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Key Points:

+ Precise gravity measurements allow better predictions of interior structure and core
mass.

+ Juno’s gravity measurements imply an increase in the abundance of heavy elements
deep in the planet, at or inside of its metallic region.

» The inferred structure includes a dilute core, expanded to a significant fraction of

Jupiter’s radius.
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Abstract

The Juno spacecraft has measured Jupiter’s low-order, even gravitational moments,
Jr—Js, to an unprecedented precision, providing important constraints on the density pro-
file and core mass of the planet. Here we report on a selection of interior models based
on ab initio computer simulations of hydrogen-helium mixtures. We demonstrate that a di-
lute core, expanded to a significant fraction of the planet’s radius, is helpful in reconciling
the calculated J,, with Juno’s observations. Although model predictions are strongly ef-
fected by the chosen equation of state, the prediction of an enrichment of Z in the deep,
metallic envelope over that in the shallow, molecular envelope holds. We estimate Jupiter’s
core to contain an 7-25 Earth mass of heavy elements. We discuss the current difficulties
in reconciling measured J,, with the equations of state, and with theory for formation and

evolution of the planet.

1 Introduction

The Juno spacecraft entered an orbit around Jupiter in July of 2016, and has begun
measuring since then has measured Jupiter’s gravitational field to high precision [Bolton
etal., 2017]. Here we present a preliminary suite of interior structure models for compari-
son with the low order gravitational moments (J», J4, Jg and Jg) measured by Juno during

its first two perijoves [Folkner, 2017].

A well constrained interior structure is a primary means of testing models for the
formation of the giant planets. The abundance and distribution of elements heavier than
helium (subsequently referred to as “heavy elements”) in the planet is key in relating
gravity measurements to formation processes. In the canonical model for the formation of
Jupiter, a dense core composed ~10 Mg (Earth masses) of rocky and icy material forms
first, followed by a period of rapid runaway accretion of nebular gas [Mizuno et al., 1978;
Bodenheimer and Pollack, 1986; Pollack et al., 1996]. Recent formation models suggest
that even in the core accretion scenario, the core can be small (~ 2 Mg) or be diffused
with the envelope [Venturini et al., 2016; Lozovsky et al., 2017]. If Jupiter formed by grav-
itational instability, i.e., the collapse of a region of the disk under self-gravity [Boss, 1997],
there is no requirement for a core, although a core could still form at a later stage [Helled
et al., 2014]. Even if the planet initially formed with a distinct rock-ice core, at high pres-

sures and temperatures these core materials become soluble in liquid metallic hydrogen
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[Stevenson, 1985; Wilson and Militzer, 2012a,b; Wahl et al., 2013; Gonzalez et al., 2013].

As a result, the core will erode and the heavy material will be redistributed outward to

some extent. In this study we consider the effect of such a dilute core, in which the heavy

elements have expanded to a significant fraction of Jupiter’s radius.

Significant progress has been made in understanding hydrogen-helium mixtures at

planetary conditions [Saumon et al., 1995; Saumon and Guillot, 2004; Vorberger et al.,

2007; Militzer and Hubbard, 2008; Fortney and Nettelmann, 2010; Nettelmann et al., 2012;

Militzer, 2013; Becker et al., 2013; Militzer et al., 2016], but interior model predictions
are still sensitive to the hydrogen-helium equation of state used [Hubbard and Militzer,
2016; Miguel et al., 2016]. In Section 2.1 we describe the derivation of barotropes from
a hydrogen-helium equation of state based on ab-initio materials simulations [Militzer,
2013; Hubbard and Militzer, 2016], make comparison’s to other equations of states, and
consider simple perturbations to better understand their affect on the models. In Section
2.2 we describe details of these models including a predicted layer of ongoing helium
rain-out [Stevenson and Salpeter, 1977a,b; Morales et al., 2009; Lorenzen et al., 2009;
Wilson and Militzer, 2010; Morales et al., 2013], with consideration of a dilute core in
Section 2.3. We then describe the results of these models in therms of their calculated J,,
(Section 3.2) and heavy element mass and distribution (Section 3.3). Finally, in Section
4 we discuss these results in relation to the present state of measurements of, as well as

theory for the formation and evolution of Jupiter.

