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Abstract

The Juno spacecraft measured Justgravity eld and determined the even and odd zonal harmadhjceaiith
unprecedented precision. However, interpreting these observations has been a challenge becauseltittés dif
reconcile the unexpectedly small magnitudes of the mondgrdad Jg 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, windgwpand a dilute core of heavy elements that are
distributed as far out as 63% of the plagatadius. 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 magnetield.

Uni ed Astronomy Thesaurus concef@siar system gas giant plan€t497)
Supporting materialmachine-readable table

1. Introduction layering in giant planet interiors have remained uncertain.

Conventional models for giant planet interiors are con- SI"C€ a detailed experimental characterization-#fi¢iphase
structed with a compact core of rock and ice, atop which is separatlo_n_|§ still outstand_mg, one relies instead on predictions
a hydrogerhelium envelope. Since hydrogen and helium from ab initio computer simulation®lorales et al2013 to
are predicted to become immiscible at megabar pressuregonstraJn the thickness of the helium rain |ayel‘. AISO, the
(Stevenson & Salpetet977), one typically separates this abundance of elements heavier than hydrogen and helium is
envelope into an upper helium-depleted layer of molecularpoorly constrained in all but the uppermost layer of Jugiter
hydrogen, an intermediate helium rain layer, and a deepatmosphere. The Galileo entry probe measured the heavy-
helium-enriched layer of metallic hydrogen. There is indeedelement abundances up to a pressure of 22 bars. There, noble
good evidence that helium rain has occurred on Jupiter becausgases and several other heavy elements were found to have
the Galileo entry probe measured a helium mass fraction ofapproximately three times the protosolar concentréltiiaaffy
Y Y/(Xv YY) 0.238 0.005von Zahn et al139§ that et al.200Q Wong et al.2004. In contrast, the probe measured
is well below the protosolar value of 0.27T'bdders2010. subsolar concentrations of oxygen, the element with the largest
Furthermore, neon in Jupiteratmosphere was measured to be 55 contribution due its high relative solar abundance. Prior to

ninefold depleted relative to solar, and this can be attributed tO3uno. it was debated whether the subsolar oxygen is representa-
ef cient dissolution in helium dropletRoulston & Stevenson tive of the average envelope or if it Eets inhomogeneities

1995 Wilson & Militzer 2010. However, many details of .o, iated with dynamical processes localized to the Biot
Original content from this work may be used under the terms spot into which the probe fell.

of the Creative Commons Attribution 4.0 licendeny further . The Juno spacecraft, in_orbit abOUt Jupiter smce_ 2016,

distribution of this work must maintain attribution to the augg)and the title improved our knowledge of the graviteld through m_U|t|p|e

of the work, journal citation and DOI. close ybys. These measurements are summarized in terms of
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Table 1

Comparison of Juno Measuremefidsirante et al2020 and Predictions of Model A for the Even and Odd Gravity Coehts
EvenJ, x 10° Jo Jy Js Jg Jio
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 J, x 1¢° Js Js J; Jo
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 &yevhile for the odd,,, only the wind contributions matter. The results of wind m@gelre
shown. With wind approacfii), the Juno measurements can be matched to four sagmi digits. Machine-readable dates for model A are included in the
supplemental material.

zonal gravity coefcients,J,, which are integrals over all mass, of a deep adiabat of compositi@® Zsy is higher, but its

20 1 e N density is lower that an adiabat with Zsg S0 far, this

J, d" dr r" ZRN) (r, ), (D assumption is notNsupported by experigents or ab initio
Ma" 1 0 simulationgSoubiran & Militzer 2015. Earlier, Debras &

whereM anda are the planes mass and equatorial radif, Chabrier(2018 addressed th&—Js challenge by reducing the

are the Legendre polynomials, andrepresents the planet den_s|ty in an intermediate layer fronl to 5 Mbar by adopting

density at radius and colatitude with N cos RThroughout a higher entropy(or temperatuneand or a subsolar heavy-

i _ 73 o element abundance.
this work, we useGM= 1.26686534% 10'"km” s * from In this paper, we matchy, andJs by adopting a dilute core

Durante et al(2020, a 1bar radius of= 71492km from  hat extends to 63% of the planés radius. It makes the
Lindal et al.(1981), and a rotation period of 9:55:29.711 hr, or - gensity in the deep envelope higher than in models that assume
870.536 day *, from Archinal et al(2010. The dimension-  a compact core. We explain why a dilute core allows us to
less rotational parameter then becomes, gal _ matchJ, and Js. Here“dilute coré refers to a still-evolving

