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地球型惑星�

主に 岩石マントル  と  金属コア�
�により構成される惑星 
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観測された系外惑星と 
スーパー地球候補�
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低質量で高い平均密度→地球型惑星を示唆�

CoRoT-7b, Kepler 10b, 55 Cnc e… �
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スーパー地球�

〜１０地球質量の惑星 
岩石＋鉄でできている可能性 

トランジットしている惑星の半径�
4 Winn et al. 2011
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FIG. 3.—Masses and radii of transiting exoplanets. Open circles (blue) are previously known transiting planets. The filled circle (red) is 55 Cnc e. The stars
(green) are Solar system planets, for comparison. Left.—Broad view, with curves showing mass-radius relations for pure hydrogen, water ice, silicate (MgSiO3
perovskite) and iron, from Figure 4 of Seager et al. (2007). Right.—Focus on super-Earths, showing contours of constant mean density and a few illustrative
theoretical models: a “water-world” composition with 50% water, 44% silicate mantle and 6% iron core; a nominal “Earth-like” composition with terrestrial
iron/silicon ratio and no volatiles (Valencia et al. 2006, Li & Sasselov, submitted); and the maximum mantle stripping limit (maximum iron fraction, minimum
radius) computed by Marcus et al. (2010).

cooler M dwarf. Perhaps we are witnessing the consequences
of atmospheric escape and mass loss due to strong stellar ir-
radiation. This interpretation is not unique, though, because
there are other possible routes to producing high-density plan-
ets, such as giant impacts (Marcus et al. 2010).

4.4. Orbital coplanarity
55 Cnc e is the innermost planet in a system of at least five

planets. If the orbits are coplanar and sufficiently close to
90◦ inclination, then multiple planets would transit. Transits
of b and c were ruled out by Fischer et al. (2008).13 How-
ever, those nondetections do not lead to constraints on mutual
inclinations. Given the measured inclination for planet e of
90◦± 9◦, the other planets in the system could be perfectly
aligned with planet e and still fail to transit.
McArthur et al. (2004) reported an orbital inclination 53◦±

6.8◦ for the outermost planet d, based on a preliminary inves-
tigation of Hubble Space Telescope astrometry. This would
imply a strong misalignment between the orbits of d and
e. However, the authors noted that the astrometric dataset
spanned only a limited arc of the planet’s orbit, and no fi-
nal results have yet been announced. Additional astrometric
measurements and analysis are warranted before delving into
the interpretation of any orbital misalignment.

13 Our MOST observation might have led to even firmer results for planet
b, since it spanned a full orbit of that planet, but unfortunately no useful
data were obtained during the transit window because of a satellite subsystem
crash (see Fig. 1). The MOST observation did not coincide with any transit
windows for planets c-f.
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4.5. Potential for follow-up observations
Figure 4 shows an observer’s view of the transiting planets.

Plotted are two parameters directly related to the feasibility of
follow-up observations: stellar brightness and transit depth.
55 Cnc e has a uniquely bright host star, towering above the
other super-Earth hosts and nearly 2 mag brighter than any
other transit host. Even in the near-infrared, where GJ 1214
emits a larger fraction of its luminosity, 55 Cnc is about 5 mag
brighter. However, Figure 4 also shows that the transit depth
for 55 Cnc e is among the smallest known. This combination