2 Materials and Methods

2.1 Barotropes

In this paper we consider interior density profiles in hydrostatic equilibrium,

VP = pVU,

where P is the pressure and p is the mass density. In order to find a consistent density
profile, we use a barotrope P(p) corresponding to isentropic profiles constructed from

various equations of state.

Most of the results presented are based on density functional theory molecular dy-
namics (DFT-MD) simulations of hydrogen-helium mixtures from Militzer [2013] and

Militzer and Hubbard [2013] (MH13). For densities below those determined by the ab

(D
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initio simulations (P < 5 GPa), we use the Saumon et al. [1995] equation of state (SCvH),
which has been used extensively in giant planet modeling. The benefits of this simula-
tion technique lie in its ability to determine the behavior of mixture through the metalliza-
tion transition, and to directly calculate entropy for the estimation of adiabtic profiles. The
barotropes are parameterized in terms of helium and heavy element mass fraction Y and
Z, and specific entropy S as a proxy for the adiabatic temperature profile; for additional

details see Supplementary Section S1.

For comparison, we consider models using the ab initio equations of state of hydro-
gen and helium calculated by Becker et al. [2013](REOS3) with the procedure for estimat-
ing the entropy described by Miguel et al. [2016]. Finally, we also consider models using
the SCvH EOS through the entire pressure range of the planet. Although the SCvH EOS
does not fit the most recent data from high-pressure shockwave experiments [Hubbard and
Militzer, 2016; Miguel et al., 2016], it is a useful for comparison given since it has been

used to constrain Jupiter models in the past [e.g. Saumon and Guillot, 2004].

Different equations of state affect model outcomes in part by placing constraints on
the allowable abundance and distribution of heavy elements. The DFT-MD isentrope con-
sistent with the Galileo probe measurements has higher densities, and a less steep isen-
tropic temperature profile than SCvH in the vicinity of the metallization transition [Mil-
itzer, 2013; Militzer et al., 2016]. The H-Reos equation of state has a similar shape to the
T(P) profile, but has an offset in temperature of several hundred K through much of the
molecular envelope [Nettelmann et al., 2012; Hubbard and Militzer, 2016; Miguel et al.,

2016].

DFT-MD simulation is currently the best technique at present for determining densi-
ties of hydrogen-helium mixtures over most of conditions in a giant planet (P > 5 GPa).
There is, however, a poorly characterized uncertainty in density for DFT-MD calcula-
tions. Shock-wave experiments are consistent with DFT, but can only test their accuracy
to, at best ~6 % [Knudson et al., 2004; Brygoo et al., 2015]. Moreover, there is a neces-
sary extrapolation between ~5 GPa, where the simulations become too computationally
expensive [Militzer, 2013; Militzer and Hubbard, 2013], and ~10 bar where the deepest
temperature measurements from the Galileo probe were obtained [Seiff et al., 1997]. We
consider perturbations to the MH13 equation of state in the form of an entropy jump, AS,

at a prescribed pressure in the outer, molecular envelope; Increases of S from 7.07 up to
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7.30 (with S in units of Boltzmann constant per electron) are considered. These perturba-
tions test the effect of a density decrease through the entire envelope (P =0.01 GPa), at
the switch from SCvH to DFT (5.0 GPa), and near the onset of the metalization transition

(50.0 GPa).

Gravitational moments for the models are calculated using the non-perturbative con-
centric Maclaurin spheroid (CMS) method [Hubbard, 2012, 2013; Hubbard and Militzer,

2016; Wahl et al., 2016]; see Supplementary Section S2 for additional details.

