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Partial vaporization of molten rocks 
SiO, O2, O, Na, …

[Fegley & Schaefer, 2014]
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大気の組成・量，固化までの時間は？
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内部からの脱ガス・溶け込み
表面物質（マグマ）との化学反応

ディスクガスの捕獲
材料物質中の組成
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!rst, called Jeans escape, after James Jeans, the 
English astronomer who described it in the early 
20th century, air literally evaporates atom by 
atom, molecule by molecule, off the top of the at-
mosphere. At lower altitudes, collisions con!ne 
particles, but above a certain altitude, known as 
the exobase, which on Earth is about 500 kilo-
meters above the surface, air is so tenuous that 
gas particles hardly ever collide. Nothing stops 
an atom or molecule with suf!cient velocity from 
"ying away into space.

As the lightest gas, hydrogen is the one that 
most easily overcomes a planet’s gravity. But !rst 
it must reach the exobase, and on Earth that is a 
slow process. Hydrogen-bearing molecules tend 
not to rise above the lowest layer of atmosphere: 
water vapor (H2O) condenses out and rains back 
down, and methane (CH4) is oxidized to form 
carbon dioxide (CO2). Some water and methane 
molecules reach the stratosphere and decompose, 
releasing hydrogen, which slowly diffuses up-
ward until it reaches the exobase. A small amount 
clearly makes it out because ultraviolet images 
reveal a halo of hydrogen atoms surrounding our 
planet [see illustration on opposite page].

The temperature at Earth’s exobase oscillates 
but is typically about 1,000 kelvins, implying 
that hydrogen atoms have an average speed of 
!ve kilometers per second. That is less than 
Earth’s escape velocity at that altitude, 10.8 ki-
lometers per second, but the average conceals a 
wide range, so some hydrogen atoms still man-
age to break free of our planet’s gravity. This loss 
of particles from the energetic tail of the speed 
distribution explains about 10 to 40 percent of 
Earth’s hydrogen loss today. Jeans escape also 
partly explains why our moon is airless. Gases G
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process prevails; for others, such as comets, the 
latter dominates. Even a body the size of Earth 
can heat up quickly if absorption and radiation 
get out of balance, and its atmosphere—which 
typically has very little mass compared with the 
rest of the planet—can slough off in a cosmic in-
stant. Our solar system is littered with airless 
bodies, and thermal escape seems to be a com-
mon culprit. Airless bodies stand out as those 
where solar heating exceeds a certain threshold, 
which depends on the strength of the body’s 
gravity [see illustration above].

Thermal escape occurs in two ways. In the 

One major cause of air loss is solar heating. Heat can drive out air in one of two ways.

Exosphere

[ESCAPE MECHANISM #1]

PLANETARY TEAKETTLE
AIR EVAPORATES MOLECULE BY MOLECULE
In an atmosphere’s uppermost layer, or exosphere, nothing stops the 
fastest-moving atoms and molecules from !ying off into space. This 
process, known as Jeans escape, accounts for much of the leakage of 
hydrogen from our planet.

HEATED AIR FLOWS OUT IN A WIND
Air heated by sunlight rises, accelerates and attains escape velocity. 
This process, known as hydrodynamic escape, was particularly impor-
tant on early Earth and Venus—in fact, it may be why Venus became 
what it is today.

EVIDENCE FOR THERMAL ESCAPE 

comes from considering which 
planets and satellites have 
atmospheres and which do not. 
The deciding factor appears to 
be the strength of stellar heat-
ing (vertical axis) relative to the 
strength of a body’s gravity 
(horizontal axis). Airless worlds 
have strong heating and weak 
gravity (left of line). Bodies  
with atmospheres have weak 
heating and strong gravity 
(right of line).
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WHICH BODIES HAVE LOST ALL THEIR AIR?
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has lost as much as 90 percent of an earlier at-
mosphere. Sputtering and photochemical escape 
are the most likely culprits. In 2013 NASA plans 
to launch the Mars Atmosphere and Volatile 
EvolutioN (MAVEN) mission to measure escap-
ing ions and neutral atoms and reconstruct the 
planet’s atmospheric history.

Inescapable Consequences
Both thermal and nonthermal escape are like tiny 
trickles compared with the huge splash when 
comets or asteroids crash into planets. If projec-
tiles are suf!ciently big and fast, they vaporize 
both themselves and a similar mass of the sur-
face. The ensuing hot gas plume can expand fast-
er than the escape velocity and drive off the over-
lying air. The larger the impact energy, the wider G
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the cone of atmosphere ejected. For the asteroid 
that killed off the dinosaurs 65 million years ago, 
the cone was about 80 degrees wide from the ver-
tical and contained a hundred-thousandth of the 
atmosphere. An even more energetic impact can 
carry away the entire atmosphere above a plane 
that is tangent to the planet.

Another factor determining the width of the 
cone is the atmospheric density. The thinner the 
air, the greater the fraction of the atmosphere 
that gets lost. The implication is gloomy: once a 
vulnerable atmosphere starts wearing away, im-
pact erosion becomes ever easier until the atmo-
sphere vanishes altogether. Unfortunately, Mars 
spent its youth in a bad neighborhood near the 
asteroid belt and, being small, was especially 
susceptible. Given the expected size distribution 
of impactors early in a solar system’s history, the 
planet should have been stripped of its entire at-
mosphere in less than 100 million years.

The large moons of Jupiter also live in a dan-
gerous neighborhood—namely, deep in the gi-
ant planet’s gravitational !eld, which accelerates 
incoming asteroids and comets. Impacts would 
have denuded these moons of any atmospheres 
they ever had. In contrast, Titan orbits compar-
atively far from Saturn, where impact velocities 
are slower and an atmosphere can survive.

In all these ways, escape accounts for much 
of the diversity of atmospheres, from the lack of 
air on Callisto and Ganymede to the absence of 
water on Venus. A more subtle consequence is 
that escape tends to oxidize planets, because hy-
drogen is lost more easily than oxygen. Hydro-
gen escape is the ultimate reason why Mars, Ve-
nus and even Earth are red. Most people do not 
think of Earth as a red planet, but much of the 
continental crust is red. Soil and vegetation hide 
this native hue. All three worlds started out the 
gray-black color of volcanic rock and reddened 
as the original minerals oxidized to iron oxides 
(similar to rust). To account for its color, Mars 
must have lost an ocean of water equivalent to a 
global layer meters to tens of meters deep.

