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– 回転磁気流体波の理論・数値シミュレーション
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背景： 天体深部ダイナモ

マントル
(岩石)

外核
(液体鉄)

Mantle
(rocky)

Mantle
(rocky)

地球内部構造

地球磁場@ コア・マントル境界
(chaos6;提供 C. Finlay)

• 例えば、地球
– 「地磁気」

• 双極子成分が卓越
• それ以外の成分もある
• 様々なスケールの時間変動
• 少なくとも 35 億年以上存在

– 地球深部で生成
• 液体鉄からなる外核
• 流れ運動によって磁場が増幅・維持：
「ダイナモ作用」

• 直接観測することができない

• 他の天体にも磁場やダイナモ作用
– 惑星：木星、土星、水星、など
– 恒星：太陽など



地震波による
地球内部探査

背景（つづき）： 波動

• いたるところに波
• ものは違っても、同じ原理で説明でき
るものがたくさん

• 見えないものを「見る」ためのツール

• 各研究分野で膨大な知見が蓄積

地球を始めとする天体の深部における
ダイナモ作用を「見る」ためにも、「波動」
を使えないか？

北極

(Britannica Online) 
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Figure 1. True-colour mosaic of Jupiter acquired by Cassini. The portrait shows Jupiter’s zonal
bands, the Great Red Spot and other vortices, several discrete storms within the orange band north
of the equator and also west of the Great Red Spot, and two equatorial hot spots at the northern
edge of the equatorial band near the planetary limb. NASA image PIA04866 (PIA images can be
accessed at NASA’s Planetary Photojournal, http://photojournal.jpl.nasa.gov).

and engineering. Jupiter’s atmosphere constitutes an immense fluid dynamics experiment of a
scale that could never be achieved in the laboratory, and one that continues to challenge state-
of-the-art computers. In many cases, the analogue for observed dynamical phenomena is not
the Earth’s atmosphere, but the Earth’s oceans or the outer layers of the Sun. Another major
challenge to our scientific progress is the fact that we observe just a few hundred kilometres
into a planet with an equatorial radius of 71 492 km (to the 1 bar level). In fact, the interior is
not completely hidden, since the properties and motions at much deeper levels may influence
what happens in the outer layers.

Jupiter’s jets, vortices and storms are studied with the goal of understanding their nature,
behaviour, and roles in the planetary-scale circulation and energetics. What physics organizes
the fluid into jets and vortices, and what is the resulting three-dimensional structure? What
processes power the storms and maintain the jets and vortices against dissipation? On Earth,
the large-scale circulations are driven primarily by the equator-to-pole gradient in sunlight
absorbed by the surface and atmosphere. On Jupiter, the energetics are less straightforward;
the equator-to-pole temperature contrast is nearly zero, and the fluxes of internal (primordial)
energy and sunlight are comparable (though the total available energy is ∼20 times less than that
for the Earth). At a more detailed level, what mechanisms, such as convection or turbulence,

木星

成果

1. 回転系における磁気流体力学的な波動の性質を、
理論と数値シミュレーションによって調べた
– 数理モデルの解析： 線形波の伝播/反射特性や弱非線形解を
導出

– 現実を模擬した数値実験： 地球や木星の深部ダイナモ三次元
数値シミュレーションを行い、理論的示唆をテスト

地球深部コア内の大渦

406 M. A. Pais, A. L. Morozova and N. Schaeffer

Figure 1. The mean QG flow on the equatorial plane over the time period 1840–1990, as seen from the North pole. For ‘gufm1’ (left-hand side) and ‘COV-OBS’
(right-hand side). At the top, the pseudo-streamfunction ξ/Rc in units of km yr−1; at the bottom, arrows visualize the flow.

velocity for the surface mean flow, urms, is stronger for flowgufm1

(12 km yr−1) than for flowCOV-OBS (10 km yr−1), basically due to a
stronger anticyclone under the PH and a stronger radial jet under
the Eastern Asian continent, from high to low latitudes. The two
different kind of charts in Fig. 1 illustrate the fact that the flow very
closely follows contours of the ξ streamfunction at medium-high
latitudes. The rule to keep in mind when interpreting ξ -contour
charts, from eq. (1), is that the fluid circulates anticlockwise around
centres of positive ξ and clockwise around centres of negative ξ .