2.2 Model assumptions

One of the most significant structural features of Jupiter’s interior arises from a
pressure-induced immiscibility of hydrogen and helium, which allows for rain-out of he-
lium from the planet’s exterior to interior [Stevenson and Salpeter, 1977a,b]. Ab initio sim-
ulations [Morales et al., 2009; Lorenzen et al., 2009; Wilson and Militzer, 2010; Morales
et al., 2013] predict that the onset of this immiscibility occurs around ~100 GPa, over a
similar pressure range as the molecular to metallic transition in hydrogen. At higher pres-
sures, the miscibility gap closure temperature remains nearly constant with pressure, such

that in the deep interior temperatures are sufficient for helium to become miscible again.

The MH13 adiabats cross the Morales et al. [2013] phase diagram such that helium
rain-out occurs between ~100-300 GPa [Militzer et al., 2016]. This is consistent with the
sub-solar ¥ measurement made by the Galileo entry probe [von Zahn et al., 1998]. The
REOS3 adiabats are significantly warmer and require adjustments to the phase diagram in
order to explain the observations [Nettelmann et al., 2015]. Although the detailed physics
involved with the formation and growth of a helium rain layer is poorly understood [Fort-
ney and Nettelmann, 2010], the existence of a helium rain layer has a number of important

consequences for the thermal and compositional structure of the planet.

We calculate the abundance of helium in the both the upper helium-poor (molecular
hydrogen) region and lower helium-rich (metallic hydrogen) region by enforcing a helium
to hydrogen ratio that is globally protosolar. We also allow for a compositional gradient
of heavy elements across the layer with a mass mixing ratio that changes from Z; in the

lower layer to Z; in the upper layer.



146 2.3 Dilute Core

147 The thermodynamic stability of various material phases in giant planet interiors

148 has been assessed using DFT-MD calculations [Wilson and Militzer, 2012a,b; Wahl et al.,

149 2013; Gonzalez et al., 2013]. These calculations suggest that at the conditions at the center
150 of Jupiter, all likely abundant dense materials will dissolve into the metallic hydrogen-

151 helium envelope. Thus, a dense central core of Jupiter is expected to be presently eroded
152 or eroding. However, the redistribution of heavy elements amounts to a large gravitational
153 energy cost and the efficiency of that erosion is difficult to assess [see Guillot et al., 2004].
154 It was recently shown by Vazan et al. [2016], that redistribution of heavy elements by

155 convection is possible, unless the initial composition gradient is very steep. Some for-

156 mation models suggest that a gradual distribution of heavy elements is an expected out-

157 come, following the deposition of planetesimals in the gaseous envelope [Lozovsky et al.,
158 2017]. The formation of a compositional gradient could lead to double-diffusive convec-

159 tion [Chabrier and Baraffe, 2007; Leconte and Chabrier, 2013] in Jupiter’s deep interior,

160 which could lead to a slow redistribution of heavy elements, even on planetary evolution
161 timescales.

162 In a selection of the models presented here, we consider Jupiter’s “core” to be a re-
163 gion of the planet in which Z is enriched by a constant factor compared to the envelope
164 region exterior to it. This means that the model core is a diffuse region composed largely
165 of the hydrogen-helium mixture. In fact, this configuration is not very different from the
166 internal structure derived by Lozovsky et al. [2017] for proto-Jupiter. Given the current

167 uncertainty in the evolution of a dilute core, we consider models with core in various de-
168 grees of expansion, 0.15 < r/r; < 0.6. In a few models, we also test the importance
169 of the particular shape of the dilute core profile by considering a core with a Gaussian Z
170 profile instead. Fig. 1 demonstrates the density profiles resulting from these different as-
7 sumptions about the distribution of core heavy elements.