On Earth, most researchers attribute the  
accumulation of oxygen 2.4 billion years ago to 
photosynthetic organisms, but in 2001 we sug-
gested that the escape of hydrogen also played 
an important role. Microbes break apart water 
molecules in photosynthesis, and the hydrogen 
can pass like a baton from organic matter to 
methane and eventually reach space. The ex-
pected amount of hydrogen loss matches the  
net excess of oxidized material on Earth today.

Escape helps to solve the mystery of why 

When a comet or asteroid strikes a planet, it creates an enormous explosion that  
throws rock, water, dinosaurs and air into space. 

[ESCAPE MECHANISM #3]

AIR BLAST

IMPACT EROSION is most 
severe when a body has 
weak gravity (horizon-
tal axis) and when the 
incoming asteroids or 
comets smack at high 
speed (vertical axis). 
Airless bodies tend to  
lie toward the upper  
left of the graph,  
where erosion is worst. 
(The strength of gravity 
sets a minimum impact 
velocity, so the greenish 
area represents a range 
of velocities that can 
never arise in nature.)

Im
pa

ct
 V

el
oc

it
y

Asteroids

Jupiter

Saturn

Uranus

Neptune

Earth

Venus

Mars
Titan

Mercury

Moon
Triton

Pluto

Io

Callisto

Ganymede

Europa

Extrasolar
planets

Charon

Strength of Gravity

WHICH BODIES ARE VULNERABLE?

Airless 
bodies

Bodies with 
atmospheres

大気の散逸
衝突による吹き飛ばし

[Catling and Zahnle, 2009]
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Soft magma ocean：メルトのような粘性 Hard magma ocean：固体のような粘性

マグマオーシャン

固体マントル

固体マントル

固体の’ふた’

 [Abe 1993]粘性に応じた２つのレジーム

‣マグマ-大気間の溶解平衡で近似 
   - 地表への拡散・風による混合 
   - 激しい乱流により均質な組成

Ra ~ 1025-1030

‣浸透流＋地表へのマグマ噴出 
   - 浸透流速度v.s.対流   
　- 噴出率

浸
透
流
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深いマグマオーシャン上の大気量と組成: 溶解平衡
F. Gaillard, F. Bernadou, M. Roskosz et al. Earth and Planetary Science Letters 577 (2022) 117255

discussed in section 4.2. Consequently, reduced bodies, such as en-
statite achondrite parent bodies or planet Mercury, must undergo 
surficial graphite saturation as a rule. Given the low graphite den-
sity and the low C-solubility in silicate melts, this would explain 
the graphite-rich rocks observed by the Messenger mission to Mer-
cury’s surface (Charlier and Namur, 2019; Keppler and Golabek, 
2019). In contrast, under oxidizing MO conditions, i.e. >IW−2, all 
H remains dissolved as H2O, while C is significantly outgassed. This 
has fundamental implications for the capacity of this MO to accrete 
under wet conditions: reduced, enstatite-like MO had ca. 30-40% of 
accreted H as H2 in the vapor state, implying a greater exposure to 
H-loss to space (e.g. Pahlevan et al., 2019; Katyal et al., 2020; H-
escape or atmospheric blow), while more oxidized MOs were able 
to prevent their hydrogen inventory from escape, since >99% of 
their H was dissolved in the MO. In summary, a reduced MO can 
largely retain N, C, and S, as these elements are not efficiently de-
gassed at low oxygen fugacity. An oxidized MO could evolve wet, 
while it must outgas most of its C and N. Sulfur outgassing is 
not expected unless under oxidized fO2 conditions similar to the 
present-day mantle.

4.2. Mass balancing the MO – atmosphere CHONS distribution

On an element-by-element basis, we quantitatively discuss the 
MO - atmosphere mass transfers caused by the speciation rela-
tionships shown in Fig. 3. We first discuss Case 1 (MO = DM +
atmosphere), and then Case 2 (MO = BSE).

Case 1. Melting the Depleted Mantle (Table 1).

Fig. 4 illustrates Case 1, where the MO is the same size as 
the depleted mantle. In this figure, the masses of outgassed and 
preserved CHONS remaining dissolved in the MO are shown for 
variable fO2 conditions and variable MO sizes.

The present-day mass of carbon in the Earth’s surficial reser-
voir is 1.06 × 1023 g (Hirschmann, 2018). Fig. 4 indicates that 
the calculated mass of C outgassed from the MO varies slightly 
with f O2 but remains in the range 6.4 × 1022–1.7 × 1023 g. It 
should be noted that the outgassed mass of C is insensitive to 
the mass of the MO. This calculated degassed C mass brackets, 
within a 50% relative variation, the present-day mass of carbon in 
the Earth’s surficial reservoir. The carbon content in the depleted 
mantle is highly variable (19-1,200 ppm), but recent estimates give 
an average value of 37 ± 12(1σ ) ppm-wt (Le Voyer et al., 2017; 
Hirschmann, 2018). The calculated C content in the equilibrium 
MO varies from 2 to 70 ppm-wt depending on f O2 and the size 
of the MO. At low f O2 (<IW−3), graphite saturation implies that 
most C in the MO is present as graphite. At higher f O2, C dis-
solves in the silicate melt as CO ( f O2 < IW) and as CO2−

3 (at 
f O2 > IW + 1) (see also Fig. 3). The C-content of the MO perfectly 
matches the C content of the depleted mantle if degassing occurs 
at f O2 > IW or at <IW−4. If degassing of the MO occurs at inter-
mediate f O2 (IW−4/IW), the C-content of the MO is significantly 
lower (2-15 ppm C) than the average C-content of the depleted 
mantle (37 ± 12 ppm C). When the large uncertainty in carbon 
content of the depleted mantle is propagated through the calcu-
lation, a moderate impact on the mass of outgassed C and on the 
C-content of the MO is observed (Fig. 5). Additional sensitivity tests 
are shown in Fig. 5A, using lower and higher bulk C contents (45-
700 ppm C in the bulk system). All calculations converge at low 
f O2, where graphite saturation occurs but the domain of graphite 
saturation changes with the bulk C content (the MO is systemati-
cally graphite-saturated in the C-rich case if f O2 < IW−1). In this 
C-rich system, the C-content of the MO can become as high as that 
of the enriched mantle (in both reduced and oxidized cases). The 

Fig. 3. C-H-O-N-S speciation in the gas and the melt as a function of f O2 during 
the MO – atmosphere equilibration (Case 1, 1/2 BSM in Table 1) at 1500 ◦C. A: 
Partial atmospheric pressures and speciation of the C-H-O-N-S elements in the basal 
atmosphere. B: Concentration in ppm-wt of the C-H-O-N-S species dissolved in the 
shallow MO.

mass of outgassed C in such a case would be around 1025 g, (i.e. 
10 times greater than the present-day surficial mass of C).

