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Abstract: Measurements of Jupiter's gravity field by Juno have been acquired with unprecedented precision, but uncertainties in the
planet’s hydrogen–helium equation of state (EOS) and the hydrogen–helium phase separation have meant that differences remain in the
interior model predictions. We deduce an empirical EOS from Juno gravity field observations in terms of the hydrostatic equation and
then investigate the structure and composition of Jupiter by comparison of the empirical EOS with Jupiter's adiabats obtained from the
physical EOS. The deduced helium mass fraction suggests depletion of helium in the outermost atmosphere and helium concentration in
the inner molecular hydrogen region, which is a signature of helium rain in Jupiter's interior. The deduced envelope metallicity (the
heavy-element mass fraction) is as high in the innermost envelope as 11–13 times the solar value. Such a high metallicity provides sharp
support to the dilute core model with the heavy elements dissolved in hydrogen and expanded outward. No matter how the core mass is
varied, the empirical EOS derived from the two-layer interior model generally suggests higher densities in the innermost envelope than
does the best-fit Jupiter's adiabat; this result is, again, a signature of dilute cores in Jupiter's interior. Moreover, no matter the core mass,
the empirical EOS is found to exhibit an inflexion point in the deep interior, around 10 Mbar, which can be explained as the combined
effect of helium concentration in the upper part and dilute cores in the lower part.
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1.  Introduction
The Juno spacecraft began scientific observations of Jupiter on 27
August 2016 and has measured Jupiter's gravitational field to high
precision.  The  accuracy  of  the  even  harmonic  coefficients J4, J6,
and J8 has been improved by more than a factor of five compared
with  previous  values  based  on  data  from  Pioneer  10  and  11  and
from Voyager 1 and 2 (Folkner et al., 2017; Bolton et al., 2017). The
higher  harmonics J10 and J12 have been  measured  through  pre-
cise Doppler tracking of the Juno spacecraft (Iess et al., 2018). The
low-degree  even  gravitational  harmonics  are  affected  by  the
shape and internal structure of Jupiter in its hydrostatic equilibri-
um under  the  effect  of  rotational  distortion.  To  describe  accur-
ately  the  shape  and  internal  structure  of  Jupiter,  various  interior
models with new ingredients have been proposed by several au-
thors  (Guillot  et  al.,  1997; Guillot,  1999; Hubbard,  1999; Nettel-
mann et al.,  2012; Vazan et al.,  2015; Hubbard and Militzer,  2016;

Kong  DL  et  al.,  2016, 2018; Debras  and  Chabrier,  2019; Ni  DD,
2019). To date, most models of Jupiter's interior have been in the
direction of forward modeling. The internal structure of Jupiter is
described given an empirical or simulated EOS that describes the
microscopic  properties  of  planetary  matter.  But  uncertainties  in
the  hydrogen–helium  EOS  for  Jupiter  and  the  hydrogen–helium
phase separation (Hubbard et al., 2002; Saumon and Guillot, 2004;
Guillot,  2005; Fortney  and  Nettelmann,  2010) have  led  to  incon-
sistent  interior  model  results  that  differ  in  their  predictions  of
Jupiter’s  core  mass,  envelope  metallicity,  helium  concentration,
and  dilute  cores,  etc.  (Miguel  et  al.,  2016; Debras  and  Chabrier,
2019; Ni DD, 2019). These disagreements pose a top challenge to
knowledge  of  the  internal  structure  of  Jupiter,  since  an  accurate
estimation  of  EOSs  at  high  pressures  is  still  an  open  problem;  at
present,  laboratory  measurements  cannot  reach  the  pressure  of
interest for Jupiter's deep interior.

Anderson and Schubert  (2007) and Helled et  al.  (2015) proposed
an alternative model for the internal rotation of Saturn, which pro-
ceeded in the direction of backward modeling. In their approach,
modeling of  the planet’s  interior  does not require the hydrogen-
helium EOS; instead, Saturn’s EOS is inferred from the planet’s de-
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duced pressure–density profile.  This model is  consistent with the
available  detecting  data  and  interprets  well  the  key  features  of
Saturn. Helled  et  al.  (2009) further  investigated  Saturn’s  interior
composition  and  precession  rate  using  this  backward  model.  It
has  been  recognized  that  imprecision  in  the  hydrogen–helium
EOS leads to greater uncertainties in Jupiter's interior than in the
case of Saturn's interior. So it is all the more relevant to generalize
the backward viewpoint  and apply  it  to  Jupiter's  interior.  In  anti-
cipation  of Juno gravity  measurements, Helled  et  al.  (2011) used
the backward  model  to  investigate  the  range  of  possible  mo-
ments of inertia (MoI), suggesting that measurements of MoI to a
few tenths of a percent could provide an additional constraint on
Jupiter's  interior. Ni  DD  (2018) analyzed  the  dependence  of  MoI
and  tidal  Love  numbers k2 on  the  core  properties.  It  was  found
that  combined  measurements  of  MoI  and k2 can be  used  to  fur-
ther  constrain  both  the  core  mass  and  size.  In  this  contribution,
we  intend  to  infer  the  interior  EOS  from  an  empirical  two-layer
model and then investigate the distribution of helium and heavy
elements  in  Jupiter's  interior.  This  would  yield  answers  to  some
basic questions about the structure and composition of Jupiter. In
order to achieve more realistic profiles of the planet’s atmosphere,
in-situ density  measurements  from  the Galileo entry  probe  (Ga-
lileo,  2002) are used as the outer boundary conditions instead of
the zero density and density derivative at the surface.