The EOF/PCA tools can sort out the time variability associated
to the main structures in the mean flow, and other structures which
average out during the inspected period. In the following, we will
be showing results for the analysis carried out over the computed
flows, using tools described in Section 3 and Appendix B.

4.1 PCA applied to gufm1 and COV-OBS, separately

The first five PCA modes account for about 80 per cent of the flow
total variability (see Table 1). The EOF patterns of the first three
modes are shown in Fig. 2. Results for COV-OBS considering the
two time periods are similar. Note however that the first three modes
represent a larger fraction of the signal for the shorter period. Be-
sides, the fourth mode may not be completely separated from the
third when considering the longer time period. Comparing COV-
OBS and gufm1, the first mode explains very similar variances.

Using North’s criterion (eq. B2) to detect mode degeneracy, modes
4 and 5 in COV-OBS (1840–1990) and modes 3 and 4 in COV-OBS
(1840–2010) are not completely separated (see Fig. 3), meaning
that they may describe two aspects of a common structure. A sim-
ple illustration of this effect is found in the example of a propagating
wave that can be decomposed into two spatial patterns space-shifted
by fourth of a wavelength, multiplied by two sinusoidal functions
time-shifted by fourth of a period. One unique structure (a propa-
gating wave) would then appear in the PC analysis decomposed into
two modes with exactly the same f value. In the case of the above-
mentioned degenerate modes, they should be considered together.

As a test for subdomain stability, the whole CMB domain was
subdivided into two longitudinal hemispheres, and EOF/PC modes
were recalculated for each of them. The chosen meridian for the
separation goes through 70◦E and the two resulting hemispheres
have longitudes 70◦E to 250◦E (PH) and −110◦E to 70◦E (AH).
Results are shown in Tables 2 and 3. The first five modes are still non-
degenerate when computed independently for each hemisphere and
according to North’s criterion (eq. B2 and see Table 2). While the
spatial and temporal descriptions of modes 4 and 5 can be different
depending on if a global or a hemispherical grid of data values is
used, the first three modes are recovered under AH with very close
characteristics as in the global grid. The first three variability modes
are not so well recovered using only data under the PH, especially
for mode 2 (see Table 3).

北極

弱非線形解
(KH, Tobias, Jones, 

JFM 2020)
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木星深部ダイナモの数値シミュレーション
(KH, Teed, Jones, EPSL 2019)



成果（つづき）

2. 実際の観測データを調べ始めた
– まず観測的研究の昨今の状況を調査
– データの特徴を抽出するための最新技
術・手法を調査

• 「データサイエンス」：スペクトル解析、
データ駆動型情報抽出技術、etc

– これら技術・手法を数値シミュレーショ
ンのデータで試用

– 観測データの解析を実際に開始

木星

木星深部ダイナモシミュレーションデータの動的モード分解：
磁気流体波を抽出できることを確認

(KH, Tobias, Teed, 流体力学会/arXiv 2019)
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in a Jovian dynamo run E (20, 15), and the eigen-
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φ〉 of the 1st (blue), 2nd (green), and
3rd (magenta) TW normal modes within the metal-
lic region, provided a normalising factor at the inner
bound.
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in run E. In the northern hemisphere. The transi-
tion from the metallic to molecular region begins at
about s/ro = 0.885-0.94.

models are relatively ineffective. The DMD distinguishes dis-

tinct modes in the vicinity of zero growth rate (fig. 9): in

the frequency range up to ω6, there are 10 modes having the

quality factor Q higher than 5. In a similar manner to the

magnetoconvection case earlier, we rank those DMD modes

in their nonzero frequencies; ‘Mode 1’ for the slowest mode,

‘Mode 2’ for the secondly slowest mode, and so on. Only

relevant modes are indicated by colour in the figure.

