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大気の熱的散逸
•Hydrodynamic Escape 「大気の流出」
　静水圧平衡が破れた場合の散逸
　気体分子の運動エネルギー ＞ 重力エネルギー
　散逸fluxは “energy-limited”

散逸規模が大きく惑星大気の進化を追う上で重要
地球型惑星の原始大気散逸
散逸に伴う希ガス質量分別
Hot Jupiter からの質量流出
Super-Earth の大気進化



H.E.に関する先行研究

1980

1990

2000 90年代～00年代
• 希ガス問題を定性的に説明するための
道具として計算結果を適用
• H.E.を解析的に解く限界
• 一通りやれることはやった
80年代～90年代
• 解析的H.E.を解く研究が精力的になされた



H.E.に関する先行研究

1980

1990

2000

[Tian et al., 2005]

• 時間発展方程式を解いて計算
• Jeans Escape との比較計算
• 還元的な原始地球大気の保持を示唆
• Hot Jupiter の大気散逸を計算

１成分モデルである
多成分モデルへの拡張ができていない
化学反応、放射吸収を計算していない

↓
扱える問題が非常に限定的



本研究の大きな目標
ハイドロダイナミックエスケープの数値計算
・安定に計算可能な数値計算コードの作成
・多成分モデルの構築
・太陽fluxの時間変化・光化学反応を考慮

大気散逸研究の道具を手に入れる

金星大気のH2O散逸問題・Ne/Ar比問題に
対して適用し、これらの問題に決着をつける

具体的な問題への適用



２成分H.E.モデル

Zahnle & Kasting (1986) を参考に導出
 ・１次元時間発展オイラー方程式
 ・水素＋成分Aの２層流体モデル
 　　→ 水素と成分Aは互いにドラッグ効果を及ぼす
 ・今回は化学反応、水素以外の成分の光吸収は無視

数値計算

If atmospheric noble gases are fractionated remnants
of solar-like progenitors, what were the escape mechan-
isms, and what powered them? Losses from the outer
reaches of planetary atmospheres are an old and well-
studied subject [43,44]. Mechanisms operating today on
the terrestrial planets cannot remove species as massive
as the heavy noble gases, and yet there is clear evidence
that mass-dependent loss signatures are imprinted on
atmospheric Ar, Kr and Xe isotopes. This has focused
attention on earlier epochs of planetary histories, when
now-vanished energy sources could have driven intense
outflows of atmospheric gases in a process called
hydrodynamic escape or “blowoff” [14,41,44–49].

5.1. Hydrodynamic escape

Hydrodynamic escape occurs when hydrogen-rich
primordial atmospheres are strongly heated, either at
high altitudes by intense extreme-ultraviolet (EUV)
radiation from the young sun [14] or by energy depo-
sited in a giant impact [48]. The heated hydrogen
escapes to space, and in the process its outward flow
exerts upward drag forces on heavier atmospheric
constituents. With powerful energy input, escape fluxes
can be large enough to lift species as massive as Xe
entirely out of terrestrial planet atmospheres [14,46].
Lighter species are more readily entrained and lost with
the escaping hydrogen, leading to mass fractionation of
the residual atmosphere. Fig. 4 illustrates the mecha-
nism for an atmosphere heated at high altitude by
intense EUV radiation. Outflows from a hydrogen-rich
atmosphere, consistent with hydrodynamic escape
driven by atmospheric heating, have been directly ob-
served during transits of an extrasolar giant planet in
close orbit around a solar-type star [50].

Hydrogen escape fluxes high enough to sweep out
and fractionate species as heavy as Xe from Earth
require energy inputs 2–3 orders of magnitude greater
than presently supplied by solar EUV radiation [14].
Observations of young solar-type stars indicate compa-
rable elevations of EUV emission in the first ∼50–
150 Myr of their evolution toward the main sequence
([14] and references therein). Escape from early Earth
could also have been powered by heating of the atmo-
sphere and surface [51,52] by a giant Moon-forming
impact [52–55]. Despite earlier suspicions that a pre-
existing atmosphere would be completely ejected in the
impact event [56], recent modeling suggests that it could
largely survive immediate expulsion [57] before escap-
ing more gradually by hydrodynamic outflow.