0.08919543238. oM state in which th& component has been dissolved and greatly

Matching the Juno measuremefidsirante et al2020 in diluted into a hydrogen-rich envelope. Wahl et @017
Table1 with conventional interior models has been a challenge, Showed that approximately one-third of theJs discrepancy

Models typically predict values far, andJs that are larger in ~ an be amelior_ated by assuming Jupiter has_ a dilute core. Here
magnitude than was measured, as illustrated in Fipufdis ~ We develop this approach further by combining assumptions
discrepancy has made it difult to draw conclusions from the for the planés interior with models for winds. We optimize the
gravity measurements about Jupiteinterior structure and model parameters for the interior and winds simultaneously,

evolution. Earlier work has demonstrated that it is possible toWhich enables us to match the entire set of even and odd
bridge the J,~Js discrepancy by reducing the density of gravity harmonics under one self-consistent set of assumptions.

hydrogen, helium, and heavy elements in the plariaterior Qur re;ults differ from the predictions in a recent paper on
in a number of ways. One can, e.g., assume a subsolar value ofPitefs interior by Nettelmann et g021). This paper does
the heavy-element fractiorZ, (Hubbard & Militzer 2016 not model the effects of winds on zonal harmonics or use our

Wahl et al.2017). (For the heavy-element abundance of the optimization procedure tond models consistent with a given
protosolar nebula, we assume the valuggf,= 0.0153 from EOS but rather modes the EOS to obtain a match with _the
the composition model of Lodde291Q) One can also make Juno data. Nettelmann et €2021) computed zonal harmonics
the interior hotter by raising the interior entrdyahl et al. ~ USing a seventh-order theory ofjures, which brings the
2017, but the resulting models are no longer compatible with pred|ct|_ons into better agreement with concentric Mac_laurln
the adiabatic temperature ple starting fromType= 166.1 K SPheroid(CMS) results than earlier lower-order calculations.
that the Galileo probe measu(&iff et al.1997. Nettelmann ~ With knowledge of the predictions in this paper, Idini &
et al.(2012 showed that one can also reduce the density in theSt€vensor2023 recently invoked a dilute core to relate large
deep interior by adopting an equation of s@@S that has a values o_f the tidal Love numbég, to internal waves that are
different entropy than is predicted by ab initio simulations {r@Pped in the core.
(Militzer & Hubbard 2013. Different EOSs and 1bar
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 Jipiggivelope. All interior models are derived with the CMS method
Recently, Debras et al2021) proposed that the density in  (Hubbard 2013 Militzer et al. 2019 with 1025 or 2049
Jupitets deep interior could be reduced by invoking a stably spheroids that enables one to model a rotating planet in
strati ed layer at intermediate pressures. To match the Jundydrostatic equilibrium without invoking perturbative methods.
gravity data, such models assume that the temperaturke pro For a given pressure and entropy, the density of the mixture of

2. Methods and Model Assumptions

2
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Figure 1. Comparison of Juno measuremeoismond¥ and model predictions for the even and odd gravity adefts. The large open symbols show results from

the dilute core model A in Tablk 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 core:
in Earth masses.

hydrogen, helium, and heavier elements is obtained byimpact on the computed graviteld is small, but we consider
combining the EOSs of Saumon et @995 at low pressure  keeping Y constant to be more plausible because the
with the ab initio resultéMilitzer & Hubbard 2013 Militzer hydrogerhelium ratio probably remained constant as heavy
2013 at high pressure. Heavy elements are incorporatedelements were added to this layer. The other difference between
according to Hubbard & Militze¢2016. models A and | is that in models |, we represent the heavy-
In this paper, we report results from models of types A, B, element abundance by @&xible piecewise linear function of
and | that invoke slightly differing assumptions for the interior log(P) with 11 knots. As we learned that so muckxibility
but all rely on a dilute core and a core transition layer where thewas not needed, we constructed models of type A for which we
heavy-element abundanc&lP), changes(see Figure2). In assume the heavy-element abundance is constant at low
model A, we keep the hydrogemelium mass ratio constant as pressureZ;, as well as at high pressure inside the dilute core,
Z(P) changes across this lay&r, Y/(Xv Y) constant. In Z,. It changes linearly between these two values across the core
our initial models of type I, we kept the helium mass fracion transition layersee Figure?). In Tablel, we summarize all
instead of Y constant across the core transition layer. The of the parameters and provide values for a reference model of