These modes may be classified as internal, transition-

related, and coupled modes, depending on the radii at which

the DMD eigenfunction has peaks, as follows. Their s-profiles

and spatiotemporal structure are typically demonstrated in

figures 10 and 11, respectively. Modes 1 and 4 (as indicated

in red and yellow in fig. 9, respectively) have eigenfunctions

maximised in the transition or poorly-conducting layer, i.e.

s/ro ! 0.9, while decaying (see the dashed-dotted curve in

fig. 10 and the top panel in fig. 11 for Mode 1): we realise

them transition-related modes. Modes 2 (blue) and 3 (green)

are classed coupled modes: their eigenfunctions of both are

largest at s/ro ≈ 0.86, near the lower bound of the transi-

tion zone, and notable at either larger and smaller radii (the

blue dashed curve in fig. 10 for Mode 2). Interestingly those

coupled modes appear to propagate from the radius both to-

wards the deeper interior and towards the poorly conducting

layer (the middle panel in fig. 11 for Mode 3). This could be

interpreted as waves being reflected off and partially trans-

mitted through the transition interface: the presence of a

conductivity jump may give rise to reflections and transmis-

sions of MHD waves (15). Modes classed as internal include

Modes 5 (magenta) and 8 (cyan), for which the eigenfunc-

tion is suppressed when s/ro ! 0.94 but has peaks within

the metallic region (the magenta and cyan solid curves in

fig. 10): they reveal quasi-stationary standing waves, or os-

cillations (the bottom panel of fig. 11 for Mode 5). We also

remark their frequencies almost match ω3 and ω5 of the free

TW normal modes (fig. 9); details of the radial profile can-

not be met perfectly. This, again, highlights the need for

better understanding of the TW eigenvalue problem in more

realistic situations.
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Fig. 11 Spatiotemporal structures of DMD Modes
1, 3, and 5 (from top to bottom) in run E.

4. Summary

We have demonstrated the standard DMD of DNS data

for rotating MHD convection and dynamos, in comparison

with normal modes computed with the simple, diffusionless

TW models. The methodology provides us with a global, but

straightforward, approach to characterise MHD wave excited

in the deep interiors of planets, for which available data is

still limited. We will further extend our exploration to the

data accessible at the surface.
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成果（つづき）

2. 実際の観測データを調べ始めた
– まず観測的研究の昨今の状況を調査
– データの特徴を抽出するための最新技
術・手法を調査

• 「データサイエンス」：スペクトル解析、
データ駆動型情報抽出技術、etc

– これら技術・手法を数値シミュレーショ
ンのデータで試用

– データセットを収集し、解析を開始 events at the NTrZ, called NEB expansions (NEEs) that take
place every 3–5 yr (Rogers 1995, 2017b; García-Melendo &
Sánchez-Lavega 2001; Simon-Miller et al. 2001; Fletcher et al.
2017c; Rogers & Adamoli 2019).

In Figure 5, we represent the normalized average brightness
of the NTrR, between 7°N and 20°N over the same 34 yr as
discussed for the NTR (Section 4.1). As in Figure 3(A),
different colors indicate different latitudes in Figure 5(A). In
Figure 5(B), we represent the normalized brightness residuals
by showing the deviation of the normalized brightness from the
temporal mean of the smallest 10% brightness values of each
latitude. We observe that the southern edge of the NEB,
between 7°N and ∼9°N (represented by dark blue crosses in
Figure 5(A)), displays the largest brightness intensity of the
entire region, potentially due to the absence of the 5-μm-dark
ovals and rifts (turbulent convective regions) that are usually
present at higher latitudes (Rogers 1995) and the presence of
the 5-μm hot spots located at ∼7°N (Keay et al. 1973; Terrile
& Westphal 1977; Beebe et al. 1989; Rogers 1995; Ortiz et al.
1998; Hueso et al. 2017). Poleward of these latitudes, the
brightness contrast decreases with latitude, reaching its
minimum value at the northern edge of the NTrZ.