172 3 Results

173 3.1 Comparison to Juno
174 The even zonal moments observed by Juno after the first two perijoves [Folkner,
175 2017] are broadly consistent with the less precise predictions of Campbell and Synnott

176 [1985] and Jacobson [2003], but inconsistent with the more recent JUP310 solution [Ja-
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cobson, 2013]. Table 1 compares these observations with a few representative models.
Although the solid-body (static) contribution dominates this low-order, even part of the
gravity spectrum [Hubbard, 1999], a small dynamical contribution above Juno’s expected
sensitivity must be considered [Kaspi et al., 2010]. For sufficiently deep flows, these con-
tributions could be many times larger than Juno’s formal uncertainties for J,, [Kaspi et al.,
2017], and thus represent the conservative estimate of uncertainty for the purpose of con-
straining the interior structure. Thus, ongoing gravity measurements by Juno, particularly
of odd and high order, even J,, will continue to improve our understanding of Jupiter’s
deep interior [Kaspi, 2013]. Marked in yellow in Fig 2, is the possible uncertainty consid-
ering a wide range of possible flows, and finding a corresponding density distribution as-
suming the large scale flows are to leading order geostrophic [Kaspi et al., 2009]. The rel-
atively small range in our model Js and J3 compared to these uncertainties suggests flow

in Jupiter are shallower than the most extreme cases considered by Kaspi et al. [2017].

3.2 Model Trends

It is evident that the J,, observed by Juno are not consistent with the “preferred”
model put forward by Hubbard and Militzer [2016], even considering differential rotation.
Nonetheless, we begin with a similar model (Model A in Tab. 1) since it is illustrative
of the features of the model using the MH13 equation of state with reasonable pre-Juno
estimates for model parameters. A detailed description of the reference model is included

Supplementary Section S3.

In order to increase Js for a given planetary radius and J,, show that one needs to
either increase the density below the 100 GPa pressure level or conversely decrease the
density above that level [Guillot, 1999, their Fig. 5]. We explore two possibilities: either
we raise the density in the metallic region by expanding the central core, or we consider

the possibility of an increased entropy in the molecular region.

Fig. 2 shows the effect of increasing the radius of the dilute core on J4 and Js.
Starting with the MH13 reference model with r/ry = 0.15 (Model A), the core radius
is increased incrementally to r/ry ~ 0.4, above which the model becomes unable to fit J;.
Therefore, considering an extended core shifts the higher order moments in the towards
the Juno values, but is unable to reproduce Jy, even considering a large dynamical con-

tribution to J,,. Supplementary Fig. S1 shows a similar trend for Jg, although the relative
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change in Jg with model parameters compared to the observed value is less significant

than for J4 and Js.

Precisely matching Juno’s value for J4 with the MH13 based models presented here,
requires lower densities than the reference model through at least a portion of the outer,
molecular envelope. In the absence of additional constraints, this can be accomplished by
lowering Y or Z, or by increasing S (and consequently the temperature). In Fig. 2 this
manifests itself as a nearly linear trend in J4 and Jg (black ‘+’ symbols), below which
there are no calculated points. This trend also improves the agreement of J; and Js with
Juno measurements, but with a steeper slope in Jg/J4 than that from the dilute core. For
AS ~ 0.14 applied at P =0.01 GPa, a model with this perturbed equation of state can
match the observed Jy, with a mismatch in Jg of ~ 0.1 X 107 below the observed value
(Model F). When the AS perturbation is applied at higher pressures (P = 5.0 and 50.0

GPa), the larger a AS is needed to produce the same change in Jj.

We also consider a number of models with both a decrease in the density of the
outer, molecular layer and a dilute core. Here we present MH13 models where the core
radius is increased for models with outer envelope Z = 0.010, 0.007 or 0.0. Above Z ~
0.010 the models are unable to simultaneously match J, and J4. The models with Z =
0.010 and Z = 0.007 can both fit J4, but with a Jg ~ 0.1 x 107 above the observed value
(Models C & D). These models also require extremely dilute cores with r/r; ~ 0.5 in
order to match Js. A more extreme model with no heavy elements (Z = 0) included in
the outer, molecular envelope (Model B) can simultaneously match J4 and Jg within the
current uncertainty, with a less expansive core with r/r; ~ 0.27. The dilute core using the
Gaussian profile and an outer envelope Z = 0.007 (Model E), has a very similar trend in

Js—Js, although it is shifted to slightly lower values of Jg.