3
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Figure 2. Predictions from models | and A for the mass fractions of heavy elerdeatg] heliumy/ (X + Y), are shown as a function of equatorial radius. Instead of

a compact core & 1, our models include a dilute core that reaches to 63% of the glaadiugR = 0.63. In its inner part, the composition is uniform, wih

values ranging from 0.16 to 0.19. This inner region is surrounded by a stablyestriayer wher& gradually decreases until it reaches a constant, approximately
solar value foR  0.63. The lower panel shows the helium distribution of our models that are constrained to match measurements of the Galileo entry probe nec
R= 1 and, on average, to agree with the protosolar helium abundance.

type A. For models of type B, we make the same assumptionsclose to the predictions of the ab initio simulations by Morales
as for the A models, but we change the EOS for hydregen et al.(2013 so that the entrop$, is constrained to be between

helium mixtures over selected pressure interisds Table3) S and a maximum entropy consistent with the helium

in order to determine the impact on the inferred heavy-elemenimmiscibility curve. Throughout this helium rain layer, we

abundance. gradually change the entropy and the helium fraction between
We assume Jupiter outer molecular layer to be homo- the value of the layers above and below.

geneous and convective. Its entro®, is set to match We set the helium mass fraction of the metallic layer,

Tipar= 166.1 K. Its helium mass fractioW, is set to matchthe so that the planet overall has a protosolar fraction of
observed value ofY/ (X+ Y)= 0.238. The only adjustable Y/ (X+ Y)= 0.2777(Lodders2010. In the helium rain layer
parameter in this layer is the heavy-element fraclgn\We from pressuré 4in 1 t0 Prain 5 We gradually switch from the
introduce two pressure$iaing and Pinp that mark the exterior adiabat of entrop$, and helium fractiony; to an
boundaries of the helium rain layer. Following Militzer et al. interior adiabat characterized 8yandY,. The mass fraction of
(2019, their values are adjustable but constrained to remainheavy elementg;, remains constant. We employ the algebraic

4
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switching function, Matching the even harmonics], requires us to make the wind
depth latitude-dependent, as shown in Figuia Section2.2,
f(P) xB with 10g(P/ Rain,» @) we introduce our wind approadfi) that assumes the wind

Iog(P,ain,yP,am,i’ depth and decay function to be independent of latitude but
instead allows the wind prdes to deviate from the cloud-level

to control the entropy,SP)= S+ f(P)x (S S), and observationgFigure 3).

helium fraction,Y(P) Y f(P (¥ d, at intermedi- In addition to providing thel, in Equation(1), the CMS

ate pressures. The exponent is a positive, adjustable method also gives access to the surfaces of constant potential

parameter. If it is chosen to be larger than 1, more helium(gravity plus centrifugal termhroughout the planet interior.

has been sequestered from the upper region of the rain layeMVe use these surfaces and the density structure to solve the

Figure 2 shows that models of type A favor this scenario. thermal wind equatio(Kaspi et al201§ for a rotating, oblate

Conversely, if were set to a value smaller than 1, less helium p'a”.e'(cao. & Stevenso@0173 in geostrophic balance. On an
would have been sequestered. equipotential surface, we construct path$,om the equatorial

We employ two numerical methods to generate models thatlgl"’me.t to_the pqles and integrate the dynamical part of the
match the Juno gravity data: the downhill simplex ensity, S¢s), using
methodPress et al2001) and Markov Chain Monte Carlo § a2 8 s
(MCMC) calculation§Goodman & Weare2010. The cost —  ——[3l, (3
function is dominated by the ? deviation between the s 9 sz

measured values of the even and odd gravity harmodics, \herez is the vertical coordinate that is parallel to the axis of
and the model predictions. But then we include additional \qa4ion: s the static background density that we derive with

penalty terms as explained in Militzer et €019 that, for o : . o
example, ensure that the pressure values for the rain boundarigetﬁgﬂinrﬂg:;c’%'t:gi dr':te;em:ﬁ;?vzleooct',ttyaiv::hfifnpiﬁte

Prain.1 @and Prain 5 are compatible with the -HHe immiscibility . i ) g )
curve derived by Morales et 2013. The downhill simplex planets rotation period; and is the acceleration that we derive
method allows one to optimize a single model. The from the gravitationatentrifugal potential in our CMS
disadvantages of this method are that it tends to get stuck ircalculations. We represent thew eld u as a product of the
local minima, and, more importantly, it does not provide a surface windsus, and a decay functior,

practical way to determine whether a minimum is global or

local. This makes it difcult to decide whether model u  Ww() D(d HRM, 49 R
assumptions need to be moeld in cases when model hore g presents the distance from the surface, &hd

predictions do not match the spacecraft measurements Wel('Fpresents the wind depth that we allow to vary between