The temporal variability of the 5-μm emission due to the
latitudinal expansions or contractions of the NEB (i.e., cloud
clearing or covering at the southern edge of NTrZ) is clearly
observed in our results, where the brightness between 15°N
and 18°N is observed to increase and decrease significantly
every 3–5 yr (see arrows in Figures 5(A) and (B)), in agreement
with previous studies (Rogers 1995, 2017b; Rogers et al. 2004;
Fletcher et al. 2017c). The latitudinal coverage of the NEB
expansion (i.e., brightness increases of the NEB(N) and NTrZ(S))
is observed to vary from event to event, with the events from
1989, 1992, and 2001 expanding from 7°N to ∼20°N (see
Figure 6(b)), while the 1996, 2006–2007, 2009–2010, 2012,
and 2015–2017 events expanded from 7°N to ∼18°N. This is in
agreement with the latitudinal coverage of the NEB expansion
from 2015 to 2016 given by Fletcher et al. (2017b, 2017c).
Interestingly, during the events from 1992, 2007–2008, and
2015–2017, not only was the NEB observed to be expanded, but
it was also observed to be brighter than usual and also brighter
than the rest of the NEB expansions. This suggests that the NEB
expansions differ from one event to the next, with some producing
“stronger” cloud clearings of the NTrZ than others.

Finally, during 1984–1988, 1995, 1998, 2005, 2009, and
2012–2013, the boundary between the NEB and the NTrZ at
5 μm seems to be moved equatorward, varying between 10°N

and 15°N from event to event. During these epochs, the NEB
was not only narrower but also darker at 5 μm than during the
expansions. This is particularly remarkable in 2005 and
2011–2012, where Figure 5(B) shows that during these events
the NEB displayed the lowest brightness in the 34 yr (i.e., the
brightness did not deviate from the temporal average brightness
of the smallest 10% brightness values). Additionally, in late

Figure 4. 5-μm images of Jupiter captured by SpeX (b), (c) and NSFCam (a) instruments mounted on the IRTF on Maunakea, showing the presence of a narrow and
bright band at the southern edge of the NTB (NTB(S)) in 1999 (a), the presence of a non-homogeneous, bright region known as the North Temperate Zone Belt in
2016 (b), and a partially faded North Temperate Belt in 2011 August (c). The North Temperate Region is highlighted by the blue dashed box. The 5-μm radiances in
these images are not calibrated or scaled, so one must be cautious when comparing the contrast.

Figure 5. Same as Figure 3, but for the North Tropical Region between 7° and
20° N. Different color crosses in (A) represent different latitudes, and the
vertical dotted blue lines in (A) represent Jupiter’s opposition dates. The white
regions in (B) indicate dates where no data are available for 9 months or longer.
The arrows point to the NEB expansions (NEE). See Figure 21 in the Appendix
for results after scaling to the STB and EZ.
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赤外望遠鏡で見た木星

(提供：イギリス・レスター大学 L.Fletcher)

画像輝度の時空間データ

木星

時空間データの動的モード分解：
木星内部の磁気流体波を検出?
(KH, Jones, Tobias, et al., in prep)



まとめと今後の展望

天体の深部におけるダイナモを（間接的に）知るために、
回転磁気流体波を使いたい

• 回転磁気流体波は、どのように現れうるか
– 波の性質をさらに調べる

• 弱/強非線形解の探索
• 初期値問題の数値シミュレーション

• 波動を（精度/効率よく）検出するために
– データ駆動型情報抽出法をさらに検討する

• 動的モード分解、スペクトル固有直交分解、etc

• 実際に検出できるのか、どの天体でできる/できないのか
– 精度を評価する
– 対象/データを広げる

• 木星赤外観測
• 地磁気観測
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