There are a number of other model parameters which lead to similar, but less pro-
nounced, trends than the dilute core. Starting with Model C, we test shifting the onset
pressure for helium rain, between 50 to 200 GPa, and the entropy in the deep interior,

S = 7.07 to 7.30 (lower frame in Fig. 2). Both modifications exhibit a similar slope in
Js—Js to the models with different core radii, but spanning a smaller range in J4 than for

the dilute core trend.

The models using REOS3 have a significantly hotter adiabatic T profile than MH13.

Models R and S (1) are two example solutions obtained with the REOS3 adiabat, for a
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3-layer model with a compact core, and when adding a dilute core, respectively. Because
of the flexibility due to the larger Z values that are required to fit Jupiter’s mean density,
there are a wide range of solutions [Nettelmann et al., 2012; Miguel et al., 2016] with J4
values that can extend all the way from —599 to —586x 107, spanning the range of values
of the MH13 solutions. Model T corresponds to a model calculated with the same AZ
discontinuity at the molecular-metallic transition as Model S but with a compact instead of
dilute core. This shows that, as in the case of the MH13 EOS, with all other parameters

fixed, a dilute core yields larger J4 values.

For both DFT-based equations of state, we find that heavy element abundances must
increase in the planet’s deep interior. The required AZ across the helium rain layer is in-
creased when hotter REOS3 equation of state, and decreased by considering a dilute core.
Regardless of the EOS used, including a diffuse core has a similar effect on Jg, increas-
ing the value by a similar amount for similar degree of expansion, when compared to an
analogous model with a compact core. Thus Js may prove to be a useful constraint in as-

sessing the degree of expansion of Jupiter’s core.

3.3 Predicted Core Mass

Fig. 3 displays the total mass of heavy elements, along with the proportion of that
mass in the dilute core. Models using MH13 with dilute cores, have core masses be-
tween 10 and 24 Mg (Earth masses), with gradual increase from 24 to 27 Mg for the
total heavy elements in the planet. Of the models able to fit the observed J4, those with
heavy element contents closer to the Galileo value have more extended cores containing a

greater mass of heavy elements.

The perturbation of the equation of state with an entropy jump, has an opposite ef-
fect on the predicted core mass with respect to the dilute core, despite the similar effect
on the calculated J,. For increasingly large AS perturbations, core mass decreases, to
~8 Mg, while total heavy element mass increases. As this perturbation is shifted to higher
pressures the change in core mass becomes less pronounced, for a given value of AZ. In
all the cases considered here, the MH13 equation of state predicts significantly larger core

masses and lower total heavy element mass than the SCvH equation of state.

All of the models depicted in Fig. 3 represent fairly conservative estimates of the

heavy element mass. For any such model, there is a trade-off in densities that can be in-
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troduced where the deep interior is considered to be hotter (higher §), and that density
deficit is balanced by a higher value of Z. It is also possible, that a dilute core would in-
troduce a superadiabatic temperature profile, which would allow for a similar trade-off in
densities and additional mass in the dilute core. Constraining this requires an evolutionary
model to constrain the density and temperature gradients through the dilute core [Leconte
and Chabrier, 2012, 2013], and has not been considered here. Shifting the onset pressure
of helium rain can shift the core mass by ~2 Mg in either direction If the majority of the
heavy core material is denser rocky phase [Soubiran and Militzer, 2016], the correspond-
ing smaller value of pg/pz results in a simultaneous decrease in core mass and total Z of

~2—4 M@.

Using the REOS3, both models with a small, compact core of ~6 Mg or a diluted
core of ~19 Mg are possible, along with a continuum of intermediate solutions. These
models have a much larger total mass of heavy elements, 46 and 34 Mg, a direct conse-
quence of the higher temperatures of that EOS [see Miguel et al., 2016]. The enrichment
in heavy elements over the solar value in the molecular envelope correspond to about 1
for model R and 1.4 for model S, pointing to a water abundance close to the solar value
in the atmosphere of the planet. In spite of the difference in total mass of heavy element,

the relationship between core mass and radius is similar for MH13 and REOS3.