A Moon-forming collision with Earth probably
occurred ∼30–50 Myr after solar system origin [10,58].

The early Sun likely maintained a high EUV luminosity
for only ∼50–150 Myr. Thus, with either energy source,
conditions favoring hydrodynamic escape were restricted
to early epochs in planetary history. Signatures of frac-
tionating escape in atmospheric Ne, Ar, and Kr have since
been modified, at least on Earth, by dilution with un-
fractionated gases degassed from interior reservoirs.
Xenon, however, except for isotopes generated by nuclear
decay, appears to preserve the composition generated by
early escape and is therefore a uniquely powerful recorder
of ancient evolutionary histories.

5.2. Xenology

The nine Xe isotopes display records of both physical
processing from primordial compositions and, via decay
products of the now-extinct radionuclides iodine-129
and plutonium-244, the chronologies of planetary

Fig. 4. Hydrodynamic escape in a hydrogen-rich primordial planetary
atmosphere, illustrated for input of external energy at high altitudes
(the “exosphere”). Exospheric H2 is heated to escape velocity by
adsorption of strong solar EUV radiation or perhaps, on Earth, by
frictional drag on material re-entering the atmosphere from an impact-
generated, Moon-forming circumplanetary disk [52]. Escaping
hydrogen is replenished by rising hydrogen “wind”. Collisions of
outward bound H2 molecules with other atmospheric constituents
(illustrated here for Ne and Xe) exert net upward drag forces on them.
Equilibrium between this upward drag and gravity leads to an
increased average height for these species. However, if the H2 escape
flux is large enough, drag wins for Ne and it is entrained with the
escaping H2 and swept out of the atmosphere; progressively higher
fluxes also remove Ar, Kr, and Xe [46]. The importance of
hydrodynamic escape, in the context of observed noble gas isotope
distributions, is that it can implement loss and fractionation of species
as massive as Xe which could not escape “on their own” by classical
processes such as Jeans escape [44].
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熱拡散項運動量輸送項

分子間の衝突頻度

熱拡散係数

474 ZAHNLE AND KASTING 

T A B L E  I 

Species  ~ i  ~ bl b'c in H2 b~ in H bi in O b~ in 02 

3Hed 6.11 5.51 X 1017T .75e 1.07 x 101ST -732 3.87 ! 1017T .75 

4He 4.83 5.23 x 1017T T M  1.04 ! 1018T "732 3.44 ! 1017T "75 - -  

O 2.10 3.0 x 1017T "75f 4.8 ! 1017T 75['g - -  - -  

H 2 0  2.10 2.7 x 1017T -75h 6.6 ! 1017T "70h 1.06 ! 1017T "774h 1.37 x 1016T 1.072 

2°Ne 1.29 4.37 x 1017T TM 7.9 ! 1017T 731g 1.5 ! 1017T "751 - -  

N2 1.36 2.65 ! 1017T T M  6.5 ! 1017T "70j 9.7 ! 1016T .774 8.3 ! I016T "724 

C O  1.36 2.65 ! 1017T '75e 6.5 ! 1017T -70j 9.7 ! 1016T .774 8.3 ! 1016T .724 

36Ar d 1.00 2,81 ! 1017T T M  1.06 ! 101ST "597 5.61 x 1016T '841 

CO2 .998 2.3 ! 1017T '75 8.4 ! 1017T 60y 7.86 x 1016T .776k 5.12 x 1016T ,77 

84Kr ,494 2,3 ! 1017T .76 4,1 )< 1017T .76g 4,3 ! 1016T .8411 - -  

~3°Xe .358 2.7 ! 1017T -712 4.9 ! l(~I7T .712g 3.5 ! 1016T .8411 - -  

~r2kT° ; normal ized to 36Ar, T = 300°K. 
a f ~ i  = GMmibi(To) 
0 In cm -~ sec  -1. 

c b~ f rom M a s o n  and  Marrero  (1970), unless  otherwise indicated. 

d Scaled f rom me asu re d  isotope. 

