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金星大気問題（希ガス散逸）

[Pepin, 1991 and references therein]
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Ne Ar Kr Xe ①Neが太陽比より少ない
②Arの量は隕石より多い
③その他
　22Ne/20Ne: fractionated
　38Ar/36Ar: un-fractionated
　36Ar/84Kr: un-fractionated

Neだけを選択的に散逸＆質量分別



H.E.による希ガス分別
Hydrodynamic Escape「大気の流出」
　静水圧平衡が破れた場合の惑星大気の散逸
　（気体分子の運動エネルギー ＞ 重力エネルギー）
　太陽EUVが強い惑星形成初期に支配的

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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H.E.する水素が希ガス分子と衝突
　　　　　　↓
軽い希ガスほど大きく加速される
　　　　　　↓
軽い希ガスほど大きく散逸する



Neのみを散逸させる可能性

質量差による散逸分別は難しい
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[Hunten, 1987] をもとに計算

各分子の散逸に必要なH2フラックス

COによるcoolingで解決？
Neの散逸開始とともにCOが上空に行きcooling
　→ 水素の散逸フラックスが減少
　→ Neは散逸可, Arは散逸不可のH2フラックス
　　 が自律的な温度調整によって実現？

[Zahnle & Kasting, 1986]

水素の散逸に伴う希ガス散逸：軽い希ガスほど散逸しやすい

CO冷却を考慮した多成分H.E.の数値計算



本研究の目的

Neだけを選択的に散逸＆質量分別
金星大気の希ガス問題

単純な質量差による散逸分別は難しい

Ne散逸可, Ar散逸不可 が実現するか検証

CO冷却を考慮した多成分H.E.の数値計算
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多成分H.E.モデル

太陽EUVによる加熱 + CO cooling による冷却
[Ribas et al., 2005; Avakyan et al., 1998] Tielens & Hollenbach, 1985]



数値計算
(H2, Ne, Ar, CO) の４成分大気で H.E. を計算

・境界条件：均一圏界面 100 km, 330K を仮定（“大気下端”と呼ぶ）
・化学反応、水素以外の成分のEUV吸収は無視
・太陽EUV：過去の値を観測データから与える

・太陽系の年代（→太陽EUVの値）：0.01Gyr ～ 0.1Gyr

・各成分の大気下端での数密度：
　　太陽組成大気＋脱ガス大気 の混ぜ合わせで値を振って計算

パラメータ

COの回転スペクトル線による冷却：Line-by-Line法



結果. 散逸のAr/Ne比

▽：NeもArも
　　　    どちらも非散逸

△：NeとArが
　　　　 ほぼ同程度散逸

Ar/Ne ~ 0.1で
Neの方が多く散逸



結果. 質量分別が起こる場合

大気下端でのCOの数密度［m-3］
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大気下端でのH2の数密度 = 1.0×1015［m-3］の場合

~1桁差

H2 : CO ＝ 1 : 1 の環境で
~1桁分の Ne/Ar 質量分別が可能



現在のNe/Arは説明可能か
 ・太陽組成大気起源
　　希ガス → ほぼ現在の金星のAr量, Neは過剰  [Genda & Abe, 2005]
　　H2 : CO ≒ 1 : 0.01 → CO冷却が十分に効かない
 ・脱ガス大気起源
　　希ガス → Arの量が現在の金星のAr量に足りない
　　H2 : CO ≒ 1 : 1 → CO冷却により1桁分のNe/Ar散逸分別可能

Neの1/10もArが散逸すると、現在の金星のAr量が説明できない
太陽組成大気（希ガス）＋脱ガス大気（その他）の混合大気

現在の金星の希ガス存在度は実現できない



まとめ ＆ 今後の課題

現在の金星の希ガス存在度はH.E.では説明できない

金星からの希ガスの散逸：
　CO冷却下で希ガス分別可能か？　H.E.の数値計算で検証

太陽風が打ち込まれた物質から太陽組成大気を付加？
彗星（Ne/Ar が小さい）の衝突により希ガスを付加？

複数の起源と進化を組み合わせて議論することが重要
→ ただしこれらの物質の存在や組成は不明（観測されていない）

H2Oのcoolingの影響：さらに温度を下げてArの散逸量を減らす？
→ ただし計算が極めて煩雑, H2Oの初期量を見積もる必要あり

[Sasaki, 1991]

[Owen, 1992]

ではどうやって現在の希ガス存在度を実現するか？