In lieu of additional constraints we can likely bracket the core mass between 6—
25 Mg, with larger masses corresponding to more dilute profile of the core. These masses
for the dilute core are broadly consistent those required by the core-collapse formation
model Pollack et al. [1996], as well as models that account for the dissolution of planetes-
imals [Lozovsky et al., 2017]. The mass of heavy element in the envelope, and thus the
total heavy element mass is strongly affected by the equation of state, with MH13 predict-
ing 5-6x solar fraction of total heavy elements in Jupiter and REOS3 around 7—10x solar

fraction.

4 Conclusion

After only two perijoves the Juno gravity science experiment has significantly im-
proved the measurements of the low order, even gravitational moments J,—Jg [Folkner,
2017]. The formal uncertainty on these measured J, is already sufficiently small that they

would be able to distinguish small differences between interior structure models, assuming

—10-
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that the contribution to these low order moments arises primarily from the static interior
density profile. Considering a wide range of possible dynamical contributions increases
the effective uncertainty of the static J,—Jg by orders of magnitude [Kaspi et al., 2017].
It is expected that the dynamical contribution to J,, will be better constrained following
future perijove encounters by the Juno spacecraft with measurements of odd and higher

order even J,, [Kaspi, 2013].

Even with this greater effective uncertainty, it is possible to rule out a portion of the
models presented in this study, primarily on the basis on the observed J4. The reference
model, using a DFT-MD equation of state with direct calculation of entropy in tandem
with a consistent hydrogen-helium phase-diagram is incompatible with a simple interior

structure model constrained by composition and temperature from the Galileo entry probe.

Our models suggest that a dilute core, expanded through a region 0.3—0.5 times the
planet’s radius is helpful for fitting the observed J,,. Moreover, for a given J4 the degree
to which the core is expanded affects Jg and Jg in a predictable, model independent man-
ner, such that further constraining Js and Jg may allow one to determine whether Jupiter’s
gravity requires such an dilute core. Such a core might arise through erosion of an ini-
tially compact rock-ice core, or through a differential rate of planetesimal accretion during

growth, although both present theoretical challenges.

Using the REOS3 approach leads to a wider range of possibilities which include
solutions with the standard 3-layer model approach or assuming the presence of a dilute
core. In any case, as for the MH13 solutions, the REOS3 solutions require the abundance
of heavy elements to increase in the deep envelope. This indicates that Jupiter’s envelope

has not been completely mixed.

These results present a challenge for evolutionary modelling of Jupiter’s deep in-
terior [e.g. Vazan et al., 2016; Mankovich et al., 2016]. The physical processes involved
with the formation and stability of a dilute core are not understood. It strongly depends
on the formation process of the planet and the mixing at the early stages after formation,
and also enters a hydrodynamical regime of double diffusive convection where competing
thermal and compositional gradients can result in inefficient mixing of material [Leconte
and Chabrier, 2012; Mirouh et al., 2012]. The timescale for the formation and evolution
of such features, especially on planetary length scales is still poorly understood. In partic-

ular, it is not known whether there would be enough convective energy to expand 10 Mg
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or more of material to 0.3 to 0.5 Jupiter’s radii. It is also presently unknown whether it
is plausible to expand the core to this degree without fully mixing the entire planet, and
without resorting to extremely fortuitous choices in parameters. Since Jovian planets are
expected to go through periods of rapid cooling shortly after accretion [Fortney and Net-
telmann, 2010], if they are mostly convective, it is likely that much of the evolution of an
dilute core would have to occur early on in the planet’s history when the convective en-
ergy is greatest. This presents a challenge for explaining interior models requiring a large
AZ across the helium rain layer, as such a would form after the period of most intense

mixing.