Adapted  f rom M a s o n  and  Marrero  (1970). 

r Es t imated  f rom b(Ne,H2), b(Ar,H2). 

8 Scaled f rom b(H2,X). 

h Es t imated  f rom b(N2,X). 

i Es t imated  f rom b(Ne,N2), b(O,Ar). 

J H u n t e n  (1973). 

k A s s u m e d  same  as b(Ne,CO2). 

t Scaled from b(Ar,X).  

1967; Ingersoll, 1969; Rasool and DeBergh, 

1970; Walker, 1975). The escape process it- 

self should have been hydrodynamic (Wat- 

son et  al. ,  1981; Kasting and Pollack, 1983). 

Kasting and Pollack showed that if water 

vapor was a major constituent of Venus' 

upper atmosphere, an amount of hydrogen 

comparable to that contained in Earth's 

oceans could have escaped over a time 

span of no more than a few hundred million 

years. Both runaway and nonrunaway 

greenhouse models of Venus' early atmo- 

sphere (Ingersoll, 1969; Walker, 1975; 

Kasting et al. ,  1984) predict that H20 

should have been abundant at high alti- 

tudes, so that the required condition would 

have been met. 

A possible problem for such models is the 

question of how to dispose of the oxygen 

presumed to have been left behind after the 

hydrogen had escaped. Lewis and Prinn 

(1984, p. 190) have pointed out that the loss 

of 110 bars of 02 would entail the oxidation 

of - 8 0  km of (Earth-like) crust. Acting over 

4500 myr this would require an average rate 

of tectonic recycling approximately 15 

times greater than is seen presently on 

Earth. Since Venus today appears to be 

less tectonically active than Earth, and 

since a full terrestrial ocean contains close 

to 270 bar of oxygen, the problem of dispos- 

ing of this oxygen is potentially severe. 

Lewis and Prinn's preferred explanation, 

based on their equilibrium condensation 

model of planetary formation, is that Venus 

started out with much less water than Earth 

and therefore never faced the problem of 

eliminating oxygen. Other possibilities are 

that oxygen may have been consumed by 

reaction with the carbonaceous material 

(with generic formula CH2) by which Venus 

is presumed to have accreted its carbon 

(Walker et al . ,  1970), or by reaction with 

outgassed CO, as suggested by Richardson 

et  al. (1984). Upper limits on the amount of 

oxygen that could have been taken up by 

[Zahnle & Kasting,1986]
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数値計算
１次元オイラー方程式
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移流項

非移流項

セミ・ラグランジュ法で解く

CIP法

差分法
（時間前進・空間中心）

・大気下端での密度・温度を与える
・大気上端で大気は完全散逸
・全領域でフラックスが一定になるまで反復計算

※解析解との比較による validation については省略



金星大気問題（H20散逸）
金星からの水の散逸：
　H2O → H2+Oを散逸できるか？

金星軌道では暴走温室状態が発生
　→ 大気上層の水蒸気が多くなる
　→ 大気上層でEUVによりH2Oが解離
金星大気のD/H比は地球の100倍
　→ 最低でも現在の100倍は水蒸気があった
（実際には地球と同程度の海が存在していた？）



H2Oが解離した後のOの捨て場所は？
　△地面を酸化する　→　大量の地面を必要とする
　△大気を酸化する　→　還元的気体が必要
　△非熱的に散逸させる　→　不十分 [e.g. Kulikov et al., 2006]
　？H2と一緒に散逸させる　→　可能か？