In Section 2, we describe the empirical two-layer structure model
for  our  calculations  of  the  planet’s  radial  density  profile,  radial
pressure  profile,  and  empirical  EOS  characterizing  the  density–
pressure  relationship.  The  gravitational  harmonics  are  calculated
using  the  fifth-order  theory  of  figures;  the  new  measurements
from Juno are  used  to  constrain  the  internal  density  profile.  The
model makes  no  assumption  about  the  depth  variation  of  ele-
ments. In Section 3, the physical EOSs for pure hydrogen and pure
helium are presented and the additive volume rule is discussed to
construct Jupiter's  adiabats for mixtures of hydrogen and helium
(and perhaps heavy elements). Section 4 presents the distribution
of helium and heavy elements at which we have arrived by com-
paring  the  best-fit  adiabat  constructed  from  the  physical  EOSs
with  the  empirical  EOS.  Finally,  the  main  results  of  this  work  are
summarized in Section 5.

2.  Empirical Equations of State in Jupiter’s Interior

η(x) = ρ(s) (4πR3
p/3M)

x = s/Rp

Jupiter is  made of a fluid envelope and possibly a compact cent-
ral core. In the empirical two-layer structure model, the envelope
density is assumed to have the form of a polynomial in radius, and
the core density is approximated to be constant. The fractional in-

ternal density  (M is the planet's total mass) is

expressed  in  terms  of  the  scaled  mean  radius  (Rp is  the

planet's mean radius) as (Ni DD, 2018)

ηE(x) = 5

∑
i=0

aix
i
, xC ⩽ x ⩽ 1,

ηC(x) = aC, 0 ⩽ x ⩽ xC. (1)

ηE(x)
ηC(x) ηE(x)

mC = aCx
3
C

The envelope density  varies monotonically with the radius x;
the  core  density  is  never  lower  than .  The  quantity xC

denotes the core-envelope boundary (CEB); the ratio of core mass
to total mass is given by . Contrary to previous work in

which the envelope density and its derivative were set to zero at

the  surface x =  1,  we  use in-situ density  measurements  from  the
Galileo entry  probe  (Galileo,  2002)  to  constrain  the  polynomial
coefficients.  Also,  mass  conservation requires  that  the  total  mass
must be equal to Jupiter's known mass,

1 −mC = a0(1 − x3
C) + 3

4
a1(1 − x4

C) + 3
5
a2(1 − x5

C)
+

1
2
a3(1 − x6

C) + 3
7
a4(1 − x7

C) + 3
8
a5(1 − x8

C). (2)

In  combination  with  the  above  constraints,  the  six  polynomial
coefficients ai are determined by a nonlinear least squares fitting
of the available data on Jupiter's shape and gravity field.

ρ(r, θ)The gravitational zonal harmonic coefficients are weighted integ-
rals over the internal density distribution ,

Jℓ = −
1

MRℓeq
∫
V
rℓPℓ(cosθ)ρ(r, θ)d3r, (3)

ηE(x)where Req is the equatorial radius of the planet. In practice, a reas-
onable guess of  is provided, the even zonal harmonics J2i are

calculated, and differences between the calculated harmonics and
the observed ones are then used to correct the polynomial coeffi-
cients. This procedure is implemented iteratively for good conver-
gence. Here we choose to use the fifth-order theory of figures to
describe Jupiter's shape, where the level surfaces are given by the
figure  functions s2i(s)  in  the  form  (Zharkov  and  Trubitsyn,  1975,
1978)

r(s, θ) = s [1 +
5

∑
i=0

s2i(s)P2i(cosθ)] . (4)

ηE(x)
By definition the total potential is independent of the latitude θ at
a  fixed  mean  radius s.  Combining  the  fractional  internal  density

 and  the  computed  figure  functions s2i(s),  and  abbreviating

the level surface Equation (4) as r = s (1 + Σ), one can evaluate the
even zonal harmonics from Equation (3) as (Guillot et al., 2018; Ni
DD, 2019)

J2i = −
3
2
(Rp/Req)2i ∫ +1

−1
dcosθP2i(cosθ)∫ 1

0
dxx2i+2(1 + Σ)2i+2η(x) (dr

ds
) ,
(5)

where (dr/ds) is the derivative of r with respect to s obtained from
Equation (4).