Furthermore, if there are degeneracies among the best mode . . )
—if, for example, unnecessary model parameters are include OOO and 5000 km with colatitude We assume thatrema!ns
—the downhill simplex will not help to identify them. initially constant but then decays to zero over a depth interval

Conversely, MCMC methods are very eent in mapping  fromdi= H[1 w/2] tod>= H[1+ w/ 2] according to
out the allowed parameter region and identifying parameter

degeneracies. On the other hand, assessing the quality of the D, H) D x d d

generated ensemble may be a challenge. For example, in the d, o

MCMC ensemble of Guillot et a(2018, there were models 1 forx - 0

that matched the gravity data dp-Js space. There were also

models that matched il—Js andJg—J;o Spaces, but there was Sir? ((1 X)EQ) else (5
no model at the time that matched &jlsimultaneously. The 0 forx . 1

simplex method is very good at reoptimizing selected models
from the MCMC ensemble to assess their quality. For these, e ey is the width of the decay interval. We obtain good
reasons, we combine simplex and MCMC methods here, wh|chmodels by settinav to 0.1 and 0.2

enables us provide the reference model in Talfler further y w ' -

use in addition to generating model ensembles. 2.2. Thermal Wind Model with Modid Cloud-level Wind

Pro les

Following Kaspi et al(2020 and Galanti & Kasp{2021),
we take the approach of allowing the cloud-level wind to be
modi ed from the observed values. Unlike in methodolGyy
in which the wind depth varies with latitude, for each solution
here, we nd an optimal wind depth and decay pethat we
apply to all latitudes. For an ensemble of interior models of
type A, we t exactly the odd gravity harmonidg, Js, J;, and
Jo and the residual even harmonics,, Js, Js, Jg, and

Ji1o. We start by decomposing the observed cloud-level wind
pro le into N Legendre polynomials?;,

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 equatiofKaspi et al2016 for a rapidly rotating
planet. We adopt the time-averaged wind pese that were
observed by tracking cloud moti¢hollefson et al2017 and
assume they remain initially constant in the direction parallel to
the planet spin axis but then decay at some depthhen we
construct two ensembles of wind models under slightly
different assumptions. Botht the Juno data when combined
with our interior models. In this section, we describe our wind N
approach(i) that directly employs the observed cloud-level uobs( ) 0A°” R (coR) . (9
wind pro le(Tollefson et al.2017) without modi cations. i 0
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Table 2
Description of Model Parameters and Values in Our Preferred Model A
Parameter Value in Description
Model A

S (ke/ €l.) 7.078 Entropy in the outer molecular layer. Fixed to match the temperature at 1 bar

of 166.1 K in all models.
Z; 0.0156 Adjustable parameter that represents the mass fraction of heavy elements

in the molecular layer. A penalty is added to models &itk Zgq 5,
Y, 0.2332 Helium mass fraction in outer layer.

Fixed to match the observed value¥af (1  Z;) = 0.238.

Prain.1 (GP3 93.1 Adjustable parameter for the starting pressure of the helium rain layer.
The corresponding temperatufig, follows from S, and the EOS.
As explained in Militzer et al(2019, a penalty is introduced P,n ; and
T, deviate from the HHe immiscibility curve of Morales et a[2013.
Prain.2 (GP3 443.2 Adjustable parameter to represent the high-pressure end of the helium rain layer.
T, follows from S,. Again, a penalty is introduced i, > and T, deviate
from the immiscibility curve.
9.4 Exponent in helium rain switching function, also an adjustable parameter.

S (kg/ el.) 7.194 Adjustable parameter that represents the entropy in the metallic layer.
It cannot exceed 7.2K; electron® to be compatible with the
H—He immiscibility curve.

Y, Helium mass fraction below the helium rain layer that is constrained so that
the planet overall matches the solar valu&/qiX + Y) = 0.2777 from
Lodders(2010. HereY, is only employed in models of type I, wheYg(P) is
kept constant a&(P) varies in the core transition layer.

Y. Y%A Z%) 0.2957 Employed in models A and B to keep the helium fractigR) below
the helium rain layer constant Z€°) varies. Its value is contained so that the
planet overall matches the solar helium fraction.

Rore,1(GP3 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{® - Roe) Za

Rore,2 (GP3 2054 Adjustable parameter in models A and B that marks the inner
boundary in pressure where tAef the core starts to decrease.
Z>(P) Piecewise linear function that represents a heavy-element fraction in the metallic
layer. It is only used in models of type |. THg value is adjusted on 11 pressure points.
Z 0.1830 Adjustable parameter in models A and B. We&Z¢€t . Rored  Za
w 0.1 Fractional width of the wind decay interval, typically kepéd at 0.1 or 0.2,

but models that vary with latitude have also been constructed.

Note. Machine-readable datdes for model A are included in the supplemental material.
(This table is available in its entirety in machine-readable jorm.

The resulting coefients,A°*, represent the latitudinal shape density eld, and calculating the wind-induced gravity
of the observed wind prde from Tollefson et al(2017). Then harmonics.

we introduce a second set of coaa'bnts,A,—so', to represent a Our optimization procedure is based on the methodology of
modi ed cloud-level wind prde, Kaspi & Galanti (2016 and Galanti & Kaspi(2021). The
\ parameters to be optimized, i.e., thoserileg the depth of the
sol sol wind and thecloud-level wind latitudinal pre, are dened as
u=) i?o“ R(coR), (9 a control vector,

to represent solutions that may deviate from the observations. Ho ol )
The coefcients A% are optimized for the wind-induced Y oo’ X with
gravity harmonics tot the spacecraft observations perfectly. ol ol
We employ a very large number of polynomiais= 99, so ¥ sol Ao AN (9
that the emerging wind solution follows the observed wind Unorm  Unorm

pro le as close as possible. The following optimization

procedure ensures that the large set of aoefits are well ~ where the parametét, represents the ratliwind depth, while
constrained. We perform these calculations in a sphericabh,om= 10" m andupem= 10°m's * are the normalization factors
geometry but otherwise follow the same steps as in mdthod for the depth and coefients, respectively. The goal is to minimize
when projecting the cloud-level winds inward, allowing it to the difference between the odel solution and the gravity
decay in the radial direction, calculating the induced anomalousobservation and keep the pareenetfrom attaining unphysical

6
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Figure 3. Wind speeds as a function of latitude observed in Jupitémospher€Tollefson et al2017). We assume they decay with depth and incorporate them into
our thermal wind calculations. In our thermal wind apprd@ghhis wind pro le is adopted without modeation, but the wind depth depends on latitude. The gray
pro les in the lower panel show an ensemble of wind depthlgsdor I-type interior models. The red curve shows the wind deptigsrdor our preferred interior
model A. In our thermal wind approa¢h), the reconstructed cloud-level wind ples (yellow region in upper panehre 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.

values. The cost functioh, is composed of two terms: advantage of the cost function gradient that is derived from the
adjoint of the dynamical model.
L (Jsol J ObaW(J sol J ob)sT

O (Xsol X oba (X sol  x ob);T_ (9)

3. Results and Discussion

. ) Here we show that all of the zonal gravity harmonics can be
The rst is the difference between the measured and CalCUlate%atched with one set of p|ausib|e assumptionsl induding a
gravity harmonics, and the second ensures that the wind solutiolilute core, a helium rain layer, and a model for the zonal wind
does not vary too far from the observed one. H&tds a vector speeds and depth. Motivated by the work of Wahl €2al17),
that contains the model solution fdy; Js, J;, Jo, Js, Jg, and we assume aexible pro le for the heavy-element abundance
Jio While the vectod®*represents the corresponding measured in the deep interioZ(P) that we represent by a piecewise linear
values. The covariance matrik, represents the uncertainties of function of logP) (see models | in Figure). When we
the gravity measuremen(®urante et al2020. We setd, = simultaneously opt|m_|zed our interior and wind parameters
5x 10P. HereX®*are the normalized observed wind caignts. under these assumptions, we found that all promising models
. X had no or only a very small compact core. Instead, the heavy
Given the value ofd, and the large number of coefents,

S0 the wind i | ined to the ob 4 cloud-1 Ielements were distributed throughout the deep interior,
A", the wind is strongly constrained to the observed cloud-levelgyienging 1o 63% of the planstradius, as illustrated in

pro le, thus ensuring that deviations from the observed vaIues,:igure 2. We thus temporarily removed the compact central
are only permitted if they result in a sigeant lowering of the  core from our models and extended the metallic layer to the
cost function. Given an initial guess f#r a minimal value of planets center. In SectioB.2, we explain why redistributing
L is derived using the Matlab functidmincort®while taking mass from the compact core reduces the magnitudg of

The most promising models of type | that then emerged had
a number of features in common. In the dilute core region, the
19 MathWorks:httpst/ www.mathworks.corrhelg optiny ug/ fmincon.html abundance of heavy elements was constant. Above some radius
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Figure 4. Temperature and density ptes 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 @dla?735 andZ = 0.0153; Lodder2010 for Tipa= 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 aadstiercore

layer, the density of model A is much higher because of the enrichment in heavy elements. In the metallic hydrogen layer, the density of modglhigiseslight

than that of the protosolar adiabat because of the enrichment in helium.

©
o

(quanti ed below, it started to decay gradually until it reached constant entropy and require that tHAefraction does not
the value of the outer layeg;. We consequently simpled decrease as one descends into the pldrextoux stability.
how we represent the distributiafy(P). We kept only two When we constructed our subsequent models of type A, we
values,Z; and Z,, but introduced two pressure valu€gye 1 assumed to be constant inside the dilute core.
and Rore 3 that mark the region of decay frod to Z; with For 8572 interior models of type A that we constructed with
decreasing pressure, as we illustrate in Figuré/e require MCMC calculations, we derived wind solutions with approach
this region and the helium rain layer to be Ledoux stable (i) to match the Juno measurements. The resulting wind
(Ledoux1947. Under these assumptions, we obtained model models are shown in Figure. Since the observed
A (see Table and Figured), whose even gravity coefients wind (Tollefson et al2017 already allows a reasonable match
match the Juno observations exceptionally \(#dible 1). We to the higher gravity harmoni¢kaspi et al. 2020, only
still see some minor deviations, e.g., for the odd gravity moderate modications are needed to enable an exado all
harmonicsl; but the magnitude of the deviations is reasonably of the even gravity harmonid§igure 5(a)). At midlatitudes,
small so that they can be eliminated with our second set ofthe deviation of the optimized wind is mostly within the
wind approach. observed uncertainty of around 15 nfs(Tollefson et al.
Summarizing, one can say that the dilute core with a constan2017, and in the equatorial region, the deviations are larger,
Z distribution emerged from oueexible I-type models because reaching 50 ms'. With the modied cloud-level winds, a
we tried to match as closely as possible the meagyraad Jg perfect match to all gravity harmonics is reactigduress(b)—
values but also because we assume that the core region has(@). For all solutions, the depth of the wind is around 3000 km.

8
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Figure 5. (a) Observed cloud-level win@lack) and the range of model solutiofred shaded argdeveloped with thermal wind approa@l). (b)—€) Corresponding
model solutions for the even gravity harmonics. Shown are the measurénteck<rosses, with the size of the cross representing the measurement uncéinty
interior model solutionéblue dot$, and the model solutions when the wind-induced gravity harmonics are added to the interior model feldtitmi$. The insets
show the zoom-in on the measured values.

In Figurel, we separate the contributions from our interior may expect deviations between the deeyws and those visible
and wind models. Diluting the core changes the interior at the cloud level.
contributions tal, andJs linearly until the residual discrepancy ~ We also inserted small compact cores composed of a 1:1
can be bridged with a wind model that we derive self- rock-ice mixture into our dilute core models and reoptimized
consistently with wind approacfi). The green and yellow all model parameters. We were able to accommodate compact
symbols respectively represent the interior and inteviamd cores of up to 3 (1% of Jupiters mask For larger compact

contributions to the different gravity harmonics that we derived cores, we cannott the gravity data. Already for , we nd

. a discrepancy of J, 0.9x 10  (or 10° ; Durante et al.
from an MCMC ensemble of A-type models. The wind models - > .
contribute J, 0.24x 10 ® and  Jg 0.27x 10 . as 2020 between predictions from interior models and gravity

I I I h ) f th measurements that we cannot bridge with our wind model
well as smaller amounts to all othgr The magnitude of the  5oqumptions. Figuré shows that for larger compact cores of

wind corrections is broadly consistent with that reported by up to 8M , the gap between model predictions and the Juno

Guillot et al. (2018 Still, the characterization of the wind measurements widens ‘M_JG space, as mass is being moved
structure below the visible cloud desk remains a goal of thefrom the dilute core region into the compact core.

Juno extended mission. From the single-spot wind measure- According to model A, Jupiter has a thick central region
ments of the Galileo entry proétkinson et al.1998, one extending to 0.41R, that is fully convective and uniformly
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