Winn et al., 2011 A&A �



地球型惑星の固有磁場�
固有磁場の生成 

地球 

強力で安定な磁場 

危険な太陽風から表面
の大気や生命を守る働
き 

可居住性を考える上でも重要 

可居住性への寄与�

シミュレーション 結果 
(Buffett, 2000より) �

金属核中における 
固有磁場を自発的
に生成する作用 

ダイナモ作用�

液体金属核中での 
対流が必要 



太陽系の地球型惑星の磁場�
各惑星の磁場に関する観測事実 

惑星の内部熱進化�
(Stevenson  et  al.,  1983)�

これらの違いの原因は？�

現在ダイナモ起源 
の磁場を持たない 
地殻に残留磁化 

火星 

現在ダイナモ起源 
の磁場を持たない 

金星 

現在ダイナモ起源
の磁場を持つ 

水星 



地球型惑星の内部熱進化�

マントルに熱を奪われ、 

熱を輸送するために対流 
→ダイナモ作用を駆動 
熱源がないため冷却される一方 

コア�

固体内核の析出 
潜熱、重力エネルギーの解放 
コアは冷えにくくなる�

熱流量が下がり対流停止 
→固有磁場の消滅�

初期熱の獲得(集積、分化）�

マントルの粘性率は強く温度に依存する 

冷却に伴う粘性率の上昇 

対流強度、熱流速の低下�

マントル�

コアから受け取った熱を表層へ 

対流で熱輸送 
放射性熱源により加熱される�

初期熱の獲得(集積、分化）�

冷却�



地球型惑星の内部熱進化と磁場の
関係�

外核の対流に関して 
（ダイナモ作用に必要） 

上から冷やす 
マントル対流�

下から温める 
内核の析出�

内部熱進化 
マントル対流による熱輸送�

集積・分化による初期熱や 
放射性熱源による熱が表層へ 

惑星内部の冷却 

内核の析出�

コア中心の温度が融点を割り込む 
ことにより固体の内核が析出 

重力エネルギーと潜熱の解放  



熱境界層モデルを用いて、 
太陽系の４つの地球型惑星
の熱進化をシミュレート 
 
コアからの熱フラックスを
条件に各惑星の磁場に関す
る違いを説明 

  先行研究  (Stevenson et al., 1983) �

モデル 

熱境界層モデル概要�

半径 

温
度 

熱境界層 
(熱伝導) 

対流 
対流 

T mantle�

T core�

固
体 

液
体 

コア� マントル�

heat � heat �

コアとマントルは断熱構造 
それぞれの温度は一点で代表  
　( ボックスモデル、０次元) 
熱はマントルの上下にある熱境界
層中の熱伝導で受け渡される 
コア中の融点を圧力の関数とし、
内核の成長を表現 



先行研究  (Stevenson et al., 1983) �

コアからの熱フラック
スがFcondを下回ると… 

コアからの熱フラック
スがFcondを超えていれ
ば… 

ダイナモ作用が止まり 
磁場は消滅する 

ダイナモ作用により 
磁場が形成される 

外核の対流停止 

外核は対流する 

Fcond 
コアの断熱構造に沿った 
熱伝導フラックス 

内核が形成した場合 

内核を考慮しない場合 
対流する�

対流しない�

コアの熱フラックスの進化 

0 � 50 �Time (億年) �



先行研究  (Stevenson et al., 1983) �

熱進化計算の結果に基づき 
惑星の磁場に関する違いを議論 

現在ダイナモ起源 
の磁場を持たない 
地殻に残留磁化 

火星 

現在でも磁場を持つ 
条件は見つからない 

コア中の硫黄濃度が 
10wt%以上であれば 
磁場は消滅 

コア中の硫黄濃度が 
25wt%以上であれば 

磁場は消滅  

現在ダイナモ起源 
の磁場を持たない 

金星 

現在ダイナモ起源
の磁場を持つ 

水星 



本研究の目的�

の内部熱進化を調べ、磁場の寿命を求める 

1.惑星内部の密度構造 

2.コアの熱的状態 

3.マントル対流による熱輸送 

の計算を組み合わせた 
１次元モデルを使用 

系外スーパー地球 

Stevenson et al.(1983)：ボックスモデル(0次元) 

本研究 



熱進化モデル�
1. 1次元密度構造の計算(Valencia et al., 2006) �

2. コアの熱的状態 

3. マントル対流による熱輸送 

静水圧平衡 + 質量保存 + Vinet EOS 

コア中の熱エネルギー、潜熱、重力エネルギー 
　をコアマントル境界温度の関数として計算 

反復的解法を用いて解く 

混合距離理論を用いて 
マントル中の1次元の熱輸送を計算 

内核半径 純鉄の融点（Alfeらによる第一原理計算結果） 
＋硫黄による融点降下（１気圧の相図を外挿） 

断熱曲線と融点曲線の交点 

粘性率の温度・圧力依存性を考慮 

磁場の寿命の定義 
コアからの熱フラックスが
コアの断熱構造に沿った熱
伝導フラックス(Fcond)を超え
ている期間 



Pv-PPｖ相転移�

γ-Pv相転移�

スーパー地球の内部構造�

内部構造のモデリング 
– 静水圧平衡 
–  Vinet EoS（岩石、鉄） 

スーパー地球のマントル 
– 上部マントル薄 
–  PPｖ層が大部分 
– さらに高圧の相転移 

14�
得られた構造を元に内部熱進化の計算をする�



内核成長の効果�

－  不純物の外核への濃集 
 
�

－  エネルギー源 
・熱エネルギー 
 
・潜熱 
 
・重力エネルギー 
 
 
 

iccore

core
0ic )(

MM
MxMx
−

=

コア中のエネルギー源と内核�

外
核�

（

液
体
金
属）

�

温
度�

半径�

断熱温度曲線�

融点曲線�

内
核� 外

核�

∫∫=
)(

0CMB
CMB

core dd
mr

r
s

GM

p mr
K
gCTU ργ

icLMH −=

∫−=
core

0
d

M
mgrW

内核析出のイメージ�



対流と熱伝導による熱輸送方程式�

マントル対流による熱輸送 
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対流による熱伝導係数(混合距離理論、 
     Sasaki & Nakazawa,1986) 
 内部構造計算で得られたローカルなパラメタを使用�
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マントルの粘性率�

拡散クリープモデル 
温度、圧力依存性  ( Ranalli, 2001) 
 

η∝ exp E +PV
nRT

"

#
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&
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n：クリープ指数、E：活性化エネルギー、P：活性化体積�

温度上昇で粘性率↓　圧力上昇で粘性率↑�

指数に入っているため、桁で変化する�



初期条件�

①１５００Kから断熱温度曲線を求める(下降流）�

②求めた分布のCMBの温度に温度差を加える�

③その温度から表層への断熱温度曲線を求める(上昇流）�

④上昇流と下降流の平均をとる（マントルの初期温度分布）�

⑤コアの温度分布は2で与えたCMBの温度をとおる断熱温度曲線とする。�



計算例  (1MEarth, 1000K) �

温度分布の進化 
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初期温度分布 
0.5 Gyr 

1 Gyr 

2 Gyr 

4.5 Gyr 

５億年で急速な冷却 
冷却率の減少 

粘性率の温度依存性 

マントル  �

固体内核の析出 
1200kmまで成長 

(45億年後、現在の地球) 

コア  �

マントル�コア  �



計算例  (1MEarth, 1000K) �

Time (Gyr) �

ダイナモ作用駆動に 
必要な熱流束(Fad) �

8 � 12 �0 � 15 �

F c
   

  (m
W

/m
2 )

 

4 �
0 �

25 �

50 �

75 �

100 �
コア表面の熱流束の進化 

内核析出 

磁場の寿命�

コアの熱流束 

なだらかに低下 

磁場の寿命=13 Gyrs 

コアの温度低下 
マントルの粘性率の上昇 



パラメータスタディ�

惑星質量 
初期の温度分布（コア表面の温度差） 

表面温度 
コア中の不純物濃度 
放射性熱源の濃度 地球と同じに設定 

他のパラメータ 

固有磁場の寿命 
 
 
　　　　　　　　が満たされている期間 

フリーパラメータ 



各パラメータのフラックスの進化�
The Astrophysical Journal, 726:70 (18pp), 2011 January 10 Tachinami, Senshu, & Ida
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Figure 8. Evolution of the core heat flux for ∆TCMB = (a) 1000 K, (b) 2000 K, (c) 5000 K, and (d) 10,000 K with Mp = 1, 2, 5, and 10 M⊕, respectively.
(A color version of this figure is available in the online journal.)

4. CONCLUSION AND DISCUSSION

We have developed a numerical model to simulate thermal
evolution of various-mass terrestrial planets in habitable zones.
The density distribution of the planetary interior is calculated
by the Vinet EOS, taking into account pressure dependence.
Using the interior structure model, we calculate heat transfer
through the mantle, using the astrophysical MLT modified for
mantle convection. The modified MLT is easily applied to
multilayer convection, which may be the dominant convection
mode in super-Earths. We have calibrated the modified MLT
with the conventional parameterized convection model and the
BLT in simple one-layer convection cases.

With nominal parameters of surface temperature Tsurf =
300 K, a mantle-core mass ratio of ζm/c = 7:3, initial core
impurity x0S of 10 wt%, and an initial temperature gap at CMB
∆TCMB = 1000 K, our model for M = 1 M⊕ reproduces the
surface heat flow and inner core radius of the present Earth.
With different parameter values suitable for Mercury, Venus,
and Mars, our model also reproduces results that are consistent
with present magnetic activity on these planets.