The present-day mass of nitrogen in the Earth’s exosphere is 
5 × 1021 g. The calculated mass of nitrogen outgassed by the MO 
is in the range of 6.3 × 1019 to 6.5 × 1021 g (for a total N mass of 
7 × 1021 g for Case 1, i.e. DM size = 1/2 BSM, Table 1). The lowest 
value was calculated for the lowermost f O2 (Fig. 4A). This indi-
cates that MO outgassing at f O2 ≥IW−3 would yield an outgassed 
mass of N that matches the present-day Earth’s surficial mass of N 
perfectly. The calculated N-content dissolved in the MO (Fig. 4B) 
varies with f O2 from values greater than 1 ppm at <IW−4, to 
within the range 0.2-0.3 ppm N at f O2 > IW−2. The N content 
of the DM is currently estimated to lie within the range 0.1-0.3 
ppm (Marty et al., 2020), which is similar to our prediction for the 
N-content in the MO at >IW−2. To summarize, we conclude that 
the present-day distribution of carbon and nitrogen between the 
Earth’s surface and depleted mantle could have been attained by 
outgassing of the MO formed by the Moon-forming impact, if the 
f O2 of the MO-atmosphere interface was ≥IW−3. This could be 
coincidental, but the similarities are striking.

The present-day mass of hydrogen at the Earth’s surface is 
1.8 × 1023 g. At IW−6, the mass of outgassed H is 1.1 ± 0.2 × 1023

g, which makes up 60% of the present-day surficial mass of H 
(Fig. 4). Under such conditions, the H content of the MO is ca. 
50 ppm (Fig. 3), which is equivalent to ∼400 ppm H2O. Massive 
degassing of hydrogen therefore requires strongly reducing condi-
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sity and the low C-solubility in silicate melts, this would explain 
the graphite-rich rocks observed by the Messenger mission to Mer-
cury’s surface (Charlier and Namur, 2019; Keppler and Golabek, 
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accreted H as H2 in the vapor state, implying a greater exposure to 
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present-day mantle.

4.2. Mass balancing the MO – atmosphere CHONS distribution

On an element-by-element basis, we quantitatively discuss the 
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mantle (37 ± 12 ppm C). When the large uncertainty in carbon 
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lation, a moderate impact on the mass of outgassed C and on the 
C-content of the MO is observed (Fig. 5). Additional sensitivity tests 
are shown in Fig. 5A, using lower and higher bulk C contents (45-
700 ppm C in the bulk system). All calculations converge at low 
f O2, where graphite saturation occurs but the domain of graphite 
saturation changes with the bulk C content (the MO is systemati-
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C-rich system, the C-content of the MO can become as high as that 
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mass of outgassed C in such a case would be around 1025 g, (i.e. 
10 times greater than the present-day surficial mass of C).

The present-day mass of nitrogen in the Earth’s exosphere is 
5 × 1021 g. The calculated mass of nitrogen outgassed by the MO 
is in the range of 6.3 × 1019 to 6.5 × 1021 g (for a total N mass of 
7 × 1021 g for Case 1, i.e. DM size = 1/2 BSM, Table 1). The lowest 
value was calculated for the lowermost f O2 (Fig. 4A). This indi-
cates that MO outgassing at f O2 ≥IW−3 would yield an outgassed 
mass of N that matches the present-day Earth’s surficial mass of N 
perfectly. The calculated N-content dissolved in the MO (Fig. 4B) 
varies with f O2 from values greater than 1 ppm at <IW−4, to 
within the range 0.2-0.3 ppm N at f O2 > IW−2. The N content 
of the DM is currently estimated to lie within the range 0.1-0.3 
ppm (Marty et al., 2020), which is similar to our prediction for the 
N-content in the MO at >IW−2. To summarize, we conclude that 
the present-day distribution of carbon and nitrogen between the 
Earth’s surface and depleted mantle could have been attained by 
outgassing of the MO formed by the Moon-forming impact, if the 
f O2 of the MO-atmosphere interface was ≥IW−3. This could be 
coincidental, but the similarities are striking.

The present-day mass of hydrogen at the Earth’s surface is 
1.8 × 1023 g. At IW−6, the mass of outgassed H is 1.1 ± 0.2 × 1023

g, which makes up 60% of the present-day surficial mass of H 
(Fig. 4). Under such conditions, the H content of the MO is ca. 
50 ppm (Fig. 3), which is equivalent to ∼400 ppm H2O. Massive 
degassing of hydrogen therefore requires strongly reducing condi-
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MO mass: 1/2 BSE 
Solubility: 1,500℃, basaltic magma 
Volatile budget: Earth (mantle and surface)

マグマへの溶解度の高い 
H2Oに枯渇した初期大気

[Gaillard et al. 2022]

•揮発性元素組成(C, H, N, etc.) 

