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Figure 5. Phase diagram for hydrogen in the pressure-temperature plane, with pressure in bars (1 bar = 105 Pa = 106 dyn cm−2). The thick lines
indicate the first order (discontinuous) phase transitions, the black circles the critical points (McMahon et al., 2012; Morales et al., 2013b). Phase
transitions in solid hydrogen with the different known phases are labelled I, II, III, IV (McMahon et al., 2012). The region where 50% of all
hydrogen is in atomic form (from Saumon et al., 1995) is shown by a thin contour. The approximate location of the molecular to metallic hydrogen
(continuous) transition (Loubeyre et al., 2012; Morales et al., 2013b) is indicated by a dashed line. The T = TF line separate the non-degenerate
region (at low pressures and high temperatures) from the region in which electrons are degenerate (see text). The Pgas = Prad line shows the
region which is dominated by radiation pressure (at high temperatures). Colored lines show profiles for a selection of noteworthy substellar objects:
giant planets from Uranus to Jupiter (Guillot, 2005), the hot Jupiter HD 209458 b (Guillot and Showman, 2002; Burrows, 2013), the brown dwarfs
Gl 229 B (Marley et al., 1996), CoRoT-15 b (Bouchy et al., 2011) and our Sun (Christensen-Dalsgaard et al., 1996). The diamonds correspond to
the conditions either at the core/envelope interface for Jupiter and Saturn or at the center for the other objects.
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Phase Diagram of Hydrogen &  
T-P profile in Jupiter’s envelope

Figure from Guillot & Gautier (2014)
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木星内部の不明な点
Envelope
composed of H & He

and a small fraction of heavy elements

composed of “heavy elements” 

that were present in a proto-solar disk 

in the form of ice and rock
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H+	metallic

中心に高密度コアは存在するの
か？その大きさは？ 
コアとエンベロープに明確な境
界は存在するのか？ 
エンベロープに重元素はどの程
度含まれているのか？また, 分
布は一様なのか？ 
分子/金属水素層境界の深さは？
また, 遷移は不連続なのか？ 
水素とヘリウムの分布に偏りは
あるのか？



従来の内部構造の推定法
重力ポテンシャル
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Figure 1. Normalized integrands of the gravitational moments (contribution
functions) of Jupiter (top) and Neptune (bottom). The values are normalized to
make the area under each curve equal unity. J0 is equivalent to the planetary
mass. The range of possible core sizes is indicated. Here, core designates a
region of heavy elements below the H/He envelope. It is clear that Neptune’s
(Uranus’) interior is better sampled by the gravitational harmonics compared to
Jupiter (Saturn).
(A color version of this figure is available in the online journal.)

uses physical equations of state (EOSs) of the assumed materials
to derive a density (and associated pressure and temperature)
profile that best fits the measured gravitational coefficients. The
physical parameters of the planets, such as mass and equatorial
radius, are used as additional constraints. The masses and
compositions of the three layers are modified until the model
fits the measured gravitational coefficients. The models typically
assume an adiabatic structure, with the adiabat being set to the
measured temperature at the 1 bar pressure level (Hubbard et al.
1991; Podolak et al. 1995). Although this method has succeeded
in finding a model that fits both J2 and J4 for Neptune, no model
of this type has been found that fits both J2 and J4 of Uranus.
For example, Podolak et al. (1995) found that in order to fit the
observed parameters for Uranus, it was necessary to assume that
the density in the ice shell was 10% lower than given by then-
current EOSs. In addition, the ratio of ice to rock in this model
was 30 by mass, roughly 10 times the solar ratio. Podolak et al.
(1995) point out that Uranus’ lower density might be explained
by higher internal temperature if the planet is not fully adiabatic.
A non-adiabatic structure for Uranus is an appealing option since
it suggests an explanation for the low heat flux of the planet in
terms of an interior that is not fully convective.

A second approach to model the interiors of Uranus and
Neptune makes no a priori assumptions regarding planetary
structure and composition. The radial density profiles of Uranus

and Neptune that fit their measured gravitational fields are
derived using Monte Carlo searches (Marley et al. 1995; Podolak
et al. 2000). This approach is free of preconceived notions about
planetary structure and composition and is not limited by the
EOSs of assumed materials. Once the density profiles that fit the
gravitational coefficients are found, conclusions regarding their
possible compositions can be inferred using theoretical EOSs
(Marley et al. 1995).

In this paper, we apply the method previously used in our
models of Saturn (Anderson & Schubert 2007; Helled et al.
2009a) to derive continuous radial density and pressure profiles
that fit the mass, radius, and gravitational moments of Uranus
and Neptune. The use of a smooth function for the density
with no discontinuities allows us to test whether Uranus and
Neptune could have interiors with no density (and composition)
discontinuities. Section 2 summarizes the models and results. In
Section 3, we use physical equation of state tables to infer what
these density distributions imply about the internal composition
of Uranus and Neptune. Conclusions are discussed in Section 4.

2. INTERIOR MODEL: FINDING RADIAL PROFILES OF
DENSITY AND PRESSURE

The procedure used to derive the interior model is described in
detail in Anderson & Schubert (2007) and Helled et al. (2009a).
The method is briefly summarized below.

The gravitational field of a rotating planet is given by

U = GM

r

(

1 −
∞∑

n=1

(a

r

)2n

J2nP2n (cos θ )

)

+
1
2
ω2r2 sin2 θ,

(1)

where (r, θ,φ) are spherical polar coordinates, G is the gravita-
tional constant, M is the total planetary mass, and ω is the angular
velocity of rotation. We assume that the planets rotate as solid
bodies with Voyager rotation periods (Table 1), although this
assumption is a simplification since the interior rotation profiles
of Uranus and Neptune are actually poorly known and could
be more complex (Helled et al. 2010). The potential U is rep-
resented as an expansion in even Legendre polynomials, P2n

(Kaula 1968; Zharkov & Trubitsyn 1978). The planet is defined
by its total mass, equatorial radius a at the 1 bar pressure level,
and harmonic coefficients J2n, which are inferred from Doppler
tracking data of a spacecraft in the planet’s vicinity.

The measured gravitational coefficients of Uranus and Nep-
tune are listed in Table 1. The observed gravitational coefficients
J2, J4 correspond to the arbitrary reference equatorial radii Rref
of 26,200 km and 25,225 km for Uranus and Neptune, respec-
tively (Jacobson et al. 2006; Table 1). Another physical property
that is used in the interior model is the equatorial radius. For
Uranus the radio occultation of Voyager 2 yielded two radii
on ingress and egress. These were nearly equatorial occulta-
tions and they provided essentially direct measurements of the
planet’s equatorial radius. Uranus’ equatorial radius was found
to be 25,559 ± 4 km. Neptune’s occultation geometry was not
equatorial. The geometry of Voyager 2 radio-occultation mea-
surements was such that egress data were more difficult to inter-
pret, resulting in one reliable planetocentric radius measurement
on egress at a latitude of 42.◦26 S (Tyler et al. 1989; Lindal 1992,
Figure 7). The radius at this latitude was found to be 24,601 ±
4 km. Lindal (1992) derived an equatorial radius of 24,766 ±
15 km for Neptune’s 1 bar isosurface using wind velocities
(Smith et al. 1989), with the large error reflecting the uncer-
tainties in the extrapolation of the occultation measurement to

2

観測

重力モーメントと整合的な内部
密度分布を理論的に決定する

エンベロープの浅い部分の構造
に敏感で, 深部の情報は取れない

超高圧の物性に大きく依存する



従来の内部構造の推定法：コア質量
430 J.J. Fortney, N. Nettelmann

Fig. 1 Mass of the core and of
heavy elements within the
envelope. Each box represents
the solutions found using a
particular equation of state as
listed in Table 1. In the case of
DFT-MD EOS models which
originally have Ȳ = 0.238, we
also indicate the position if 3%
(∼9M⊕) of metals are replaced
by He in order to have Y = 0.27,
in accordance with all other
models in this figure

Fig. 2 Mass fraction of heavy
elements in the outer envelope
(Z1) and the inner envelope (Z2)
of Jupiter interior models using
the different equations of state
described in Sect. 2.2. The dotted
region shows the atmospheric
metallicity if the O abundance is
similar to the values measured
for C, N, S and some noble gases,
i.e. 2–4 times solar

our current knowledge, we conclude that the interior of Jupiter is badly constrained with a
possible core mass ranging from 0 to 18M⊕ and an envelope heavy element (Z) mass from
0 to 37M⊕. If these large uncertainties are taken at face value, a prediction about Jupiter’s
formation process is highly unreliable.

Figure 2 shows the mass fraction of metals in the two envelopes for the same EOSs as in
Fig. 1. Models without a discontinuity of metals have Z1 = Z2 per definition. For tentative
evaluation of these results, Z1 is compared with the range of atmospheric abundances of
some volatile species, where we used two assumptions. The first is that O atoms are as
abundant as the species C, N, S and Ar, Kr, Xe, i.e. 2–4 × solar (Mahaffy et al. 2000), and
the second is a mass fraction equivalent of 1× solar ≃1.9%. As stated in Sect. 2.3, the
real O abundance xO in Jupiter might be much higher than the measured value of 30% of
the solar value due to condensation of water above 20 bar, where the Galileo probe stopped
working (Wong et al. 2004). If however xO ≪ xC,N,S,P, then the lower boundary of the dotted
region in Fig. 2 would sink, otherwise if xO ≫ xC,N,S,P, then the upper boundary would rise.
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]

エンベロープに含める重元素の総質量 [地球質量=1]

Fortney & Nettelmann (2010, SSRv)

Equation of state from  
ab initio calculations

REOS-3

コア質量に大きな不定性あり
エンベロープに含まれる重元素量にも大きな不定性



木星型惑星形成モデル
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木星形成過程の解明にはコア質量が鍵となる



超高圧物性の不明点
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FIG. 4. (Color online) Miscibility gap in the hydrogen-helium
system for 1 Mbar (blue/dark gray) and 2 Mbar (green/gray). Also
shown are isolines of the electrical conductivity near the Mott
value of 2 × 104/! m (dashed and dotted lines). The mean solar
helium fraction of xsolar = 0.086 as relevant for Jupiter and Saturn is
indicated.

These calculations were performed with 32–64 atoms
(64 electrons) as in Ref. 22. For each considered pressure and
temperature the Gibbs free energy of mixing is analyzed with a
double tangent construction to get the region of demixing—for
details see Ref. 22.

Morales et al.21 applied thermodynamic integration in
order to calculate the entropy of mixing. For this procedure
additional EOS data at each helium fraction is needed for the
integration to be accurate. However, for this study we decided
to apply the ideal approximation for the entropy of mixing
in favor of the number of considered helium fractions. As a
consequence, we were able to analyze up to 33 different helium
fractions in order to apply the double tangent construction
very accurately. Comparison shows that the demixing curves
derived from both approaches are very similar. Taking into
account the current development of computing power, it will
be possible to combine the exact calculation of the Gibbs free
energy with a highly accurate double tangent construction in
the future.

The resulting miscibility gap is shown in Fig. 4. We have
also extracted the temperature of metallization from Fig. 1
using different values for the conductivity as a criterion,
including the minimum metallic conductivity of 2 × 104/! m
as proposed by Mott for T = 0 K. Although it is not possible to
distinguish sharply between metallic and nonmetallic states at
finite temperatures, the isolines of the electrical conductivity
clearly show a close connection between metallization and
demixing. Most strikingly, the beginning of the demixing
islands at 1 and 2 Mbar coincides very well with the respective
metallization temperatures. However, for 2 Mbar metallization
occurs already at much lower temperatures, e.g., below 1000 K
for pure hydrogen,33 merging the demixing region with the area
of possible solid hydrogen-helium alloys. A detailed study of
such alloys would be an enormous effort by itself and is not
within the scope of this paper, especially since these states are
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FIG. 5. (Color online) Demixing region (yellow/light gray area)
for a helium fraction of x = 0.086 in comparison with the isentropes
(black) of Jupiter (Ref. 2) (solid line) and Saturn (dashed line). The
filled circles are the calculated data from Fig. 4 and Ref. 22, and the
open circle at 2 Mbar is extracted from the conductivity data in Fig. 1.
The line is a fit to these points. The results of Morales et al. (Ref. 21)
for the demixing line are also shown (squares). We compare with the
phase diagram of hydrogen (red/medium gray). The melting line is
taken from Ref. 32 and the coexistence line of the liquid-liquid phase
transition with its critical point from Ref. 33. For helium we show
the melting line [blue/dark gray; Kechin-type fit (Ref. 65) to exper-
imental data (Refs. 66–70) and our recent high-pressure prediction
(Ref. 22)].

not relevant for the interior of solar giant planets. Therefore,
we only show the miscibility gap down to 2000 K, i.e., above
the melting temperature of helium.22

As in Refs. 21,22, we show the demixing line for the
mean helium fraction in Jupiter and Saturn in Fig. 5, however,
this time for the lower pressures considered here. While the
agreement with the calculations of Morales et al.21 is good
(taking into account all uncertainties in both methods), their
deviations and the closeness of the demixing temperature to
the temperature along the Jovian isentrope show the necessity
to have still more accurate data in the low-pressure region
in order to make a definite statement regarding demixing in
Jupiter. The temperature inside Saturn is lower than in Jupiter
so that its isentrope is deep inside the demixing region for both
calculations. Thus, demixing is very important for the interior
of giant planets, more so for Saturn than for Jupiter.

The islands of demixing in Fig. 4 lead to a demixing
region with lower and upper limits in Fig. 5. This is a
direct consequence of the metallization as the driving force
of demixing, since the lower boundary is determined by the
metallization of hydrogen. This is nicely illustrated by the
coexistence line of the nonmetal-to-metal phase transition22

in Fig. 5. Our calculations show also that the prediction
of classical Monte Carlo simulations71 for 1500 K and
0.45 Mbar, which was included in our previous paper,22 is no
longer valid there. The melting lines of hydrogen and helium
indicate the merging of possible hydrogen-helium alloys and
the demixing region, but also their unimportance for most
planetary interiors.
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FIG. 6. (Color) Snapshot of a simulation for x = 1/3, ϱ =
4 g/cm3, T = 6000 K, and P ≈ 20 Mbar visualized with the VMD
program (Ref. 72). Shown are the ions (small spheres) and isosurfaces
of the specific particle density for ni = 0.5/Å3. Blue: helium; red:
hydrogen.

V. DIRECT SIMULATION OF DEMIXING

To study the effect of demixing directly, i.e., without using
the ideal entropy of mixing or thermodynamic integration,
we have performed simulations with 2048 electrons for x =
1/3, i.e., 1024 hydrogen atoms and 512 helium atoms, at a
constant density of ϱ = 4 g/cm3 and temperatures between
6000 and 12 000 K. With this high (and demanding) particle
number it was possible to see demixing effects directly inside
the simulation box. A typical snapshot of such a simulation at
6000 K, i.e., inside the demixing region, is shown in Fig. 6. We
can identify helium-rich (blue) and helium-poor (red) regions.
Note that we did not prepare a demixed state but started from a
homogeneously mixed one and then let the system equilibrate.
After a simulation time of ∼1 ps (a few thousand time steps)
the demixing could be seen clearly and was stable until the end
of the simulation (a further 3-ps simulation time). At higher
temperatures the demixing effect decreases.

For a more quantitative evaluation we have calculated
the radial distribution functions from these simulations—see
Fig. 7. Inside the demixing region, due to the formation of
helium or hydrogen droplets, the probability of finding an
ion of the same species in the vicinity of an ion is enhanced
compared to an even distribution of ions. This results in an
increased radial distribution function at low distances for H-H
and He-He, while the H-He distribution function is decreased
at low distances.

To further analyze the droplet formation we have deter-
mined the center of mass of the helium droplet at each time
step of the simulation and evaluated the helium fractions inside
spherical shells around this center of mass. This is shown for
the same conditions as before in Fig. 8. For 6000 K, i.e., well
inside the demixing region, a very pronounced helium droplet
with a helium fraction of approximately x = 0.98 appears.
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FIG. 7. (Color online) Radial distribution functions for H-H, He-
He, and H-He at ϱ = 4 g/cm3 and temperatures between 6000 and
12 000 K.

With increasing temperature the helium fraction inside this
droplet decreases, and at 12 000 K the droplet is nearly
vanished, in agreement with the results for the miscibility gap
as derived from thermodynamic constraints.22 However, since
finite-size effects might still play a role, this direct method is
at the moment not suitable to check the accuracy of the ideal
entropy of mixing approximation.
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FIG. 8. (Color online) Helium fractions around the center of mass
(COM) of the helium droplet for ϱ = 4 g/cm3 and temperatures
between 6000 and 12 000 K. The total helium fraction in the
simulation box is indicated by xmean (gray line).
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Lorenzen, Holst, & Redmer (2011, PRB)

He不混和領域

ヘリウム不混和層は本当に存在するのか？
ヘリウム分離はどのように進行するのか？

→ 惑星放射量や年齢の問題と関係
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内部をもっと直接見たい



日震学/星震学を木星に応用
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木震学：理論モデル

prediction that oxygen is ! 2—4 times solar (SCV, LMR); and, final-
ly, include H–He mixing effects in the EOS (MH08) or not (SCV,
LMR).

2.2. Density and sound-speed profiles

Fig. 1 shows radial profiles of the sound speed and density of
the three models. In homogeneous layers, the sound speed csðrÞ
rises steadily with depth as the interior becomes warmer and
increasingly degenerate. When dissociation occurs, the heat capac-
ity at constant volume, CV rises more than CP , the heat capacity at
constant pressure, and the rise of csðrÞ with depth is delayed. This
effect can be seen at around 0:9 RJ in the MH08 and LMR models.
The inner/outer envelope transitions of the LMR and SCV models
are denoted by arrows in Fig. 1, and will be the targets of our inver-
sion analysis in the following sections. At the deepest layer bound-
aries, the steep rise in mass density maps onto a steep decrease in
cs. The lower sound velocities in the deep interior of Jupiter as pre-
dicted by models SCV and LMR compared to MH08 are a conse-
quence of higher envelope metallicities, hence higher mass
densities there.

3. Model seismic parameters

Model profiles permit the computation of the expected oscilla-
tions in Jupiter, which are likely acoustic in nature and driven by
convection, similar to the case of the Sun and solar-like stars.
The oscillations are expected to couple to the troposphere and pro-
duce small-amplitude albedo variations (Mosser, 1995; Gaulme
and Mosser, 2005) that in principle could be detected with appro-
priate observations. In what follows, we ignore rotational effects
on the frequencies of the pulsation modes, whose effects have been
studied previously (e.g., Vorontsov, 1981; Mosser, 1990; Lee,
1993). While rotation imparts non-negligible shifts in the fre-
quency spectrum for non-radial pulsations (on the order of
27 lHz), our goal here is to provide an overall study on the useful-
ness of the pulsations on structure determination and these small
deviations will not affect our main conclusions.

3.1. Adiabatic oscillations

We consider a linear theory of adiabatic, radial and non-radial
oscillations. Computations are carried out using small perturba-
tions to the ordinary differential equations of stellar structure, fol-
lowing the general formulation found in Unno et al. (1989). For
each model, we obtain the eigenfunctions and eigenfrequencies
x0

n‘ for any given angular degree ‘ and radial order n. The super-
script ‘‘0’’ distinguishes model frequencies from observed ones,
as detailed later. In this study, we truncate the algorithm at
‘ 6 25. This angular degree limit is consistent with what could be
obtained, in principle, with the recently built and employed SYMPA
spectrograph (Schmider et al., 2007) used for several ground-based
observing campaigns. Of course, higher-degree modes should cer-
tainly be possible to detect from space on appropriate instruments
with sufficient spatial resolution of the jovian disk. For comparison,
the Sun reveals degrees up to several thousand in high-resolution
images.

Fig. 2 shows the theoretically computed cyclic frequency
m0

n‘ ¼ x0
n‘=2p as a function of the angular degree ‘ for each of the

three models. The lowest frequency ‘‘ridge’’ is the surface-gravity
(fundamental) mode, which is not an acoustic mode and has a dis-
persion relation x ¼

ffiffiffiffiffi
gk

p
, where x is the angular frequency, g is

surface gravitational acceleration, and k is wavenumber:
k2R2

J ¼ ‘ð‘þ 1Þ. The fundamental mode is analogous to deep ocean
waves (Lighthill, 1978). The rest of the spectrum shows the acous-
tic pressure modes up to ‘ ¼ 25. The maximum frequency we con-
sider is 3:5 mHz, which is chosen as a value slightly higher than the
expected atmospheric acoustic cutoff frequency for Jupiter (Mos-
ser, 1995). Physically, modes with higher angular degree are more
sensitive to the outer envelope of the planet, while those with low
degree probe the core. Increasing frequencies for a given angular
degree denote successive radial orders n. The highest frequency
modes correspond to roughly n & 22. The ‘ ¼ 0 modes are the ra-
dial solutions, whose eigenfunctions have no nodes on the surface.

It is unknown whether all modes that we expect to exist in Jupi-
ter based on interior models will in fact be excited, or excited
strongly enough to reach detectable levels. Convective mode-exci-
tation mechanisms are complex and a full understanding of all the
processes responsible, including damping, is still lacking.

We finally note that the solution finder of the differential equa-
tions is sensitive to the input frequency guess, and a solution is not
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Fig. 1. (a) Density and (b) sound-speed profiles for the three models as a function of
scaled Jupiter radius, RJ . Noted by arrows are small jumps in density for the LMR
model at ! 0:63 RJ and for the SCV model at ! 0:8 RJ . Similar features are also
present in the sound speed.

Fig. 2. Computed frequencies m0
n‘ for each of the three models in ‘' m space for

‘ 6 25 and m 6 3:5 mHz. Several radial orders (n) are labeled for reference. The
dashed line along the lowest ridge denotes the dispersion relation for the surface-
gravity (fundamental n ¼ 0) mode. Black squares highlight the four modes for
which kernels are plotted in Fig. 7.
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prediction that oxygen is ! 2—4 times solar (SCV, LMR); and, final-
ly, include H–He mixing effects in the EOS (MH08) or not (SCV,
LMR).

2.2. Density and sound-speed profiles

Fig. 1 shows radial profiles of the sound speed and density of
the three models. In homogeneous layers, the sound speed csðrÞ
rises steadily with depth as the interior becomes warmer and
increasingly degenerate. When dissociation occurs, the heat capac-
ity at constant volume, CV rises more than CP , the heat capacity at
constant pressure, and the rise of csðrÞ with depth is delayed. This
effect can be seen at around 0:9 RJ in the MH08 and LMR models.
The inner/outer envelope transitions of the LMR and SCV models
are denoted by arrows in Fig. 1, and will be the targets of our inver-
sion analysis in the following sections. At the deepest layer bound-
aries, the steep rise in mass density maps onto a steep decrease in
cs. The lower sound velocities in the deep interior of Jupiter as pre-
dicted by models SCV and LMR compared to MH08 are a conse-
quence of higher envelope metallicities, hence higher mass
densities there.

3. Model seismic parameters

Model profiles permit the computation of the expected oscilla-
tions in Jupiter, which are likely acoustic in nature and driven by
convection, similar to the case of the Sun and solar-like stars.
The oscillations are expected to couple to the troposphere and pro-
duce small-amplitude albedo variations (Mosser, 1995; Gaulme
and Mosser, 2005) that in principle could be detected with appro-
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studied previously (e.g., Vorontsov, 1981; Mosser, 1990; Lee,
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3.1. Adiabatic oscillations

We consider a linear theory of adiabatic, radial and non-radial
oscillations. Computations are carried out using small perturba-
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each model, we obtain the eigenfunctions and eigenfrequencies
x0

n‘ for any given angular degree ‘ and radial order n. The super-
script ‘‘0’’ distinguishes model frequencies from observed ones,
as detailed later. In this study, we truncate the algorithm at
‘ 6 25. This angular degree limit is consistent with what could be
obtained, in principle, with the recently built and employed SYMPA
spectrograph (Schmider et al., 2007) used for several ground-based
observing campaigns. Of course, higher-degree modes should cer-
tainly be possible to detect from space on appropriate instruments
with sufficient spatial resolution of the jovian disk. For comparison,
the Sun reveals degrees up to several thousand in high-resolution
images.

Fig. 2 shows the theoretically computed cyclic frequency
m0

n‘ ¼ x0
n‘=2p as a function of the angular degree ‘ for each of the

three models. The lowest frequency ‘‘ridge’’ is the surface-gravity
(fundamental) mode, which is not an acoustic mode and has a dis-
persion relation x ¼

ffiffiffiffiffi
gk

p
, where x is the angular frequency, g is

surface gravitational acceleration, and k is wavenumber:
k2R2

J ¼ ‘ð‘þ 1Þ. The fundamental mode is analogous to deep ocean
waves (Lighthill, 1978). The rest of the spectrum shows the acous-
tic pressure modes up to ‘ ¼ 25. The maximum frequency we con-
sider is 3:5 mHz, which is chosen as a value slightly higher than the
expected atmospheric acoustic cutoff frequency for Jupiter (Mos-
ser, 1995). Physically, modes with higher angular degree are more
sensitive to the outer envelope of the planet, while those with low
degree probe the core. Increasing frequencies for a given angular
degree denote successive radial orders n. The highest frequency
modes correspond to roughly n & 22. The ‘ ¼ 0 modes are the ra-
dial solutions, whose eigenfunctions have no nodes on the surface.
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ter based on interior models will in fact be excited, or excited
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tation mechanisms are complex and a full understanding of all the
processes responsible, including damping, is still lacking.
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tions is sensitive to the input frequency guess, and a solution is not
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present in the sound speed.
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方位量子数と振動数の関係
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SYMPA Project
Gaulme+	2011

800-3000μHzに強度過剰

Seismographic Imaging Interferometer for Monitoring Planetary Atmospheres

ピーク振動数間隔 
 Δν0= 154.5 µHz ± 1.5 µHz

振幅30cm/s±10cm/sのピークが 
約20個

→内部構造モデルと整合的

` = 1



 Jovian Oscillations through radial Velocimetry ImAging 
observations at several Longitudes 



JOVIAL ネットワーク
Goal:  Simultaneous observations from 3 sites  
Target: Duty-cycle > 50 % over two weeks 

Observatoire de Calern (France) 
• C2PU:	1	m	telescope	with	DSI	prototype	
New Mexico (USA)  
• Dunn	Solar	telescope	(Sacramento	Peak)	
Okayama Observatory (Japan) 
• 1.88	m	telescope	
• Backup:	Ishigaki	observatory	(1m	telescope)

2015

2017

2018



The JOVIAL Team
Organisation Last name First name Current position Involvement 

(Man-Month) Contribution to the project

Laboratoire Lagrange Schmider François-Xavier Directeur de Recherche 24 Principal Investigator 

Laboratoire Lagrange Guillot Tristan Directeur de Recherche 12 Science Team Leader, Internal structure and evolution model

Laboratoire Lagrange Goncalves Ivan Doctorant 18 Data processing 

Laboratoire Lagrange Mekarnia Djamel Chargé de Recherche 6 Observation and data processing

Laboratoire Lagrange Bresson Yves Ingénieur d’Etudes 10 Optical studies, tests

Laboratoire Lagrange Preis Olivier Ingénieur d’Etudes 12 Project Manager

Laboratoire Lagrange Dejonghe Julien Ingénieur d’Etudes 12 Mechanical studies and integration

Institut d'Astrophysique Spatiale Appourchaux Thierry Directeur de Recherche 24 Partner n°2 Leader 
Data analysis

Institut d’Astrophysique Spatiale Baudin Frédéric Astronome 10 Data analysis

Institut d’Astrophysique Spatiale Boumier Patrick Chargé de Recherche 6 Instrumental expertise

Institut d’Astrophysique Spatiale Le Clec’h Jean-Christophe Ingénieur d’Etudes 4 Thermal control study

Institut d’Astrophysique Spatiale Morinaud Gilles Ingénieur de Recherche 4 Vacuum tank study 

Institut d’Astrophysique Spatiale Ballans Hervé Ingénieur de Recherche 12 Data analysis and archiving

NMSU Gaulme Patrick Astronomer 9 Commissioning and operation  

NMSU Jackiewicz Jason Professor 9 Seismic model 

NMSU Voelz David Professor 6 Optical interface

NMSU Underwood Tom PHD student 12 Instrument control software

Tokyo Inst. Of Technology Sato Bu'nei Associate Professor 6 Coordination of the Okayama observations 

Tokyo Inst. Of Technology/ELSI Ida Shigeru Full Professor 4 Science Interpretation:  Solar System formation models

University of Tokyo Ikoma Masahiro Associate Professor 6 Science Interpretation:  Interior models



観測期間



観測期間



観測装置
Doppler Spectro-Imager (DSI)

木星表面で反射された太陽スペクトルの 
ドップラーシフトを測定
Mach-Zehnder 干渉計

位相が90度ずつずれた4つの干渉像から 
時々刻々の位相変化を測定 
                 → 木星表面各点の速度変化
ノイズレベル < 4cm/s in 2 weeks (photon noise) 
• On sky で ~3 cm/s (in 2.5夜) を達成 
• 速度精度は ~ 20m/s/“ in 1h (2014年1月時点)

���
DSI

位相が90度ずつずれた 
木星の干渉像



設置予定場所
クーデ焦点 (クーデ室内)

HIDESと干渉しないようにする

今年7月にフランスチームが 
現地視察．泉浦さん・神戸さん 
を交えて議論



まとめ

木星内部の組成分布には不明な点が多く，
それが木星の起源・進化の理解を妨げて
いる 
重力場観測に基づいた現行の内部構造推
定法では, 深部の情報は取れない 
星震学の手法を木星に適用すること(木震
学)で, 深部の組成情報を得ることができる 
188cmを用いたネットワーク観測
(JOVIAL)を提案したい