金星大気問題（H20散逸）
金星からの水の散逸：
　H2O → H2+Oを散逸できるか？

H2とOの量が同程度の場合のH.E.による散逸を
定量的に計算してO散逸の可能性に制約を加える



H2とOの２成分で計算

・大気下端：100 km,　大気上端：10000 km
・大気下端での密度：5×1013 /cm3
・大気下端に100 ergs/cm2s の熱源
　（現在の太陽フラックスの100倍程度）
・大気の温度は、水素が熱源からエネルギーを
　受け取ってエネルギー保存から決定
・H2がOを加速する効果とともに、
　OがH2を減速する効果も計算されている

計算条件



H2とOが等量ある問題
H2 H2

O O

O

H2

高度（金星半径で規格化） 高度（金星半径で規格化）
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H2>>O H2~O

← Oが少ない場合
　　  　　Oが多い場合 →

＊金星からのH2O散逸＊
H2とOが等量あると

散逸フラックスが激減する

太陽放射（∝太陽年齢）
の値に制約を加える

Oが存在することで
H2が散逸しにくくなっている！

フラックスで
8倍程度の差



H2Oが解離した後のOの捨て場所は？
　△地面を酸化する　→　大量の地面を必要とする
　△大気を酸化する　→　還元的気体が必要
　△非熱的に散逸させる　→　不十分 [e.g. Kulikov et al., 2006]
　？H2と一緒に散逸させる　→　パラメタによる

金星大気問題（H20散逸）
金星からの水の散逸：
　H2O → H2+Oを散逸できるか？

H.E.によるO散逸を計算することで、入射エネル
ギーフラックス（∝太陽年齢）に制約が加わる



金星大気問題（希ガス散逸）
isotopically solar noble gases [11,12] and nitrogen [13]
that later degassed. More inefficient capture by sub-
planetary bodies is also possible. Protoplanetary cores
growing to a few lunar masses in the nebula can
condense tenuous atmospheres [14]. Atmospheric gases
adsorbed on these planetary embryo surfaces might
survive as deeply-seated volatile reservoirs in the fully
assembled planets.

There is no consensus on whether Mars is massive
enough to have condensed appreciable abundances of
ambient gases. Modeling estimates of primary atmo-
spheric pressures on a Mars-mass planet range from
small [14–16] to substantial ([17], Table 1). In the first
case, regardless of the plausibility of gravitational cap-
ture as the source of primary atmospheres on Venus and
Earth, some other way would be needed to supply Mars.

What were the compositions of nebular noble gases,
long since dissipated to space? Two proxies survive: the
solar wind, reflecting the Sun's isotopic composition
within relatively small transport fractionations [18,19],
and the captured atmospheres of the giant planets —
especially Jupiter's, for which there are now measure-
ments by the Galileo Probe [20]. We will see later that
the solar wind data in particular are central in evolu-
tionary modeling.

4. Atmospheres now

Major species compositions provide some insight to
atmospheric histories. More decisive evidence is carried
by the noble gases. The data are illuminating but by no
means complete. Abundances and isotopic distributions
are accurately known for Earth's atmosphere, but are less
well determined for Mars and imprecisely if at all for
Venus. And we know comparatively little about the
compositions of the second “atmospheres” on all three
planets — gases trapped in their interiors. These are
important because planetary outgassing in the past would
have contributed to exterior atmospheres. On Earth the
volatile flow is probably in both directions, upward by
eruption at mid-ocean ridges, ocean islands, and gas
wells, and downward by subducting oceanic crust and
sediments carrying trapped surface volatiles. Character-
izing the compositions and histories of volatile reservoirs
within the Earth is an active and challenging area of
research (e.g., [21–27]). For Mars we know little about
interior gases except for xenon [28], and forVenus nothing.