In our preliminary models, those able to fit J4 have lower densities in portions of
the outer molecular envelope than MH13. These be achieved though modifying abun-
dances of helium and heavy elements to be than those measured by the Galileo entry
probe, or invoking a hotter non-adiabatic temperature profile. Some formation scenarios
[e.g. Mousis et al., 2012] can account for relatively low envelope Ho,O content (~ 2X
solar), but our models would require even more extreme depletions if for this to be ex-
plained by composition alone. Alternatively there might be an overestimation of the den-

sity inherent to the DFT simulations of MH13 by on the order of ~3% for P < 100

Interior models could, therefore, be improved through further theoretical and exper-
imental studies of hydrogen-helium mixtures, particularly in constraining density in the
pressure range below ~100 GPa, where the models are most sensitive to changes in equa-
tion of state. More complicated equation of state perturbations, including the onset and
width of the metallization transition [Knudson and Desjarlais, 2017] may be worth con-
sidering in future modelling efforts. Similarly, the interior modeling effort will be aided
by an independent measurement of atmospheric H,O from Juno’s microwave radiometer

(MWR) instrument [Helled and Lunine, 2014].
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359 Figure 1. Density profiles of representative models. Solid lines denote models using MH13, while dashed
360 use REOS3. In black is a model with S, Y and Z matching that measured by the Galileo entry probe, and a

361 core with constant enrichment of heavy elements inside r/r y=0.15. In red (Model D) Z=0.007 in the molec-
362 ular envelope and constant Z-enriched, dilute core expanded to r/ry ~ 0.50 to fit the J4 observed by Juno.

363 In blue (Model E) with Z=0.007 also fitting J4 with Gaussian Z profile. In orange (Model X) and green

364 (Model Y) are profiles for the REOS3 models fitting J4 with a compact and dilute core, respectively. (Inset)
365 Schematic diagram showing the approximate location of the helium rain layer, and dilute core.
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Figure 2. Zonal gravitational moments J4 and Jg for interior models matching the measured J,. (Upper)
The blue rectangle shows the uncertainty of the Juno measurements as of perijove 2 [Folkner, 2017]. The
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[Kaspi et al., 2017]. The blue star is the reference (Model A) with S, Y and Z matching that measured by the
Galileo entry probe, and an core of r/r 7=0.15. The blue squares show how these results change as a dilute
core with a constant Z enrichment with increasing r is considered. The green and red circles denote similar
expanding core trends with lowered outer envelope heavy element fraction to Z=0.007 and Z=0.01, respec-
tively. The ‘+’s denote models which take perturb the MH13 EOS by introducing a jump in S at P=0.01
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REOS3 EOS (Models X and Y). Black and green ‘x’s show models starting with the green star (dilute core,
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1. Text S1 to S3

2. Figure S1

S1. Equations of State

The ab initio simulations for MH13 were performed at a single, solar-like helium
mass fraction, ¥y = 0.245. The precise abundance and distribution for both helium and
heavy element fractions are, a priori unknown. These are quantified in terms of their local
mass fractions, ¥ and Z. Our models consider different proportions of both components
by perturbing the densities using a relation derived from the additive value law [Hubbard
and Militzer, 2016]. For the helium density we use the pure helium end-member of SCvH.

We assume a density ratio of heavy element to hydrogen helium mixture, pg/pz, of 0.38

Corresponding author: Sean M. Wahl, swahl@berkeley.edu



for pressures below 100 GPa, corresponding to heavy element composition measured by
the Galileo entry probe [Wong et al., 2004], and 0.42 for a solar fraction at higher pres-
sures; see discussion in Hubbard and Militzer [2016]. The MH13 equation of state uses
density functional theory molecular dynamics (DFT-MD) simulations in combination with
a thermodynamic integration to find the entropy of the simulated material. This allows one
to directly characterize an adiabat for the ab initio equation of state as the 7(P) path in
which the simulated entropy per electron S/kg/N, remains constant. Here kp is Boltz-
mann’s constant and N, is the number of electrons. In the following discussion, the term
“entropy” and the symbol S are used interchangeably to refer to the particular adiabatic
temperature profile through regions of the planet presumed to be undergoing efficient con-
vection. In this work, we assume that the compositional perturbations have a negligible

effect on the isentropic temperature profile [Soubiran and Militzer, 2016].