The internal  structure of  giant  planets  is  governed by the hydro-
static equation (Anderson and Schubert, 2007)

1

ρ(s) dP(s)ds
= −g(s) + 2

3
ω2s +

s
Rp

g(Rp)φω(s), (6)

ρ(s) = η(x) (3M/4πR3
p) , m(s) = α(x)M, P(s) = ξ(x) (3GM2/4πR4

p)

where P(s)  is  the  pressure  at  mean  radius s, ρ(s)  is  the  density  at
mean radius s, g(s) = Gm (s)/s2 is the gravity at mean radius s (m(s)
is  the  mass  enclosed  within  mean  radius s), g(Rp)  is  the  surface
gravity  at s = Rp, ω is  the  planet's  angular  velocity,  and φω(s)  is  a
slowly varying function of the radius s accounting for the dimen-
sionless  rotation  perturbation  at  high  order.  Note  that  the  term
φω(s) can  also  be  evaluated  in  terms  of  the  above  theory  of  fig-
ures  (Guillot  and  Morel,  1995).  One  introduces  dimensionless
planetary  units  of  density,  mass,  and  pressure,  such  that

  and .

The hydrostatic equation above is transformed to
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1

η(x) dξ(x)dx
= −

α(x)
x2

+ [2
3
qrot + φω(x)] x, (7)

qrot = ω2R3
p/GMwhere qrot is  a  smallness  parameter  representing  the  ratio

between  centrifugal  and  gravitational  forces, .

With the resulting density profile η(x) and the calculated high-or-
der rotation perturbation φω(x), the internal pressure profile ξ(x) is
then obtained  from  the  hydrostatic  Equation  (7)  and  the  pres-
sure–density profile is then inferred as an empirical EOS.

Considering that  the  gravitational  harmonics  at  the  planet's  sur-
face  are  insensitive  to  the  precise  density  distribution  within  the
innermost part of the planet (Wahl et al., 2016), we assume a con-
stant core radius and achieve a converged core mass for Jupiter's
gravity  field.  In  our  calculations,  following  the  work  of Hubbard
and Militzer (2016), we choose the core radius at xC = 0.15. Three
two-layer structure models with increasing core density (mass) are
considered:  Case  (I)  corresponds  to  the  zero  density  jump  at  the
CEB ΔρCEB =  0,  Case  (II)  corresponds  to  a  core  density  of ρC =
15  g/cm3,  and  Case  (III)  corresponds  to  a  core  density  of ρC =
20  g/cm3.  As  one  proceeds  from  Cases  (I)  to  (II)  to  (III),  the  core
mass  is  increased  from  6.8  to  12.1  to  16.2M⊕ (Earth  masses).
Figure  1 illustrates  the  density  and  pressure  as  a  function  of  the
scaled radius x for the three interior models. Minor differences can
be seen in the outer region x = 0.5 to x = 1.0;  the differences be-
come  obvious  in  the  deeper  region,  owing  to  the  different  core
densities. Table  1 presents  the  calculated  even  zonal  harmonic
coefficients,  comparing them with the newly observed Juno data
from the PJ3 and PJ6 science orbits. It is relevant to note that the
Juno harmonic coefficients  contain  contributions  from  both  a  ri-
gidly rotating planet and differentially rotating zonal flows. Never-
theless, dynamical flows have minor effect on the internal density
distribution of  Jupiter  so that  the dynamical  effects  could be ap-

proximately  disregarded  in  this  work.  Static  tidal  Love  numbers
k22 and MoI are also computed using the methods presented in Ni
DD (2018). One can see that the calculated Love numbers k22 are
close to the Juno data within the measurement uncertainties and
the calculated MoI values show good agreement with the theoret-
ical results of Wahl et al. (2017). The empirical EOSs inferred from
the three interior models are plotted in Figure 2. There are minor
differences  in  the outer  envelope,  as  shown in Figure 2a. In  con-
trast to Figure 2a, differences can be seen in Figure 2b especially
for  the  innermost  envelope.  More  importantly,  in  all  three  cases
there is always an inflexion point of the empirical EOS in the high
pressure  region around 10 Mbar.  This  feature  will  be  explored in
Section 4.