Nevertheless the information in hand is rich in clues
to atmospheric evolution. Elemental abundances – ex-
cluding He, which is gravitationally unbound – in the
atmospheres of Earth, Venus and Mars, and in primitive
meteorites, are shown in Fig. 1. Noble gases in these

reservoirs display large and planet-specific depletions
with respect to solar abundances; their isotopic patterns
are generally distinct from each other and from inferred
solar compositions. Information for Venus comes from
atmospheric measurements by mass spectrometers on
the Venera and Pioneer Venus spacecraft [18,29]. The
data, while partial and uncertain, are nonetheless
impressive for instruments operating in extreme envi-
ronmental conditions. Mars is more hospitable to
spacecraft, but even there the data returned by spectro-
meters on the Viking landers [30,31] are generally not
precise enough to adequately constrain models of
atmospheric history. However the entire field of Martian
evolutionary studies became much more quantitative
with the recognition that a class of meteorites, col-
lectively called the SNC group, almost certainly come
from Mars, and, in a real stroke of luck, gases from its
atmosphere were apparently trapped in shock-melted
phases of these meteorites as they chilled to glass [32–
39]. Fig. 2 compares elemental abundances in glass

Fig. 1. Abundances of Ne, Ar, Kr, and Xe in terrestrial planet
atmospheres and in primitive (CI) meteorites, represented relative to
solar abundances in units of atoms per 106 Si atoms ([14] and
references therein). These noble gas depletion patterns were probably
created from initially solar compositions by different processes acting
in atmospheres and meteorites, on planets by gravitational escape and
outgassing as discussed in the text, and in the meteorites by mass-
dependent adsorption mechanisms [5]. Carbon and nitrogen abun-
dances are shown in the inset. For Earth they include estimates of C
and N trapped in crustal reservoirs as well as atmospheric inventories.
Calculated in this way, abundances of both species are nearly identical
on Earth and Venus, as noted in Sec. 1.
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[Pepin, 2006]

[Pepin, 1991 and references therein]

22Ne/20Ne fractionated
36Ar/84Kr un-fractionated
38Ar/36Ar un-fractionated

①

②

① Neがdeplete

② Arが隕石と等量かそれ以上

③

③ その他の同位対比など

Neだけを選択的に減らす
　　　  　and
Neだけを質量分別させる



金星大気問題（希ガス散逸）
金星のNe, Arの分別問題：
　Neは depleted, fractionated
　Arは not depleted, not fractionated

どうやってNeとArの分別を起こすか？
　？20Neと36Arの質量によるH.E.フラックスの差

数値計算

・H2 + X (希ガス) の２成分大気を考える
・太陽EUVによる大気下端の加熱率を徐々に上げる
・各希ガスで散逸が始まる加熱率を求める



NeとArが一緒に動く問題

太陽EUVによる加熱率 [ergs/cm2s]

水
素
の
散
逸
フ
ラ
ッ
ク
ス
 [m
ol
/c
m
2 s
]

＊金星Ne-Ar分別問題＊

単純な質量差による
散逸分別は難しいかも

COによるcoolingを
考慮する必要あり？

3He

4He Ne

Ar
Kr

Xe

現在 45億年前

大気下端を加熱して
散逸開始点を計算

COによるcoolingの影響
　・20Neが散逸可能な加熱率のもとでNeは散逸する
　・36Arが散逸を始める前に28COが上空に行きcooling
　　によって温度が下がりArが散逸できなくなる



金星大気問題（希ガス散逸）
金星のNe, Arの分別問題：
　Neは depleted, fractionated
　Arは not depleted, not fractionated

多成分大気でCOのcoolingを考慮に入れて
計算すればNe, Ar質量分別が実現できる？

どうやってNeとArの分別を起こすか？
　△20Neと36Arの質量によるH.E.フラックスの差
　？28COによるcoolingの影響

→ 現在モデルを構築中



まとめ
• 2成分大気のH.E.を解く数値計算コードを構築した
• 金星大気のH2O散逸問題に適用
　H2とOが等量あるとOの散逸量が激減
　Oの完全散逸を実現するための太陽年齢に制約？

• 金星大気のNe, Ar分別問題に適用
　単純な質量分別で Ne<<Ar を説明するのは難しい
　COのcooling効果を考慮すれば実現可能？

• 今後の展望
　エネルギー分配, 太陽fluxの変化はモデル化済み
　COの光化学反応のモデルは先行研究あり [坂本, 修論]