Models calculated with REOS3 followed the approach described by Miguel et al.
[2016]: We fitted separately the core mass and composition in heavy elements. The he-
lium content of the molecular region was fixed to the Galileo value while the increase in
helium abundance in the metallic region was calculated to reproduce the protosolar value.
The abundance of heavy elements was allowed to be different in the molecular and metal-

lic regions.

1 S2. Calculation of Gravitational Moments

The unprecedented precision of Juno’s gravity measurements presents a challenge,
as they are more precise than the perturbative methods historically used to calculate J,
from an interior structure model, [e.g. Zharkov and Trubitsyn, 1978]. For the results pre-
sented here, we instead use the non-perturbative, concentric Maclaurin spheroid (CMS)
method [Hubbard, 2012, 2013; Hubbard and Militzer, 2016; Wahl et al., 2016]. In this
method, the density structure is parameterized by N nested, constant-density spheroids and
the gravitational field is calculated as a volume-integrated function of all of the spheroids.
The method uses an iterative approach to find the shape of each spheroid, such that the
surface of each follows an equipotential surface of the total effective potential, U, from
the planet’s self-gravity and the rotation. The result is a model with a self-consistent shape,
internal density distribution and gravitational field. The method has been shown to be pre-
cise and efficient, and has been benchmarked against an independent, non-perturbative

method [Wisdom and Hubbard, 2016].



The CMS models presented here parameterize the spheroid radii using progressively
smaller Ar from deep to shallow. The outermost layer has a Ar of 1 km in thickness,
which allows the model to resolve the density structure consistent with P = 1 bar at the
outer surface. We use an axisymmetric version of the CMS method with 510 spheroids,

and a spherical harmonic expansion up to order n = 16.

S3. Reference Interior Model

The reference model (model A) fixes parameters in the outer (molecular) envelope
to those measured by the Galileo entry probe: S = 7.074, Y = 0.2333 and Z = 0.0169. It
should be noted that the Z from Galileo is based on a measurement showing sub-solar ra-
tio of HoO to other ices (i.e. CHy and NHj3) [Wong et al., 2004]. It has been hypothesized
that the entry probe may have descended through an anomalously dry region of Jupiter’s
atmosphere, in which case this value of Z may be an underestimate. The helium ratio of
the deep (metallic) envelope is chosen assuming that the Galileo Y was depleted from a
solar composition by helium rain , and the deep entropy is chosen as a moderate enhance-
ment across the helium rain layer, S = 7.13. An upper and lower pressure of the helium
rain layer are determined by finding where the two adiabatic profiles for the inner and
outer envelope intersect the [Morales et al., 2013] phase diagram. This step is done self-
consistently for all values of S, except in a few extreme cases where the corresponding

adiabat does not intersect the phase diagram.

The interior structures of the REOS3 models presented here differ in the treatment
of the helium rain, assuming a 3-layer boundary with a sharp transition between the molec-
ular and metallic envelopes. The difference Js between the REOS3 model with the com-
pact core (model X) and the perturbed EOS (model F) can be attributed to this structural

difference.

The MH13 models assume that the helium-rain layer is superadiabatic, a natural
consequence of inefficient convection [Militzer et al., 2016]. In the case of the REOS3
models, because the adiabat is significantly warmer, the presence of such a superadiabatic
region has minor quantitative consequences on the solutions and was not considered. In

that case, we used the approach described in Miguel et al. [2016].
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Figure S1. Zonal gravitational moments J4 and Jg for interior models matching the measured J,. The
rectangles show the uncertainty of the Juno measurements as of perijove 2 [Folkner, 2017].The yellow region
shows the effective uncertainty in the static contribution due possible deep differential rotation [Kaspi et al.,

2017]. Symbols refer to identical models as in Fig. 2 in the main text.
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