•揮発性元素とマグマの質量比 
•地表マグマの酸素フガシティΔIW



‣固化の初期 

- 溶解度の低い気体種が占める（CO） 

- Hの大部分はH2Oとして内部に溶解 

‣固化の進行・脱ガスに伴い 

- H2O・H2主体へ移行していく 

- 固化後期の脱ガス率に依存

脱ガスによる大気量・組成の変化：ΔIW一定

[Bower et al. 2022]

Figure 5. Atmospheric pressures during magma ocean outgassing for different C/H and fO2. Columns from left to right show hydrogen (H) budgets of 1, 3, and 10
oceans, respectively. Rows from top to bottom show fO2 of ΔIW = −2, ΔIW = 0.5, and ΔIW = 4. Colors denote volatiles (red: CO; green: CO2; orange: H2; blue:
H2O; purple: CH4), where solid lines show C/H = 1 and dashed lines show C/H = 5.
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Figure 5. Atmospheric pressures during magma ocean outgassing for different C/H and fO2. Columns from left to right show hydrogen (H) budgets of 1, 3, and 10
oceans, respectively. Rows from top to bottom show fO2 of ΔIW = −2, ΔIW = 0.5, and ΔIW = 4. Colors denote volatiles (red: CO; green: CO2; orange: H2; blue:
H2O; purple: CH4), where solid lines show C/H = 1 and dashed lines show C/H = 5.
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C/H in the mantle and surface: 1-2
[e.g. Hirschmann 2016; Marty 2012] 

注：ΔIWが一定となるよう大気が酸化/還元



脱ガスによる大気量・組成の変化：結晶化によるΔIWの増加

[Maurice et al. 2023]

Initial ΔIW= -2 
H budget = 3 oceans 
C/H=1

‣Fe2+と比べ，Fe3+の方がメルトにより濃集 

- 結晶化によりメルト中のFe3+/Fe2+比が上昇 

- 地表の酸素フガシティも上昇→大気が酸化 

‣還元的な大気(CO,H2)から酸化的な大気
(CO2,H2O)へのトランジション

C/H in the mantle and surface: 1-2
[e.g. Hirschmann 2016; Marty 2012] 



内部へのvolatileの取り込み

‣Hard MOにうつる段階で7-9割のH2Oは 

まだマグマオーシャンに溶解 

- 後期脱ガス速度が地表H2O量・海洋体積に影響 

‣取り込み量を左右する過程 
  - 分別結晶 or 平衡結晶（＋メルトのトラップ） 
  - 浸透流 v.s. Solid state convection 
  - 地表の岩石層の成長・内部からの噴出過程 

‣H2Oに富むことで，粘性が低下し， 

マントル対流やプレート運動に影響？

固体マントル

固体の’ふた’

浸
透
流

噴出

[Miyazaki & Korenaga 2022; Bower et al. 2022; Maurice et al. 2023]

小河さんのお話



地表fO2の惑星質量依存性？

[Deng et al. 2020]

‣金属鉄とメルトの化学平衡化圧力が増加するほ
ど，マグマ中のFe3+/Fe2+比が上昇 

‣大きい惑星ほど酸化的な大気組成をもつ可能性 

‣地球の場合Fe3+が過剰となる可能性 [Kuwahara et al. 2023]



脱ガス大気組成についてのまとめ

‣固化の初期段階では大気は溶解度の低い気体（CO, CO2, H2 etc.）で構成 

‣幅広いΔIWでH2Oの7-9割は後期段階までマグマオーシャンに溶解 

‣複数のマグマオーシャンの酸化過程（Fe3+/Fe2+の増加）が提案 

　- 高圧下での金属鉄ーシリケイトの平衡化 

   - 結晶化に伴う固液間の分配：地表マグマのFe3+/Fe2+を増加 

   (- Hの流体学的散逸）  

酸化的な大気の形成

還元過程は？　 
コア形成後の還元的/始原的な物質の集積

[e.g. Dauphuas  2017]



大気進化によるマグマオーシャン固化へのフィードバック
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地表温度 
> 1,400 K



大気進化によるマグマオーシャン固化へのフィードバック

マグマオーシャン

固体マントル

大気なし 
惑星放射：＞106 W/m2

惑星大気 保温効果

大気あり 
惑星放射：保温効果により低下

量や組成によっては 
正味恒星放射と同程度に

Volatile収支とエネルギー収支と 

カップルした進化計算

地表温度 
> 1,400 K
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Implications for occurrence rates of MO with H2 atmospheres

H2 atmospheres (highly reducing cases)

‣ Magma ocean tends to sustain longer according to H2 inventory acquired

The MO stage has a longer lifetime  
> 100 Myr even at 1 au

: occurrence rates may reflect the planet formation style 

H2 amount captured on protoplanets in the solar nebula [Ikoma and Genda, 2006]

The merged Earth-sized planet would solidify  
in < 0.1 Myr

× 10 (merged)

several % at most

< ~0.3 % [Earth’s ocean]

Mars-size:

  several to tens of the Earth’s ocean

  Earth-size:

(in water equivalent)



H2O 大気は？



高温水蒸気大気からの惑星放射
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Figure 1 | Spectra and effective absorption and emission levels in a pure water atmosphere. Ts is surface temperature. a, Spectrum of downward solar

flux at the surface. No line data are available for the grey shaded area. b, Altitude at which optical depth is unity. Solid line is absorption optical depth and

dashed line is Rayleigh scattering optical depth. Background shading is atmospheric temperature. c, Spectrum of outgoing thermal flux at the top of the

atmosphere. Solid lines are the black body flux at the surface temperature. Dotted lines are the black-body flux for 280 and 400 K for comparison. See also

Supplementary Fig. S2.

is a good approximation for a hot atmosphere in which the water
vapour mixing ratio asymptotes to one.

The optical depth of the atmosphere, ⌧⌦ (a function of wave-
length), is measured downward from the top. Effective emission to
space and attenuation of sunlight occur where ⌧⌦ ⇠ 1 (given Beer’s
law; I1 = I0 exp�⌧⌦ , where I0 and I1 are the incident and transmitted
radiance), so plotting the altitude of ⌧⌦ =1 shows where emission to
space and absorption of sunlight dominantly occur (Fig. 1).

For thermal emission, ⌧⌦ = 1 is either near the surface or
not reached for low surface temperatures (Ts), but rises towards
high altitudes as the planet warms. While Ts ⇠< 1,600K, the
temperature of ⌧⌦ = 1 remains between 250 and 300K, so the top of
atmosphere thermal spectrum is bounded by Planck functions for
temperatures of 250 and 300K, and is independent of Ts. Thus, the
Simpson–Nakajima radiation limit emerges as 282Wm�2 (Fig. 2),
lower than previous estimates (for example, 310Wm�2, ref. 9).
When Ts ⇠> 1,600K the upper atmosphere temperature gradient is
sufficiently steep that the temperature reaches 400K at ⌧⌦ = 1 in the
4 µmwater vapour window (Fig. 1c). Hence, a new peak in thermal
radiation emerges, sufficient to permit a new stable climate with a
steam atmosphere. No surface radiation escapes directly to space.
Observation of this emission peak in a (exo)planetary atmosphere
would indicate that the planet is in a runaway greenhouse state.

