between predictions from interior models and gravity
measurements that we cannot bridge with our wind model
assumptions. Figure1 shows that for larger compact cores of
up to 8M� , the gap between model predictions and the Juno
measurements widens inJ4–J6 space, as mass is being moved
from the dilute core region into the compact core.

According to model A, Jupiter has a thick central region
extending to 0.41RJ that is fully convective and uniformly

Figure 5. (a) Observed cloud-level wind(black) and the range of model solutions(red shaded area) developed with thermal wind approach(ii ). (b)–(e) Corresponding
model solutions for the even gravity harmonics. Shown are the measurements(black crosses, with the size of the cross representing the measurement uncertainty), the
interior model solutions(blue dots), and the model solutions when the wind-induced gravity harmonics are added to the interior model solutions(red dots). The insets
show the zoom-in on the measured values.
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