With this model, we calculated thermal evolution of terrestrial
planets with mass Mp = 0.1–10 M⊕ in habitable zones, using
the nominal parameters, to study the lifetime of the intrinsic
magnetic field, which is one of the most important factors
for the planets to be habitable. We found from the numerical
calculations that the lifetime is maximized at

Mp,c ∼ ∆TCMB

1000 K

(
V ∗

10 × 10−6 m3 mol−1

)−1

M⊕, (22)

where V ∗ is the activation volume of mantle material. Planets
with smaller masses cool more rapidly, so they cannot maintain
core heat flux to generate a dynamo long enough. For Mp >

Mp,c, the rapid increase in mantle viscosity caused by high
pressure significantly depresses heat transfer throughout the
mantle and in the core. As a result, the dynamo cannot last
long. Although the temperature effect tends to decrease the
mantle viscosity as planetary mass becomes large, the pressure
effect that increases viscosity overwhelms the temperature effect
for Mp > Mp,c. With the numerically obtained empirical
relationship TCMB ∼ 5∆TCMB, we can analytically derive
Equation (22) from the Arrhenius-type formula for mantle
viscosity that we adopt (Equation (15)).

We found that while the lifetime of magnetic fields does
not depend on ∆TCMB for Mp < Mp,c, it sensitively depends on
∆TCMB for Mp > Mp,c because Mp,c ∝ ∆TCMB (Equation (22)).
The initial ∆TCMB, that is, the initial temperature profile of the
planetary interior, is one of the most uncertain parameters, be-
cause it highly depends on the processes of planetary forma-
tion and differentiation of the planetary interior. As is shown by
smoothed particle hydrodynamics (SPH) simulations, if a planet
undergoes giant impacts, its metallic core is heated as high as
several tens of thousands K for Mp ∼ 1 M⊕ (Canup 2004). On
the other hand, if a planet accretes from small planetesimals
without giant impacts, the initial temperature profile is deter-
mined by the balance between gravitational energy buried by
planetesimals and thermal transfer efficiency through the rocky
mantle. The process includes crystallization of a magma ocean
and depends on the mechanical property of the molten mantle
(Abe & Matsui 1986; Zahnle et al. 1988; Senshu et al. 2002).
Thus, to evaluate the lifetime of magnetic fields, in particular
for super-Earths that are likely to satisfy Mp > Mp,c, detailed
analyses of accretion and early thermal evolution of terrestrial
planets are needed.

It is also found that a higher initial temperature profile delays
inner core nucleation. For super-Earths, in order to maintain a

12
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磁場の寿命�
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Figure 9. Same as Figure 7, except V ∗ = 3 × 10−6 m3 mol−1.
(A color version of this figure is available in the online journal.)

 0.1

 1

 10

 100

 0.1  1  10

L
if

et
im

e 
of

 IM
F 

(G
yr

s)

Mp (ME)

∆TCMB =1000K

∆TCMB =2000K

∆TCMB =5000K

∆TCMB =10000K

 0.1

 1

 10

 100

 0.1  1  10

L
if

et
im

e 
of

 IM
F 

(G
yr

s)
Mp (ME)

∆TCMB =1000

∆TCMB =2000

∆TCMB =5000, 10000

(a) (b)

Figure 10. Lifetime of magnetic fields as a function of planetary mass (Mp) with various ∆TCMB for (a) V ∗ = 10×10−6 m3 mol−1 and (b) V ∗ = 3×10−6 m3 mol−1.
(A color version of this figure is available in the online journal.)
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小さい惑星 
→初期条件によらない 
 
地球より大きい惑星 
→初期条件の依存性が強い�

粘性率の 
圧力依存性vs温度依存性 

 
十分高温から始まれば 
熱フラックスが稼げる�



議論：マントル粘性率について�

高圧で上がる場合  (Stamenkovic+, 2011) �

高圧で下がる場合  (Karato, 2011) �

ダイナモを駆動するには高温を保つ必要 
→コアも高温、内核ができない�

冷却率が高く急速に冷える 
→コアが冷却し大部分が固まる？ 



議論：マントルの融点と 
断熱温度曲線�

ベーサルマグマオーシャン説  (Labrosse+,2007) 

スーパー地球では巨大なベーサルマグマオーシャンが蓋に？�

LETTERS

A crystallizing dense magma ocean at the base of the
Earth’s mantle
S. Labrosse1, J. W. Hernlund2{ & N. Coltice1,3

The distribution of geochemical species in the Earth’s interior is
largely controlled by fractional melting and crystallization pro-
cesses that are intimately linked to the thermal state and evolution
of the mantle. The existence of patches of dense partial melt at the
base of the Earth’s mantle1, together with estimates of melting
temperatures for deep mantle phases2 and the amount of cooling
of the underlying core required to maintain a geodynamo
throughout much of the Earth’s history3, suggest that more exten-
sive deep melting occurred in the past. Here we show that a stable
layer of dense melt formed at the base of the mantle early in the
Earth’s history would have undergone slow fractional crystalliza-
tion, and would be an ideal candidate for an unsampled geochem-
ical reservoir hosting a variety of incompatible species (most
notably the missing budget of heat-producing elements) for an
initial basal magma ocean thickness of about 1,000 km.
Differences in 142Nd/144Nd ratios between chondrites and terrest-
rial rocks4 can be explained by fractional crystallization with a
decay timescale of the order of 1 Gyr. These combined constraints
yield thermal evolution models in which radiogenic heat produc-
tion and latent heat exchange prevent early cooling of the core and
possibly delay the onset of the geodynamo to 3.4–4 Gyr ago5.