Earth’s atmosphere is largely transparent to solar radiation.
However, for water-rich atmospheres, increasing temperatures
are accompanied by increases in atmosphere pressure and water
vapour absorption. The additional pressure increases the Rayleigh
scattering optical depths at shorter wavelengths, whereas near-
infrared water vapour vibration rotation bands increase the
absorption optical depth at longer solarwavelengths. Both processes
attenuate sunlight, very little of which reaches the surface, so surface
albedo no longer affects the radiation budget. In the limiting case,

for a pure water atmosphere without clouds and the present solar
flux, a maximum of 286Wm�2 is absorbed, much higher than the
previous estimate9 of 222Wm�2.

Given a hot, moist and cloud-free atmosphere, the net
absorption of sunlight would slightly exceed the thermal radiation
limit. This implies that a cloudless runaway greenhouse, steam
atmosphere, would be stable under the present insolation. Earth
today has a stable temperate climate (the requirements for which
are discussed in the next section) implying a climate bistability
with respect to the runaway greenhouse (previously seen in a
grey atmosphere model18). Both the solar and thermal calculations
represent upper bounds for a purewater atmosphere—clouds could
reduce either, moving the bifurcation point.

Previous work suggested that the thermal radiation limit does
not depend on the presence of non-condensable greenhouse
gases2,9. This is not strictly correct. The radiation limit depends
on the minimum absorption cross-section in the 10 µm water
vapour window; any additional opacity here would raise the ⌧⌦ = 1
surface to a higher altitude that radiates at a lower temperature.
As purely theoretical tests, we set 1% each of our atmospheres to
be carbon dioxide or ammonia, then 1% of both. The radiation
limit decreased by 2Wm�2 for 1% CO2, 6Wm�2 for 1% NH3
and 8Wm�2 for both (Supplementary Fig. S7). Ammonia is one
of the strongest absorbers around 10 µm, so deeper reductions to
the radiation limit seem unlikely.

These results are sensitive to the absorption cross-sections
used. First, using the most detailed spectral line list for water
(we use HITEMP2010 (ref. 19)) and correct Rayleigh scattering
cross-sections for water are essential. Using a less comprehensive
line list (for example, HITRAN 2008), or Rayleigh scattering for air
instead of water, gives erroneous results (Supplementary Figs S3–
S6). Relative to previous results, our lower thermal emission and
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Figure 1 | Spectra and effective absorption and emission levels in a pure water atmosphere. Ts is surface temperature. a, Spectrum of downward solar

flux at the surface. No line data are available for the grey shaded area. b, Altitude at which optical depth is unity. Solid line is absorption optical depth and

dashed line is Rayleigh scattering optical depth. Background shading is atmospheric temperature. c, Spectrum of outgoing thermal flux at the top of the

atmosphere. Solid lines are the black body flux at the surface temperature. Dotted lines are the black-body flux for 280 and 400 K for comparison. See also

Supplementary Fig. S2.

is a good approximation for a hot atmosphere in which the water
vapour mixing ratio asymptotes to one.

The optical depth of the atmosphere, ⌧⌦ (a function of wave-
length), is measured downward from the top. Effective emission to
space and attenuation of sunlight occur where ⌧⌦ ⇠ 1 (given Beer’s
law; I1 = I0 exp�⌧⌦ , where I0 and I1 are the incident and transmitted
radiance), so plotting the altitude of ⌧⌦ =1 shows where emission to
space and absorption of sunlight dominantly occur (Fig. 1).

For thermal emission, ⌧⌦ = 1 is either near the surface or
not reached for low surface temperatures (Ts), but rises towards
high altitudes as the planet warms. While Ts ⇠< 1,600K, the
temperature of ⌧⌦ = 1 remains between 250 and 300K, so the top of
atmosphere thermal spectrum is bounded by Planck functions for
temperatures of 250 and 300K, and is independent of Ts. Thus, the
Simpson–Nakajima radiation limit emerges as 282Wm�2 (Fig. 2),
lower than previous estimates (for example, 310Wm�2, ref. 9).
When Ts ⇠> 1,600K the upper atmosphere temperature gradient is
sufficiently steep that the temperature reaches 400K at ⌧⌦ = 1 in the
4 µmwater vapour window (Fig. 1c). Hence, a new peak in thermal
radiation emerges, sufficient to permit a new stable climate with a
steam atmosphere. No surface radiation escapes directly to space.
Observation of this emission peak in a (exo)planetary atmosphere
would indicate that the planet is in a runaway greenhouse state.

Earth’s atmosphere is largely transparent to solar radiation.
However, for water-rich atmospheres, increasing temperatures
are accompanied by increases in atmosphere pressure and water
vapour absorption. The additional pressure increases the Rayleigh
scattering optical depths at shorter wavelengths, whereas near-
infrared water vapour vibration rotation bands increase the
absorption optical depth at longer solarwavelengths. Both processes
attenuate sunlight, very little of which reaches the surface, so surface
albedo no longer affects the radiation budget. In the limiting case,

for a pure water atmosphere without clouds and the present solar
flux, a maximum of 286Wm�2 is absorbed, much higher than the
previous estimate9 of 222Wm�2.

Given a hot, moist and cloud-free atmosphere, the net
absorption of sunlight would slightly exceed the thermal radiation
limit. This implies that a cloudless runaway greenhouse, steam
atmosphere, would be stable under the present insolation. Earth
today has a stable temperate climate (the requirements for which
are discussed in the next section) implying a climate bistability
with respect to the runaway greenhouse (previously seen in a
grey atmosphere model18). Both the solar and thermal calculations
represent upper bounds for a purewater atmosphere—clouds could
reduce either, moving the bifurcation point.

Previous work suggested that the thermal radiation limit does
not depend on the presence of non-condensable greenhouse
gases2,9. This is not strictly correct. The radiation limit depends
on the minimum absorption cross-section in the 10 µm water
vapour window; any additional opacity here would raise the ⌧⌦ = 1
surface to a higher altitude that radiates at a lower temperature.
As purely theoretical tests, we set 1% each of our atmospheres to
be carbon dioxide or ammonia, then 1% of both. The radiation
limit decreased by 2Wm�2 for 1% CO2, 6Wm�2 for 1% NH3
and 8Wm�2 for both (Supplementary Fig. S7). Ammonia is one
of the strongest absorbers around 10 µm, so deeper reductions to
the radiation limit seem unlikely.

These results are sensitive to the absorption cross-sections
used. First, using the most detailed spectral line list for water
(we use HITEMP2010 (ref. 19)) and correct Rayleigh scattering
cross-sections for water are essential. Using a less comprehensive
line list (for example, HITRAN 2008), or Rayleigh scattering for air
instead of water, gives erroneous results (Supplementary Figs S3–
S6). Relative to previous results, our lower thermal emission and
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atmosphere. Solid lines are the black body flux at the surface temperature. Dotted lines are the black-body flux for 280 and 400 K for comparison. See also

Supplementary Fig. S2.

is a good approximation for a hot atmosphere in which the water
vapour mixing ratio asymptotes to one.

The optical depth of the atmosphere, ⌧⌦ (a function of wave-
length), is measured downward from the top. Effective emission to
space and attenuation of sunlight occur where ⌧⌦ ⇠ 1 (given Beer’s
law; I1 = I0 exp�⌧⌦ , where I0 and I1 are the incident and transmitted
radiance), so plotting the altitude of ⌧⌦ =1 shows where emission to
space and absorption of sunlight dominantly occur (Fig. 1).

For thermal emission, ⌧⌦ = 1 is either near the surface or
not reached for low surface temperatures (Ts), but rises towards
high altitudes as the planet warms. While Ts ⇠< 1,600K, the
temperature of ⌧⌦ = 1 remains between 250 and 300K, so the top of
atmosphere thermal spectrum is bounded by Planck functions for
temperatures of 250 and 300K, and is independent of Ts. Thus, the
Simpson–Nakajima radiation limit emerges as 282Wm�2 (Fig. 2),
lower than previous estimates (for example, 310Wm�2, ref. 9).
When Ts ⇠> 1,600K the upper atmosphere temperature gradient is
sufficiently steep that the temperature reaches 400K at ⌧⌦ = 1 in the
4 µmwater vapour window (Fig. 1c). Hence, a new peak in thermal
radiation emerges, sufficient to permit a new stable climate with a
steam atmosphere. No surface radiation escapes directly to space.
Observation of this emission peak in a (exo)planetary atmosphere
would indicate that the planet is in a runaway greenhouse state.

Earth’s atmosphere is largely transparent to solar radiation.
However, for water-rich atmospheres, increasing temperatures
are accompanied by increases in atmosphere pressure and water
vapour absorption. The additional pressure increases the Rayleigh
scattering optical depths at shorter wavelengths, whereas near-
infrared water vapour vibration rotation bands increase the
absorption optical depth at longer solarwavelengths. Both processes
attenuate sunlight, very little of which reaches the surface, so surface
albedo no longer affects the radiation budget. In the limiting case,

for a pure water atmosphere without clouds and the present solar
flux, a maximum of 286Wm�2 is absorbed, much higher than the
previous estimate9 of 222Wm�2.

Given a hot, moist and cloud-free atmosphere, the net
absorption of sunlight would slightly exceed the thermal radiation
limit. This implies that a cloudless runaway greenhouse, steam
atmosphere, would be stable under the present insolation. Earth
today has a stable temperate climate (the requirements for which
are discussed in the next section) implying a climate bistability
with respect to the runaway greenhouse (previously seen in a
grey atmosphere model18). Both the solar and thermal calculations
represent upper bounds for a purewater atmosphere—clouds could
reduce either, moving the bifurcation point.

Previous work suggested that the thermal radiation limit does
not depend on the presence of non-condensable greenhouse
gases2,9. This is not strictly correct. The radiation limit depends
on the minimum absorption cross-section in the 10 µm water
vapour window; any additional opacity here would raise the ⌧⌦ = 1
surface to a higher altitude that radiates at a lower temperature.
As purely theoretical tests, we set 1% each of our atmospheres to
be carbon dioxide or ammonia, then 1% of both. The radiation
limit decreased by 2Wm�2 for 1% CO2, 6Wm�2 for 1% NH3
and 8Wm�2 for both (Supplementary Fig. S7). Ammonia is one
of the strongest absorbers around 10 µm, so deeper reductions to
the radiation limit seem unlikely.

These results are sensitive to the absorption cross-sections
used. First, using the most detailed spectral line list for water
(we use HITEMP2010 (ref. 19)) and correct Rayleigh scattering
cross-sections for water are essential. Using a less comprehensive
line list (for example, HITRAN 2008), or Rayleigh scattering for air
instead of water, gives erroneous results (Supplementary Figs S3–
S6). Relative to previous results, our lower thermal emission and
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Figure 1 | Spectra and effective absorption and emission levels in a pure water atmosphere. Ts is surface temperature. a, Spectrum of downward solar

flux at the surface. No line data are available for the grey shaded area. b, Altitude at which optical depth is unity. Solid line is absorption optical depth and

dashed line is Rayleigh scattering optical depth. Background shading is atmospheric temperature. c, Spectrum of outgoing thermal flux at the top of the

atmosphere. Solid lines are the black body flux at the surface temperature. Dotted lines are the black-body flux for 280 and 400 K for comparison. See also

Supplementary Fig. S2.

is a good approximation for a hot atmosphere in which the water
vapour mixing ratio asymptotes to one.

The optical depth of the atmosphere, ⌧⌦ (a function of wave-
length), is measured downward from the top. Effective emission to
space and attenuation of sunlight occur where ⌧⌦ ⇠ 1 (given Beer’s
law; I1 = I0 exp�⌧⌦ , where I0 and I1 are the incident and transmitted
radiance), so plotting the altitude of ⌧⌦ =1 shows where emission to
space and absorption of sunlight dominantly occur (Fig. 1).

For thermal emission, ⌧⌦ = 1 is either near the surface or
not reached for low surface temperatures (Ts), but rises towards
high altitudes as the planet warms. While Ts ⇠< 1,600K, the
temperature of ⌧⌦ = 1 remains between 250 and 300K, so the top of
atmosphere thermal spectrum is bounded by Planck functions for
temperatures of 250 and 300K, and is independent of Ts. Thus, the
Simpson–Nakajima radiation limit emerges as 282Wm�2 (Fig. 2),
lower than previous estimates (for example, 310Wm�2, ref. 9).
When Ts ⇠> 1,600K the upper atmosphere temperature gradient is
sufficiently steep that the temperature reaches 400K at ⌧⌦ = 1 in the
4 µmwater vapour window (Fig. 1c). Hence, a new peak in thermal
radiation emerges, sufficient to permit a new stable climate with a
steam atmosphere. No surface radiation escapes directly to space.
Observation of this emission peak in a (exo)planetary atmosphere
would indicate that the planet is in a runaway greenhouse state.

Earth’s atmosphere is largely transparent to solar radiation.
However, for water-rich atmospheres, increasing temperatures
are accompanied by increases in atmosphere pressure and water
vapour absorption. The additional pressure increases the Rayleigh
scattering optical depths at shorter wavelengths, whereas near-
infrared water vapour vibration rotation bands increase the
absorption optical depth at longer solarwavelengths. Both processes
attenuate sunlight, very little of which reaches the surface, so surface
albedo no longer affects the radiation budget. In the limiting case,

for a pure water atmosphere without clouds and the present solar
flux, a maximum of 286Wm�2 is absorbed, much higher than the
previous estimate9 of 222Wm�2.

Given a hot, moist and cloud-free atmosphere, the net
absorption of sunlight would slightly exceed the thermal radiation
limit. This implies that a cloudless runaway greenhouse, steam
atmosphere, would be stable under the present insolation. Earth
today has a stable temperate climate (the requirements for which
are discussed in the next section) implying a climate bistability
with respect to the runaway greenhouse (previously seen in a
grey atmosphere model18). Both the solar and thermal calculations
represent upper bounds for a purewater atmosphere—clouds could
reduce either, moving the bifurcation point.

Previous work suggested that the thermal radiation limit does
not depend on the presence of non-condensable greenhouse
gases2,9. This is not strictly correct. The radiation limit depends
on the minimum absorption cross-section in the 10 µm water
vapour window; any additional opacity here would raise the ⌧⌦ = 1
surface to a higher altitude that radiates at a lower temperature.
As purely theoretical tests, we set 1% each of our atmospheres to
be carbon dioxide or ammonia, then 1% of both. The radiation
limit decreased by 2Wm�2 for 1% CO2, 6Wm�2 for 1% NH3
and 8Wm�2 for both (Supplementary Fig. S7). Ammonia is one
of the strongest absorbers around 10 µm, so deeper reductions to
the radiation limit seem unlikely.

These results are sensitive to the absorption cross-sections
used. First, using the most detailed spectral line list for water
(we use HITEMP2010 (ref. 19)) and correct Rayleigh scattering
cross-sections for water are essential. Using a less comprehensive
line list (for example, HITRAN 2008), or Rayleigh scattering for air
instead of water, gives erroneous results (Supplementary Figs S3–
S6). Relative to previous results, our lower thermal emission and
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IR from the saturated upper part
Near-IR from the hot lower part

‣水蒸気大気の場合には惑星放射に下限値（射出限界）

射出限界 ~280 [W/m2]



 0.001

 0.01

 0.1

 1

 10

 100

 0.4  0.6  0.8  1  1.2  1.4  1.6  1.8  2

R
eq

ui
re

d 
tim

e 
fo

r c
om

pl
et

e 
lo

ss
 o

f w
at

er
 [M

yr
]

Orbital distance [au]

水蒸気大気を持つ惑星の固化過程：軌道による二分性
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射出に下限値があることにより～1 Myr以下で固化
H2O

[Hamano et al. 2013]
acrを境に固化時間・残る水量に二分性が生じる

Type IType II



The lifetime of magma oceans with H2O atmospheres

The age of the Sun

star also receives a stronger stellar XUV flux, which fuels
hydrodynamic escape. Since the solidification time of Type II
planets is approximately equal to the loss time of water, the
occurrence rate of molten terrestrial planets is expected to be
higher at orbital distances closer to acr.

As shown in Figures 2, 5 and 6, the Type II molten planets
maintain relatively high contrasts in the near-IR band. The
Type II planets with a 0.5� AU are favorable targets for
future ground-based direct imaging, because the contrasts of
the Ks and L bands are above the levels of 10 8_ � and 10 7_ � ,
respectively, for the entire life of the molten state. The duration
with the contrast 10 8� � is approximated with the overall
solidification time, which becomes longer with the initial water
inventory, as shown in Section 4.2. Although these planets
have smaller angular distances, in the near future, a 30–40 m
ground-based telescope will resolve them within tens of
parsecs. On the other hand, the near-IR contrast of the Type
I planets declines below 10 8_ � and 10 7_ � on a short timescale
of 105_ years for the Ks and L bands, respectively. Young stars
should be targeted when searching for Type I planets.

The thermal radiation in the near-IR band overwhelms the
reflected stellar radiation for Type II planets. The contrast of
the emission in the visible bands rapidly decreases to the 10−10

level by a few 104 and 105_ years for the Type I and Type II
planets, respectively (see Figure 2). Therefore, with respect to
the visible band, the reflected light should be considered in
order to discuss the total contrast of the planets. These issues
are discussed in Section 4.3.

4.2. Relation between Predicted Occurrence
Rate and Water Endowment

For the Type II planets, the lifetime of the magma ocean
strongly depends on how much water is acquired during planet
formation. This suggests the possibility of placing constraints
on the initial water inventory based on the observed occurrence
rate of hot molten planets. Figure 7 shows an orbital region
where molten Earth-sized planets potentially exist as a function
of stellar age. The predicted lifetime of the magma-covered
planets shows a sharp transition around acr. The Type I planets
during the magma ocean period have less probability of being
detected, whereas the probability of detecting molten Type II
planets is greatly enhanced with initial water inventory.
The calculated lifetimes of Type I and Type II planets allow

us to estimate an expected number of G-type stars which host
Earth-sized molten planets. For G-type stars whose distance
from the solar system is less than the distance d, the expected
number of G-type stars with molten planets N d( )D can be
estimated as follows,

N d N d P
t

d
( ) ( ) · ·

¯ ( )
, (7)D G EG

mol
tot

GU
_

%

where N d( )G and d¯ ( )GU are, respectively, the number and
average age of G-type stars within the distance d from the solar
system, PEG is the fraction of G-type stars with terrestrial
planets in a range of planetary orbital distances considered,

tmol
tot% is the total duration during which terrestrial planets are in

a molten state. Let us consider the case when d is 10 pc. The
total number of G-type stars is then around 30. The average age
of G-type stars is assumed to be 5 Gyr. Using Kepler data,
Petigura et al. (2013) reported that the fraction of GK-type stars
which host Earth-sized planets is ∼0.12 for orbital distances of
0.05–0.42 AU, and ∼0.086 in the habitable zone. Here, we
adopt PEG of 0.1 for both Type I and Type II planets.
Type-I planets solidify on a timescale of the order of

106 years, which shorter than typical time intervals of giant
impacts at a late stage of formation. In this case, the total
duration would be expressed as a product of an average number
of giant impacts nGI and the duration of a molten state after one
collision tmol% . According to N-body simulations, Earth-like
planets would experience 10–20 giant impacts during forma-
tion (Kokubo & Genda 2010; Stewart & Leinhardt 2012). We
adopt nGI of 10. Using a typical duration of a magma ocean of
2 × 106 years, we obtain ∼0.01 for N d( 10 pc)D � in the Type I
orbital region. This value is common for Type I planets which
formed with initial water inventory comparable to or exceeding
the total amount of water of the modern Earth. The potentially
favorable target for molten Type I planets would be young and
other spectral type stars such as Fomalhaut. On the other hand,
Type II planets have a wide range of solidification time after
single impact, which strongly depends on the initial amount of
water. In the extreme case that the solidification time exceeds
the period of giant impact phase, which probably lasts until the
stellar age of 0.1 Gyr, the total duration of a molten state is
given by the duration of a molten state after single collision. In
the Type II orbital region, the initial amount of water thus
greatly affects the probability of detecting molten planets.
Given that tmol

tot% does not exceed 10 Gyr, N d( 10 pc)D �
ranges from ∼0.01 to 6 in the case of Type II planets,
considering the initial inventory of water of from one-tenth to
several tens of times the Earth’s ocean mass.

Figure 7. Orbital region where molten planets potentially exist as a function of
stellar age in a range from 0.01 to 10 Gyr (a), with the assumption that the
solidification starts at a stellar age 0U of 0.05 Gyr. The panel (b) is a zoom-in of
the panel (a) for a stellar age younger than 0.1 Gyr. Each color represents the
initial bulk content of water required for a molten state to be sustained for a
given stellar age and orbital distance. As well as 0U , the age of the Sun U:,
4.567 Gyr, is indicated by an arrow on the right side. The critical distance with
planetary albedo plB of 0.2 is also shown in each panel.
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マグマオーシャンからの熱フラックスが極端に低い場合の大気構造

[Selsis et al. 2023]

‣内部熱フラックスが０の大気構造 

- 最下層（地表付近）は放射層 

- 恒星放射が下層まで届かない 

‣同じ惑星放射・大気量では， 

全対流と比べ地表温度は低下 

- 脱ガスが追いつかない場合は大気構造 

の変化に伴い冷却 

‣F型→G型→K型→M型の順に 

地表温度は低下は顕著に

Temperature [K]

Pr
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su
re

 [P
a]

260 bar, H2O 

小河さんのお話： 
マグマオーシャン運ぶ熱フラックスが 

追いつかない場合は？



Recent 3D simulations for Venus (slowly-rotating planets)

[Turbet  et al. 2021]

Cold start

Hot start
10 bar, H2O 



複数の気体種からなる大気では？ 

‣　C-O-H-(N)大気：1 AU では＜数百万年で固化 

   - H inventory: 1-10 Earth’s ocean 
   - C/H : 0.5-5 

‣　H2-H2O大気

[Bower et al. 2022, Maurice et al. 2023]
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Solidification timescale under H2-H2O atmospheres

‣Total H inventory < 5 oceans

‣Total H inventory > 10 oceans

Magma oceans solidify on comparable timescales for different initial fO2

Magma oceans sustain > 100 Myr for initial fO2 < IW-4
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Solidification timescale under H2-H2O atmospheres

‣Total H inventory < 5 oceans

‣Total H inventory > 10 oceans

Magma oceans solidify on comparable timescales for different initial fO2

Magma oceans sustain > 100 Myr for initial fO2 < IW-4
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Crystallization time:  the order of 0.1 - 1 Myr

1) Remaining H2O : 1-7 oceans 
2) Initial fO2 > IW-2

Constraints
[e.g.Peslier et al. 2017]

[e.g. Frost et al. 2008; Deng et al. 2020]



H2-H2O大気:初期fO2による依存性
Total H inventory: 5 Earth’s ocean masses

H2O (IW+3)
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Total H inventory: 5 Earth’s ocean masses
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H2-H2O大気:初期fO2による依存性
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‣On Type II planet, initial fO2 has little effects on the MO lifetime and atmosphere remained

‣On Type I planet, the remaining outgassed atmosphere reflects the initial redox state
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H2-H2O大気:初期fO2による依存性



大気進化と保温効果のまとめ

‣保温効果の強さによって，固化を律速する過程が変わる 
　① 惑星放射 >> 正味恒星放射：保温効果の強さに応じて固化時間が長くなる 
　② 惑星放射 ～  正味恒星放射：大気散逸が固化速度を律速 

‣H2O大気以外（H2, CO, CO2, N2 etc.） 
    - 大気量の増加に伴い，①から②へ切り替わる（と予想） 
    - ②では大気散逸により固化の間にvolatile量が減少 

‣H2Oに富む大気 
    - 射出限界の存在によって，臨界距離の外側では常に①（Type I） 
    - 臨界距離を境に，固化速度・残存するH2O量が変わる



Future issues

惑星形成過程 惑星進化

‣惑星形成過程の違いに由来する違い 

   - （今日の話）マグマ（材料物質）組成(fO2), H2獲得量, hot/cold start, etc. 

   - Giant impactの有無によってコア形成過程も異なる 

   - 惑星質量や軌道位置, 材料物質と形成過程の相関は？ 

‣非平衡過程：コア形成（metal-silicate equilibration）, 脱ガス　etc. 

‣固化後の表層環境にcriticalなものは？

[Jacobsen et al. 2017]

初期条件がどう決まっているのか？

マグマオーシャン