3.  Equations of State for Pure Species and Jupiter’s

Adiabats
Hydrogen and helium form ~85% of the mass of Jupiter. They are
the  simplest  elements  but  exhibit  remarkable  properties  under
extreme conditions of pressure and temperature (McMahon et al.,
2012).  Interior  models  of  Jupiter  require  the  hydrogen–helium
EOSs, the density as a function of temperature, pressure and com-
position.  There  are  various  EOSs  available  based  on  different
methods and considerations (Saumon et al.,  1995; Nettelmann et
al.,  2008, 2012; French  et  al.,  2012; Becker  et  al.,  2014; Militzer  et
al.,  2008; Militzer  and  Hubbard,  2013).  In  this  work  we  use  the
more recent ab initio EOS REOS.3 (Becker et al., 2014) for pure hy-
drogen  and  pure  helium.  In  the  REOS.3  tables,  the  zero  point  of
the specific internal energy is changed to coincide in the ideal gas
regime with the SCvH EOS (Miguel et al., 2016). The resulting new
EOSs are called REOS3b. If heavy elements (the Z component) are
considered  in  small  quantities,  they  are  assumed  to  be  water
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Figure 1.   Profiles of density (a) and pressure (b) for three Jupiter models with the core radius xC = 0.15. Black solid, blue dotted, and red dashed

curves correspond to the zero density jump at the CEB ΔρCEB = 0 [Case (I)], the core density of ρC = 15 g/cm3 [Case (II)], and ρC = 20 g/cm3 [Case

(III)], respectively. For the sake of clarity, the density values are normalized by a constant density  and the pressure

values are normalized by a constant pressure  Note that the upper and lower parts distinguished by thin dotted

horizontal lines are shown in the different scales.
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(H2O) as a proxy for all ices. The SESAME EOS 7154 of water is used

in this work (Lyon and Johnson, 1992). In the following, the mass

fractions of hydrogen, helium and heavy elements are denoted by

X, Y and Z (X + Y + Z = 1), respectively.

It is  of  great  importance to  obtain  an EOS for  mixtures  of  hydro-

gen and helium with a minor amount of heavy elements. In prin-

ciple, one can perform simulations for a mixture of hydrogen and

helium  (and  perhaps  heavy  elements)  with  various  fractions  to

generate  the  EOS  database  and  then  interpolate  between  these

EOS to obtain an EOS for the desired composition. But this would

take an enormous amount of computation time. Militzer and Hub-

bard (2013) provided ab  initio EOS data only for NHe = 18 helium

atoms in NH = 220 hydrogen atoms, corresponding to the hydro-

gen–helium mixture with a helium fraction of Y/(X + Y) = 0.245. At

present, the  practical  way  is  to  generate  the  EOS  for  given  com-

positions using the EOSs for pure species in terms of the additive

volume rule.  Extensive variables such as volume, internal  energy,

and entropy  are  strictly  additive  for  identical  systems.  For  ex-

ample,  the density  for  a  mixture of  hydrogen,  helium, and heavy

elements is approximated at any given pressure P, temperature T,

and compositions X/Y/Z as

1

ρ(P, T, Y, Z) = X

ρH(P, T) + Y

ρHe(P, T) + Z

ρZ(P, T) , (8)

and the specific  entropy of  the H–He–Z mixture is  approximated

on a grid of pressures P,  temperatures T,  and compositions X/Y/Z
as

S(P, T, Y, Z) = XSH(P, T) + YSHe(P, T) + ZSZ(P, T) + Smix(P, T, Y, Z). (9)

To  simplify  the  derivation  we  approximate  the  mixing  entropy

Smix by the ideal entropy of mixing of gases. If  small quantities of

heavy elements are not taken into account, the above two expres-

sions (8) and (9) with Z = 0 are for the hydrogen–helium mixture.

Jupiter is thought to have an isentropic and mostly convective en-

velope  (Hubbard,  1968), although  convection  might  be  sup-

pressed  by  compositional  gradients.  The  envelope  entropy

C/MR2
eqTable 1.   Jupiter's even zonal harmonic coefficients J2i, tidal Love number k22, and normalized moment of inertia  for the three interior

models Cases (I)–(III), compared with the Juno data from the PJ3 and PJ6 science orbits (Iess et al., 2018).

Parameter Juno (PJ3 & PJ6) Case (I) Case (II) Case (III)

J2×106 14696.572±0.014 14696.576 14696.572 14696.566

J4×106 –586.609±0.004 –586.627 –586.630 –586.631

J6×106 34.198±0.009 33.268 33.162 33.085

J8×106 –2.426±0.025 –2.953 –2.936 –2.923

J10×106 0.172±0.069 a 0.290 0.288 0.287

k22 0.625±0.063 a 0.54019 0.53936 0.53922

C/MR2
eq 0.26391-0.26443 a,b 0.26398 0.26391 0.26381

a The measured value is not used in the nonlinear least squares fitting. b The normalized moment of inertia is not measured at present; the
estimations from Wahl et al. (2017) are used for reference.
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Figure 2.   Empirical EOSs inferred from three empirical interior models, Cases (I)–(III), with the core radius xC = 0.15: the pressure P is plotted as a

function of the density ρ for the outer (a) and inner (b) envelopes. Black solid, blue dotted, and red dashed curves correspond to Case (I), Case (II),

and Case (III), respectively.
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S (P,T,Y,Z) is determined by the measurements at the pressure of 1
bar  (Saumon et  al.,  1995). The Galileo entry probe in Jupiter  yiel-
ded the composition of Y/(X + Y) = 0.238 ± 0.007 and the temper-
ature of  166 K at  1 bar.  Once the envelope entropy S(P,T,Y,Z)  has
been specified, Jupiter's adiabat ρ(P,T,Y,Z) is constructed using the
EOSs  for  pure  species  and  the  element  abundances X/Y/Z.
Figure  3 shows  Jupiter's  interior  adiabats  for  the  H–He  mixture
with Y = 0.238 and for the H–He–Z mixture with Z ≈ 0.017 and Y =
0.238(1–Z)  = 0.234.  Note that  Jupiter's  interior  could depart  from
such  a  straightforward  adiabatic  description,  because  the  real
situation may be more complex than what we consider here. The
hydrogen–helium phase separation region may bring in a jump in
both temperature and entropy for  the inner envelope,  and there
may exist a dilute core in the deep interior (Hubbard and Militzer,
2016; Wahl et al., 2017; Guillot et al., 2018; Ni DD, 2019).

4.  Model Results
The  empirical  model  of  Jupiter  does  not  directly  account  for  the
molecular-to-metallic phase  transition  of  hydrogen  or  the  vari-
ation with depth in the concentration of helium or the dilute core
in  the  deep  interior;  nevertheless,  the  resulting  empirical  EOS  is
consistent  with  the  available  data  on  Jupiter's  shape  and  gravity
field.  Therefore  it  appears  to  reflect  some  crucial  features  of
Jupiter and may thus serve as a useful guide to quick assessment
of  Jupiter's  interior.  In  turn,  the comparison of  the empirical  EOS
with Jupiter's adiabat can be used to deduce the relative element
abundances in  Jupiter's  interior.  As  for  the homogeneous hydro-
gen–helium  mixture,  the  bulk  abundance  of  helium Y can be  in-
ferred by the best fit of the physical EOS models to the empirical
EOS over  the  entire  domain  of  pressure  spanned  by  Jupiter's  in-
terior. Taking interior model Case (I) for an example, the resulting
bulk Y value is 0.306. Figure 4 illustrates a comparison of the em-
pirical  EOS  of  interior  model  Case  (I)  with  the  best-fit  adiabatic
EOS from  the  REOS3b  data.  The  solid  curve  represents  the  de-
rived empirical EOS and the dashed curve represents the adiabat-
ic EOS derived from the REOS3b data. As can be seen from the fig-

ure,  there  are  large  differences  between  the  empirical  EOS  and
the adiabatic EOS. Such large deviations indicate that assuming a
homogeneous hydrogen–helium  mixture  is  insufficient  to  de-
scribe Jupiter's  interior.  The  molecular-to-metallic  phase  trans-
ition of hydrogen, which is still not well understood either experi-
mentally or  theoretically,  is  expected  to  occur  beyond  the  pres-
sure  of  1  Mbar  for  Jupiter.  With  these  considerations  in  mind,
Jupiter's envelope is divided into three superposed, mostly homo-
geneous regions: (1) the outermost atmosphere with 1 bar ≤ P < 1
kbar, (2) the inner molecular hydrogen region with 1 kbar ≤ P ≤ 1
Mbar, (3) the innermost region with P > 1 Mbar and consisting of a
metallic hydrogen envelope above a central dense core. The divi-
sion between the latter two regions is rather indefinite,  owing to
either  the  molecular-to-metallic  phase  transition  of  hydrogen,  or
the  hydrogen–helium  separation,  or  both.  The  division  between
the innermost envelope and the dense central core might also be
rather indistinct, since the dilute core model of Wahl et al.  (2017)
suggests  that  the heavy elements are dissolved in the innermost
region  and  expanded  outward  through  a  region  0.3–0.5  times
Jupiter's radius. In the following section we deduce the composi-
tions of these three regions by best-fitting the empirical EOSs us-
ing the  physical  EOSs  for  pure  species.  We  suggest  that  this  ap-
proach has considerable potential to yield answers to some basic
questions about the structure and composition of Jupiter.

In-site measurements of Jupiter's outermost atmosphere from the
Galileo probe yielded the helium mass fraction of Y/(X + Y) = 0.238 ±
0.007, which is smaller than the protosolar value of Yproto/(Xproto +
Yproto) = 0.277 ± 0.006 (Serenelli and Basu, 2010). The measured at-
mospheric helium depletion has been understood in Guillot et al.
(1997) and Militzer et al. (2016) as helium droplets raining down in
Jupiter's atmosphere.  In  order  to  gain  insight  into  this,  we  con-
sider  the  hydrogen–helium  mixture  and  analyze  the  distribution
of helium in the envelope. To deduce the helium mass fraction Y,
the fitting procedure described above is repeated for different in-
terior  models — Cases  (I)–(III) — and for  different  pressure  re-
gions. The best-fit Y values are summarized in Table 2. The best-fit
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Figure 3.   Jupiter's interior adiabats derived from the physical EOSs

for pure species: the H–He mixture with Y = 0.238 (black solid curve)
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curve).
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Figure 4.   Comparison of the empirical EOS derived from interior

model Case (I) with the best-fit adiabatic EOS obtained from REOS3b

data over the entire domain of pressure spanned by Jupiter's interior.
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Y values from all three interior models are slightly larger than the

Galileo probe value for  the outermost atmosphere,  which can be
easily understood since small amounts of heavy elements are not
yet taken into account. More importantly, the best-fit Y values are
significantly increased by more than 66% from the outmost atmo-

sphere  to  the  inner  molecular  hydrogen  region.  This  clearly
demonstrates that there is helium depletion in the outermost at-
mosphere and  helium  concentration  in  the  inner  molecular  hy-

drogen region. One can also notice that the three interior models
Cases  (I)–(III)  yield  similar  results  in  the outer  two regions.  This  is
not  so  surprising  since,  as  demonstrated  in Figure  2a,  there  are

minor differences in the empirical EOSs of the outer two regions.
The differences of  the helium mass fraction emerge in the inner-
most  region.  In  general,  the  deduced  helium  mass  fraction Y2

shows  a  decreasing  tendency  with  increasing  core  mass  from

Cases (I)  to (II)  to (III).  The best-fit Y2 values are all  larger than the
protosolar  value,  suggesting  the  existence  of  heavy  elements Z.
And the gradual decrease of Y2 indicates that two-layer structure

models  of  Jupiter  with  heavy  cores  exhibit  a  smaller  amount  of
heavy elements mixed in the metallic  hydrogen envelope,  which
is  consistent  with the available  interior  models  that  use different

EOSs  as  input  parameters  (Guillot,  1999; Saumon  and  Guillot,
2004).

The  comparison  of  the P–ρ profiles  between  the  empirical  and
physical models is illustrated in Figure 5 for interior models Cases

(I)–(III).  It can be seen that the empirical EOSs derived from Cases
(I)–(III)  produce  similarly  good  fits.  With  respect  to  the  global  fit
over Jupiter's entire envelope (as shown in Figure 4), interior mod-

el Case (I) demonstrates better agreement with the empirical EOS
specifically  in  the  middle  region.  It  is  known  that  the  pressure-
density  relationship  in  planetary  interiors  is  affected  by  several

factors such  as  temperature  and  composition  and  that  such  ef-
fects are  expected  to  be  particularly  profound  in  the  deeper  re-
gion due to large uncertainties of these factors. So there are relat-

ively  large  deviations  of  the  best-fit  adiabats  from  the  empirical
EOSs in the high pressure region. In the innermost envelope with
high  pressure P > 20  Mbar,  one  can  see  that  the  densities  ob-
tained from the REOS3b model  are generally  lower than the one

obtained  from  the  empirical  EOS  for  all  interior  models  Cases
(I)–(III). This feature can also be found in the result of Helled et al.
(2009) for Saturn, where the density difference Δlog10 ρ = (log10 ρ –

log10 ρempirical) becomes negative and gets enhanced with increas-
ing pressure in the deeper envelope. This implies rather different
composition  above  the  core  than  in  the  outer  envelope,  which

could be  understood  as  the  increased  presence  of  heavy  ele-
ments in the deeper envelope.

The  dilute  core  model  of Wahl  et  al.  (2017) demonstrated  that

heavy  elements  are  dissolved  in  the  hydrogen–helium  mixture
and expanded outward through a portion of Jupiter.  The change
in composition would not  only  affect  the EOS in the metallic  en-
velope but also bring in the higher density above the core. On the
other  hand,  the  preliminary  Jupiter  model  of Hubbard and  Mil-
itzer  (2016) suggested that  hydrogen–helium  immiscibility  re-
duces  the  heat  transport  in  the  region  around P ≥ 2  Mbar  and
hence brings in a higher-entropy adiabat for interior pressures lar-
ger than 1  Mbar.  The higher-entropy adiabat  means  higher  tem-
peratures and lower densities at pressures of interest beneath the
hydrogen–helium  immiscibility  region.  These  two  effects  on  the
interior  densities  are  not  taken  into  account  in  constructing
Jupiter's  adiabats.  As a result,  the inflexion point of the empirical
pressure–density  profile  is  not  reproduced  by  the  best-fit
adiabats. This  can  be  regarded  as  indirect  support  for  the  exist-
ence of helium rain and dilute cores.

Next,  we  introduce  a  minor  amount  of  water  (representative  of
heavy  elements)  into  the  hydrogen–helium  mixture  and  analyze
the interior  compositions.  First,  the mass  fractions  of  helium and
heavy  elements, Y and Z, are  determined  by  best-fitting  the  em-
pirical EOS using the physical EOSs for pure species, as described
above.  We  find  that  the  hydrogen  mass  fraction  remains  almost
the same but the partial amounts of helium are replaced by water.
This  counter-balance  correlation  between Y and Z makes it  diffi-
cult  to  determine  explicitly  the  best-fit  values  of Y and Z in  the
three different pressure regions. An alternative way of addressing
heavy  elements  is  needed.  For  interior  models  Cases  (I)–(III),  as
demonstrated in Section 2, there are minor differences among the
empirical EOSs in the outer two regions with P ≤ 1 Mbar, and the
inner  envelope between P =  1  Mbar  and the CEB spans over  the
total interior of x = 0.150 to x = 0.856 and exhibits about 0.875 of
the total mass. Therefore, special attention needs to be paid to the
inner envelope with P > 1 Mbar. It is well known that the total heli-
um to hydrogen ratio in Jupiter should be equal to its value in the
protosolar  nebula Yproto/(Xproto + Yproto)  =  0.277 ± 0.006 (Serenelli
and  Basu,  2010).  Here,  the  helium  to  hydrogen  ratio  in  the  inner
envelope  is  approximated  as  the  protosolar  value  and  the  mass
faction of heavy elements Z is determined by best fitting the em-
pirical EOSs. The best-fit values of Z are summarized in Table 3. As
can be seen, the deduced Z values are found to be roughly 11–13
times the solar value of 0.0149 (Lodders, 2003). Such a high metal-
licity strongly  supports  the  dilute  core  model,  with  heavy  ele-
ments dissolved in hydrogen and expanded outward (Wahl et al.,
2017). In addition, the mass of heavy elements mixed in the envel-
ope is calculated as

MZ = ZM(α1 − α2), (10)

where α1 (α2) is the mass fraction at the outer (inner) boundary of
the envelope  concerned.  The  global  mass  fraction  of  heavy  ele-
ments in Jupiter is approximated by the expression Zglobal = (Mcore +
MZ)/M.  The  core  mass  fraction  and  the  global  mass  fraction  of
heavy  elements  are  also  listed  in Table  3 for  the  three  interior
models Cases  (I)–(III).  It  seems  that  a  heavy  central  core  corres-
ponds to a smaller  amount of  heavy elements mixed into the in-
ner  envelope,  and  the  global  mass  fraction  of  heavy  elements
shows small variations for interior models Cases (I-III). It is relevant
to note  that  the  best-fit  adiabatic  EOSs  exhibit  rather  large  devi-

Table 2.   Best-fit values of the helium mass fraction Y for the hydro-
gen–helium mixture in different pressure regions.

log10P (Mbar) –6 to –3
Best-fit Y0

–3 to 0
Best-fit Y1

>0
Best-fit Y2

Case (I) 0.258±0.047 0.437 ± 0.078 0.416±0.084

Case (II) 0.262±0.046 0.436 ± 0.079 0.401±0.085

Case (III) 0.263±0.046 0.438 ± 0.081 0.393±0.085
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ations from the empirical EOSs in the innermost region, thus caus-
ing  large  uncertainties  in  the  deduced  mass  of  heavy  elements.
Furthermore,  little  knowledge  of  the  EOS  for  heavy  elements  in
Jupiter directly affects the deduced heavy-element mass fraction.
Thus  our  work  here  provides  just  a  rough  estimation  of  Jupiter’s
heavy element abundance.

5.  Conclusion
We have presented in this paper three empirical EOSs for Jupiter's
interior,  based  on  the  two-layer  structure  model  and  consistent
with  the Juno gravity  measurements.  Jupiter's  adiabats  are  also
constructed in terms of the additive volume rule using the physic-
al EOSs for pure species with the aid of data from the Galileo entry
probe  into  Jupiter.  The  composition  and  structure  of  Jupiter  are
explored  by  comparing  Jupiter's  adiabats,  obtained  from  the
physical EOSs, with the empirical EOSs. For the hydrogen–helium
mixture,  the  deduced Y value  is  found  to  be  increased  by  more
than 66% from the outermost atmosphere to the inner molecular
hydrogen region,  as  shown in Table 2.  This  suggests  that  helium
droplets fall  down  from  the  outermost  atmosphere  and  concen-
trate in the inner molecular hydrogen region. Next, in addition to

the hydrogen–helium  mixture,  the  small  amount  of  heavy  ele-

ments (which are assumed to be water) is taken into account. We

approximate the helium to hydrogen ratio  in  the inner  envelope

as  the  protosolar  value Yproto/(Xproto + Yproto)  =  0.277 ± 0.006 and

adjust the envelope metallicity Z. The deduced Z values are found

to be as high as 11–13 times the solar value of 0.0149. This gives

strong support to the dilute core model with heavy elements dis-

solved  in  hydrogen  and  expanded  outward.  One  can  also  notice

in Figure  5 that  the  empirical  EOSs  exhibit  higher  densities  than

the best-fit  Jupiter's  adiabat  for  one  given  pressure  in  the  inner-

most envelope,  and  this  feature  becomes  more  evident  with  in-

creasing pressure. A similar situation can be found in the work of

Helled  et  al.  (2009) for Saturn.  This  implies  rather  different  com-

position  above  the  central  core  than  that  of  the  outer  envelope,

which could be a signature of  dilute cores.  Moreover,  in all  three

empirical  EOSs,  an  inflexion  point  emerges  at  the  high  pressure

region around 10 Mbar, which can be understood as evidence of

heavy element  dissolution  in  the  metallic  envelope  and  hydro-

gen–helium  immiscibility  around P ~2 Mbar.  This  indirectly  con-

firms  the  existence  of  heavy  element  dissolution  in  the  metallic

envelope and hydrogen–helium immiscibility.

Our empirical EOSs are merely preliminary and intended for use as

a reference for comparison with Jupiter's adiabats obtained from

the  physical  EOS  models.  The  data  available  on  Jupiter's  shape

and gravity field might not be sufficient to infer realistic EOSs for

Jupiter's  interior.  Future,  new,  and  more  abundant  gravity  field

data would provide more accurate information on Jupiter's interi-

or. Also, better knowledge of the EOSs for pure species, from both

experimental and  theoretical  sides,  would  improve  our  under-

standing  of  the  composition  and  structures  of  planets  such  as

Jupiter. Besides, convection might be suppressed in some regions

Table 3.   Best-fit values of the mass fractions of heavy elements Z for
the H–He–Z mixture in the inner pressure region where P > 1 Mbar.
As additional information, the core mass fraction and the global mass
fraction of heavy elements are also listed for the three interior models
Cases (I)–(III).

P > 1 Mbar Case (I) Case (II) Case (III)

Best-fit Z 0.188 0.172 0.163

Core mass fraction 0.021 0.038 0.051

Zglobal 0.189 0.188 0.191
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Figure 5.   Comparison of the empirical EOS with the best-fit adiabatic EOS obtained from the REOS3b model in the three pressure regions

separated by the horizontal dotted lines: Case (I) with the zero density jump ΔρCEB = 0 (left panel), Case (II) with the core density ρC = 15 g/cm3

(middle panel), and Case (III) with the core density ρC = 20 g/cm3 (right panel).
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of Jupiter's interior owing to compositional gradients. The Galileo
entropy,  which  was  determined  in  terms  of  the  entry  probe  into
the outmost  atmosphere,  could be different  from the entropy of
the deep interior.  It  has  been suggested in Hubbard and Militzer
(2016) and Debras and Chabrier (2019) that hydrogen–helium im-
miscibility brings  in  a  higher-entropy  adiabat  for  interior  pres-
sures  larger  than 1  Mbar.  The calculation of  Jupiter's  adiabat  will
be improved by using different entropies for the two envelopes. A
reasonable treatment would be required to evaluate the entropy
jump and the interface between these two adiabats.
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