The survival of a layer of melt formed at the base of the Earth’s
mantle early in its history (Fig. 1a) will have depended on whether it
was both gravitationally and chemically stable. Gravitational stability

is satisfied if the melt formed in Earth’s deep mantle is more dense
than mantle solids on account of a modest enrichment in iron relative
to magnesium and a small6 or negative7 molar volume change for
silicate melting at high pressures. The low viscosity of such a melt
layer ensures vigorous convection and mixing that maintains nearly
isentropic conditions (Supplementary Information) and provides a
large effective volume for chemical interaction with the core. Thus
the chemical stability of a basal melt layer largely hinges on the
capacity of the core to come to equilibrium without entirely con-
suming the layer or removing those chemical components that allow
the layer to remain gravitationally stable.

Assuming stability of such a primordial basal melt layer, a simple
model for its evolution coupled to the core and the overlying solid
mantle can be constructed by assuming an isentropic temperature in
the melt layer, an isentropic core3, and a thermal boundary layer at
the base of the solid mantle in which the temperature varies linearly
with depth (Fig. 2a):

4pa2k
TL{TM

d
~{ MmCpmzMCCpC

! " dTL

dt
zH tð Þ{4pa2rDSTL

da

dt
ð1Þ

with a the upper radius of the melt layer, TL its liquidus temperature,
TM the temperature above the solid mantle boundary layer, d the
thickness of the boundary layer (assumed constant; Supplementary
Information), Mm and MC the respective masses of the melt layer and
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des Fluides Géologiques, Institut de Physique du Globe de Paris, 4 place Jussieu, 75252 Paris Cedex 05, France. 3Laboratoire des sciences de la Terres, Université Lyon 1, Université de
Lyon, CNRS UMR 5570, 2 rue Raphael Dubois, 69622 Villeurbanne Cedex, France. {Present address: Department of Earth and Ocean Sciences, University of British Columbia,
Vancouver, BC V6T 1Z4, Canada.

a b c d

Figure 1 | Schematic illustration of the formation and evolution of a dense
basal magma ocean. a, Iron-rich liquid descends as a rain of droplets in the
shallower magma ocean, accumulates on top of the solid mantle and
undergoes diapiric instability and rapid transport to the core. b, The molten
layers formed at the top and bottom of the mantle crystallize, and deposit
material onto a solid mantle layer that grows upward at the top and
downward at the bottom at two vastly different rates. c, After the surface
magma ocean has fully crystallized, the slowly cooling basal melt layer
fractionally crystallizes increasingly Fe-enriched solids that are deposited
upwards onto the bottom of the solid mantle. d, After a substantial part of

the basal magma ocean has frozen, the solid that forms may itself contain
enough dense components to become stable against complete entrainment
in the solid mantle, hence forming piles under upwelling currents. The
remaining thin mushy layer of melt is thicker where mantle flow converges
along the core–mantle boundary, leading to seismically detectable ultralow-
velocity zones. Solid-state convection in the mantle (white arrows in
b, c, d) controls the rate of crystallization of the bottom magma ocean and
the possible entrainment of FeO-enriched dense material accumulating at
the base of the solid mantle (dark grey in c and d).
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融点曲線と断熱温度曲線が交差�

高圧メルトに鉄が濃集�

マントルの底に溶融した 
マグマオーシャンが出来る�

固まるまでは潜熱が捨てられ 
コアは冷えることが出来ない�



まとめ�

スーパー地球の熱進化モデルを使い固有磁場の寿命を見積
もった 
 
スーパー地球の磁場の寿命： 
マントルの粘性率の温度依存性と圧力依存性の兼ね合い 

 →初期状態に依存する 
  十分高温からスタートすれば長期間維持 
  温度が足りないとフラックスが稼げない 

 
初期進化（集積時のエネルギー獲得、マグマオーシャンの
固化など）を調べる必要あり�


