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知りたいこと
• 地球は宇宙の中でどういう立ち位置なのか？ 

• 一般的な岩石惑星はどんな姿で生まれ、どういう　
進化を辿るのか 

✓ 液体の水が表面にある惑星 
✓ 生命を育む惑星 
✓ 大気圧、大気組成などの多様性 
✓ 統一的な理論的枠組み？

→（それなりの数の）地球型系外惑星の分光観測

天文学や惑星科学の枠を超えて、我々の世界観にインパクト
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Figure 1
Mass-radius curves of planets with radii below 4 Earth radii and masses below 30 Earth masses. Planets are color-coded by the stellar
flux they receive (compared with Earth). Hypothetical temperatures for the planets are included to add a common physical entity to the
diagram and are calculated from the stellar flux received by the planets, assuming a bond albedo of 0, perfect heat redistribution, and no
greenhouse effect (e.g., this is a fair estimate for Earth’s average surface temperature but not for Venus). Data are from http://www.
exoplanet.eu (accessed February 2017) and models following Zeng et al. (2016).

There is no consistent limit in the literature for the mass or radius divide between the terms
mini-Neptune and super-Earth, which often leads to confusion, especially for planets that need
a substantial gaseous envelope to fit their radius but have masses below 10 M⊕: These planets
are often called super-Earths based only on the 10 M⊕ limit, for example, GJ1214 (e.g., Zeng &
Sasselov 2013) (Figure 1).
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見えてきたlow-mass planetsの性質: 

質量ー半径の統計的な性質

4. Isochrone parallax. For each star, we computed an
“isochrone parallax” based on Teff , glog , [Fe/H], and mK

(see Section 3.7). We removed stars where the Gaia and
isochrone parallaxes differed by more than 4σ, due to
likely flux contamination by unresolved binaries.

5. Stellar dilution (Gaia). Dilution from nearby stars can
also alter the apparent planetary radii. For each target, we
queried all Gaia sources within 8arcsec (2 Kepler pixels)
and computed the sum of their G-band fluxes. The ratio
between this cumulative flux and the target flux r8
approximates the Kp-band dilution for each transiting
planet. We required that r8<1.1.

6. Stellar dilution (imaging). Furlan et al. (2017) compiled
high-resolution imaging observations performed by several
groups. When a nearby star is detected, Furlan et al. (2017)
computed a radius correction factor (RCF), which accounts
for dilution assuming the planet transits the brightest star.
We do not apply this correction factor, but conservatively
exclude KOIs where the RCF exceeds 5%.

7. Planet false positive designation. We excluded candi-
dates that are identified as false positives according
to P17.

8. Planets with grazing transits. We excluded stars having
grazing transits (b> 0.9), which have suspect radii due to
covariances with the planet size and stellar limb-
darkening during the light curve fitting.

After applying these cuts, we are left with 907 planets.
Where possible, we applied the same filters on stellar

properties to the Kepler field star population. For the stellar
radius and temperature filters, we used the Gaia DR2
parameters. We could not apply the imaging cut to the parent
stellar population because it relies on follow-up resources
directed specifically at KOIs not at the parent parent
population. After filtering, 24981 stars remain.
We calculated planet occurrence using the inverse detection

efficiency methodology IDEM of F17. In brief, we account for
the detection sensitivity of the survey using the injection-
recovery tests performed by Christiansen et al. (2015). We
calculated planet occurrence as the number of planets per star
in discrete bins as

f
N

w
1

. 5
i

n

ibin
1

pl,bin

�
å=
=

( )

where Nå=24981 and wi is the product of the inverse pipeline
detection efficiency pdet and the inverse transit probability ptr
for each detected planet. Values of wi, pdet, ptr are listed in
Table 4.
Computing these weights requires knowledge of the

distribution of radii and noise properties of stars in the parent
stellar sample. As in F17, we used the Combined Differential
Photometric Precision computed by the Kepler project (Mathur
et al. 2017) as our noise metric. Unlike F17, we used the R�
from Gaia DR2 as opposed to photometric R� to characterize
the distribution of parent stellar radii. F17 found that plausible
statistical and systematic errors of 40% and 25%, respectively,
in the photometric radii of the parent stellar population led to
errors in planet occurrence of up to a factor of two at 1.0RÅ.
Our new occurrence measurements have the major advantage
that there are negligible differences between the radii of the
field stars and planet hosts; thus, our occurrence measurements
are up to twice as precise.
The IDEM has been used in a number of previous works

(e.g., Howard et al. 2010, 2012; Morton & Swift 2014;
Fulton et al. 2017). While our results depend on the relative

Table 4
Planet Detection Statistics

Planet S/N Detection probability Transit probability Weight
candidate mi pdet ptr 1/wi

K00958.01 186.24 0.97 0.02 49.24
K04053.01 21.03 0.77 0.17 7.71
K04212.02 8.77 0.81 0.05 22.85
K04212.01 16.53 0.93 0.08 13.79
K01001.01 37.27 0.99 0.03 32.14
K01001.02 15.49 0.96 0.01 75.81
K02534.01 22.64 0.94 0.11 9.37
K02534.02 11.91 0.84 0.08 15.49
K02403.01 17.98 0.79 0.04 29.89
K00988.01 60.03 0.97 0.04 28.79

Note. This table contains only the subset of planet detections that passed the
filters described in Section 4.

(This table is available in its entirety in machine-readable form.)

Figure 5. The distribution of close-in planet sizes. The top panel shows the
distribution from Fulton et al. (2017) and the bottom panel is the updated
distribution from this work. The solid line shows the number of planets per star
with orbital periods less than 100days as a function of planet size. A deep
trough in the radius distribution separates two populations of planets with
Rp >1.7 RÅ and Rp <1.7RÅ. As a point of reference, the dotted line shows
the size distribution of detected planets, before completeness corrections are
made arbitrarily scaled for visual comparison.

7

The Astronomical Journal, 156:264 (13pp), 2018 December Fulton & PetiguraRadius gap

e.g., Fulton+ 2017

Kaltenegger 2017

岩石惑星多い
e.g., Rogers 2015
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Figure 1
Mass-radius curves of planets with radii below 4 Earth radii and masses below 30 Earth masses. Planets are color-coded by the stellar
flux they receive (compared with Earth). Hypothetical temperatures for the planets are included to add a common physical entity to the
diagram and are calculated from the stellar flux received by the planets, assuming a bond albedo of 0, perfect heat redistribution, and no
greenhouse effect (e.g., this is a fair estimate for Earth’s average surface temperature but not for Venus). Data are from http://www.
exoplanet.eu (accessed February 2017) and models following Zeng et al. (2016).

There is no consistent limit in the literature for the mass or radius divide between the terms
mini-Neptune and super-Earth, which often leads to confusion, especially for planets that need
a substantial gaseous envelope to fit their radius but have masses below 10 M⊕: These planets
are often called super-Earths based only on the 10 M⊕ limit, for example, GJ1214 (e.g., Zeng &
Sasselov 2013) (Figure 1).

436 Kaltenegger

A
nn

u.
 R

ev
. A

st
ro

n.
 A

st
ro

ph
ys

. 2
01

7.
55

:4
33

-4
85

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 T
ok

yo
 In

st
itu

te
 o

f T
ec

hn
ol

og
y 

on
 0

9/
26

/1
7.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

LHS 3844b

Kreidbreg+ 2019 Spitzer

Figure 1: The 4.5µm thermal phase curve of LHS 3844b and best fit temperature map. a,

Planet-to-star flux binned over 25 equally spaced intervals over the planet’s 11.1-hour orbital pe-
riod (points with 1 � uncertainties) compared to the best fit phase curve (line). The data are nor-
malized such that the relative flux is zero when the planet is eclipsed by the star at orbital phase
0.5. b, The spherical harmonic temperature map used to generate the phase variation model. The
planet’s substellar point corresponds to the latitude and longitude (0�, 0�). We note that the spher-
ical harmonics model includes north-south temperature variation, but only east-west variation is
constrained by the data.

confidence). From a joint fit to the Spitzer and TESS transit times, we revise the time of cen-
tral transit to 2458325.22559± 0.00025BJDTDB and the orbital period to 0.4629279± 0.0000006
days. We also established upper limits for transits of other planets in this system, based on a joint
fit to the TESS and Spitzer data. In the orbital period range from 0.5 to 6 days, our 3� upper limit
corresponds to 0.6R�, and from 6 to 12 days our 3� upper limit is 0.8R�.

The phase curve is consistent with expectations for a synchronously rotating bare rock —
a completely absorptive surface in instantaneous thermal equilibrium that radiates isotropically
(shown in Extended Data Figure 1). In this simple picture, the amplitude of the phase curve
requires the surface to be very absorptive, with an upper limit on the Bond albedo of 0.2 at 2�
confidence. We modeled the emission spectra of several rocky surfaces19 and compared with the
measured planet-to-star flux (shown in Figure 2). We considered multiple geologically plausible
planetary surface types, including primary crusts that form from solidification of a magma ocean
(ultramafic and feldspathic), secondary crust that forms from volcanic eruptions (basaltic), and
a tertiary crust that forms from tectonic re-processing (granitoid). Governed by the reflectivity
in the visible and the near-infrared and the emissivity in the mid-infrared, the surface types have
distinct emission spectra. The measured planet-to-star flux for LHS 3844b is most consistent with
a basaltic composition. Such a surface is comparable to the lunar mare and Mercury, and could
result from widespread extrusive volcanism20. Pure feldspathic and granitoid compositions provide
a poor fit to the data, and must be mixed with at least 40% basaltic or 75% ultramafic surface to to
be consistent with the measured eclipse depth at 3�.

3

Figure 2: Predicted emission spectrum for a range of surface compositions. The measured
planet-to-star flux (shown in black) is most consistent with a pure dark basaltic surface. Mixed
surface compositions require at least 40% basalt or 75% ultramafic rock to be consistent with the
data at 3� confidence.

We also explored the possibility that the planet has an atmosphere. We developed a sim-
ple model to account for both the atmospheric heat redistribution and absorption features from
plausible chemical compositions. We parameterized the day-night atmospheric heat redistribution
with a scaling that is based on analytic theory10 and that accounts for the dynamical effects of
surface pressure, ps and atmospheric optical thickness, ⌧LW . See Methods for the equation and a
validation of the scaling against dynamical models. To estimate the planet’s eclipse depth in the
Spitzer 4.5µm bandpass, we calculated 1D radiative transfer models21 tuned to match the heat re-
distribution scaling. Motivated by atmospheric evolution models of hot, terrestrial planets22–24, we
considered model atmospheric compositions that are mixtures of oxygen (O2) and carbon dioxide
(CO2), over a range of surface pressures from 0.001 � 100 bar. We also considered nitrogen (N2)
mixtures with trace carbon dioxide.

Figure 3 shows the predicted eclipse depths for O2/CO2 models compared to the measured
values. Higher surface pressures correspond to smaller eclipse depths (implying a cooler day-
side) because thick atmospheres are more efficient at transporting energy to the planet’s nightside.
Higher CO2 abundances also decrease the predicted eclipse depths, due to strong absorption by
CO2 in the Spitzer 4.5µm bandpass that pushes the photosphere to higher, cooler layers. Overall,
we find that the best fit models have surface pressures below 0.1 bar. Carbon dioxide-dominated

4

An Earth-radius planet 
without an atmosphere

Kaltenegger 2017
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Figure 1
Mass-radius curves of planets with radii below 4 Earth radii and masses below 30 Earth masses. Planets are color-coded by the stellar
flux they receive (compared with Earth). Hypothetical temperatures for the planets are included to add a common physical entity to the
diagram and are calculated from the stellar flux received by the planets, assuming a bond albedo of 0, perfect heat redistribution, and no
greenhouse effect (e.g., this is a fair estimate for Earth’s average surface temperature but not for Venus). Data are from http://www.
exoplanet.eu (accessed February 2017) and models following Zeng et al. (2016).

There is no consistent limit in the literature for the mass or radius divide between the terms
mini-Neptune and super-Earth, which often leads to confusion, especially for planets that need
a substantial gaseous envelope to fit their radius but have masses below 10 M⊕: These planets
are often called super-Earths based only on the 10 M⊕ limit, for example, GJ1214 (e.g., Zeng &
Sasselov 2013) (Figure 1).
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Figure 1
Mass-radius curves of planets with radii below 4 Earth radii and masses below 30 Earth masses. Planets are color-coded by the stellar
flux they receive (compared with Earth). Hypothetical temperatures for the planets are included to add a common physical entity to the
diagram and are calculated from the stellar flux received by the planets, assuming a bond albedo of 0, perfect heat redistribution, and no
greenhouse effect (e.g., this is a fair estimate for Earth’s average surface temperature but not for Venus). Data are from http://www.
exoplanet.eu (accessed February 2017) and models following Zeng et al. (2016).

There is no consistent limit in the literature for the mass or radius divide between the terms
mini-Neptune and super-Earth, which often leads to confusion, especially for planets that need
a substantial gaseous envelope to fit their radius but have masses below 10 M⊕: These planets
are often called super-Earths based only on the 10 M⊕ limit, for example, GJ1214 (e.g., Zeng &
Sasselov 2013) (Figure 1).
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Figure 1
Mass-radius curves of planets with radii below 4 Earth radii and masses below 30 Earth masses. Planets are color-coded by the stellar
flux they receive (compared with Earth). Hypothetical temperatures for the planets are included to add a common physical entity to the
diagram and are calculated from the stellar flux received by the planets, assuming a bond albedo of 0, perfect heat redistribution, and no
greenhouse effect (e.g., this is a fair estimate for Earth’s average surface temperature but not for Venus). Data are from http://www.
exoplanet.eu (accessed February 2017) and models following Zeng et al. (2016).

There is no consistent limit in the literature for the mass or radius divide between the terms
mini-Neptune and super-Earth, which often leads to confusion, especially for planets that need
a substantial gaseous envelope to fit their radius but have masses below 10 M⊕: These planets
are often called super-Earths based only on the 10 M⊕ limit, for example, GJ1214 (e.g., Zeng &
Sasselov 2013) (Figure 1).
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見えてきたlow-mass planetsの性質: 

A few benchmark targetsの大気の特徴づけ
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現在~2020年代
サイズ・軌道
- ますます活発に。地球型惑星は、少なくとも低質量周りについ
ては、統計的な議論は進むだろう。(→形成論への示唆)

temperate low-mass planetsの大気分光観測
- 現在、アメリカの宇宙望遠鏡 (Hubble, Spitzer) が活躍
- JWSTの打ち上げが成功すると、さらに独壇場に？

✓ JWSTでは、HZ付近の地球型惑星について、さらにいくつかの
マイルストーン的な観測結果が出てくるのではないか

• 大気の有無、水素大気への制限、(Earth-analogも?)
• 主にM型惑星周りのトランジット惑星の観測によって

• 日本からは (今のところ、この分野で、) 宇宙望遠鏡へのアクセスが悪い印象 
→課題

（日本の貢献の鍵＝WSO-UV？）



2030年代以降

✓ biosignaturesの検出
✓二次大気リッチな惑星の同
定、大気組成の同定

✓大気圧の推定
✓大気を持つHZ惑星の表面
温度の推定

✓表面の液体の水の同定
✓表面組成の同定, …

マイルストーン

• 反射光、熱輻射の観測
- (トランジットより)深い大気をプローブ
- 大気圧、温度、表面組成への制限、アルベド
- ターゲット数多



具体的な疑問

岩石惑星の水の起源
• どのような惑星にどれくらい水があるか？　　　
それは何に依存しているか？
✓ 木星型惑星との相関 (←水を持った小惑星が飛来?)
✓ 質量・軌道長半径依存性 (←散逸? building block? 

Nebula gas捕獲?)

より一般に、揮発性物質の起源
• 系外惑星にどのくらい多様性があ
り、それは何に依存しているか？

(N, C, O, …)

L22 LEE, BERGIN, & NOMURA Vol. 710

Figure 1. Carbon abundances relative to silicon in the solar system. Abundance
ratios of carbon (listed as C) relative to silicon for representative bodies in the
solar system as a function of their H/Si content. Shaded areas denote specific
types of bodies (2 Oort cloud comets, 4 classes of chondritic meteorites, Earth)
or instances with strong similarities (Sun and ISM). Abundance estimates are
taken from the literature (Geiss 1987; Wasson & Kallemeyn 1988; Sofia et al.
1994; Allégre et al. 2001; Min et al. 2005; Grevesse et al. 2007). The amount of
hydrogen on the Earth is estimated assuming a hydrosphere mass of 1.4×1024 g.
Figure adopted and expanded from Geiss (1987).

Glassgold et al. 2009; Woitke et al. 2009; Gorti & Hollenbach
2004).

In this Letter, we meld measurements of relative amounts
of carbon and silicon found within solar system bodies with
our current understanding of physics and chemistry in extra-
solar protoplanetary systems to demonstrate that the innermost
regions of the Solar Nebula were on “fire” and rocks forming
within the terrestrial planet zone for the Sun and, likely other
stars, are carbon-poor.

2. MODEL CALCULATIONS AND RESULTS

The paradigm of terrestrial planet formation involves the
growth of solids in the solar nebula, which is a protoplanetary
disk. Grains initially present in the disk upper layers settle
to a dust-rich midplane where they coagulate and grow into
planetesimals (Weidenschilling & Cuzzi 1993). Depending
upon their size, grains can be suspended in the disk atmosphere
via interactions with the turbulent gas (Weidenschilling & Cuzzi
1993). In this theory sub-micron sized grains are held in the
upper layers, by turbulent stirring, and coagulate to larger sizes
where they eventually settle to the midplane. Grains settle to a
vertical layer, zsett, that depends on the disk physical structure,
the strength of turbulence, parameterized by an α viscosity
(Hartmann 2001), and the grain mass to surface area ratio. This
height can be determined by setting the timescale of settling,
tsett, equal to the timescale of diffusive turbulent stirring of the
disk, tstir (Dullemond & Dominik 2004):

ξ tsett = tstir (1)

ξ

[
4
3

σ

m

cs(z)
Ω2

K

ρ(z)
]

= Sc(z)
αcs(z)

z2

Hp

, (2)

where, Sc is the Schmidt number which relates the decoupling of
grains from turbulence, m/σ is the grain mass-to-cross section

ratio, which is m/σ = 4ρda/3, where ρd is the grain density
and a is the grain radius. Here, ρd is calculated from graphite,
whose density is 2.24 g cm−3, with assumed porosities (Ormel
et al. 2007). Hp is the pressure scale height which is given
by Hp = cs,0/Ωk . ΩK =

√
GM⋆/R3 denotes the local Kepler

frequency and the sound speed at the midplane, cs,0 =
√

kTgas

µgasmp
.

For perfectly coupled particles Sc = 1, which is the case for
grains smaller than a = 100 µm (Dullemond & Dominik
2004). When ξ = 1 the settling layer (zsett), where grains
are suspended by turbulence, is reached. The depletion layer
(zdepl), above which the disk is entirely depleted (by settling)
of grains of that size, can be determined by setting ξ = 100
(Dullemond & Dominik 2004). We adopt α = 0.01, which
seems appropriate according to the Balbus–Hawley instability
mechanism to generate viscosity (Hartmann 2001).

The gas and dust temperature and density in the disk are
calculated by using the parameters listed in the caption of
Figure 2 (see Nomura et al. 2007 for details).4 For a dust model,
we use dust size distributions of dn/da ∝ a−3.5 with grain
radii ranging from 0.01 µm to 10 µm, which are larger than
those of the ISM grain model (Mathis et al. 1977), assuming the
possibility of grain growth in dark clouds. In the calculation of
stirring depths, we adopt various porosities for different grain
sizes according to Ormel et al. (2007).

Figure 2 presents the estimates of zsett and zdepl and the gas
and dust temperature profiles at 1 AU in our disk model. We also
show the chemical abundance profiles of key oxygen reservoirs.5
Disk accretion onto the star and an active chromosphere power
X-ray and ultraviolet radiation fields that heat the disk surface
to high temperatures at the depth where grains are suspended by
turbulent stirring (Glassgold et al. 2004; Nomura et al. 2007); in
contrast the disk midplane is cooler. A key facet of disk thermal
models is that gas and dust temperatures are decoupled in the
upper layers. Figure 2 shows that Tgas between zsett and zdepl can
be quite high (>500 K) for grains ! 10 µm. In addition, within
this depth range oxygen-bearing molecules are predominantly
photodissociated with nO = 1.8 × 10−4nH at <5 AU. At 10
and 20 AU, however, the dust temperature is lower than the
water desorption temperature (110 K) at all depths so that a
significant amount of oxygen is locked on grain surfaces, as
expected beyond the snow line.

Hot oxygen atoms erode carbon grains and release the carbon
into the gas. The physical and chemical conditions between zsett
and zdepl at the terrestrial planet forming zone in our model
are such that the chemical sputtering of carbon grains by hot
oxygen atoms will be operative. Thus, for carbon, the need to
increase the dust temperature above the sublimation point, as in
the standard cosmochemical model, is evaded. Silicates will not
be subject to similar chemisputtering (Barlow & Silk 1977) and
remain the seeds for terrestrial worlds.

The oxidation rate of carbon-based grains is koxy = nOσvOY
(s−1). nO and vO are the number density and the thermal
velocity of oxygen atoms, respectively. Y is the yield (carbon

4 The gas heating via polycyclic aromatic hydrocarbons is included in the
model (e.g., Aikawa & Nomura 2006), but we note that the temperature
structure may have some dependency on models (e.g., Gorti & Hollenbach
2004).
5 The chemical/thermal model did not include the chemistry of water and
OH formation. For these abundances, we used the analytical approximations of
Bethell & Bergin (2009), which rely on knowledge of the local radiation field
and gas temperature and density. The result is consistent with other
self-consistent model results (e.g. Gorti & Hollenbach 2004).

28 H. Genda

all water is vaporized. Conversely, a planet far from its
star will hold only frozen water. The amount of atmos-
pheric greenhouse gases is also important in determining
the stability of liquid water. As an example, if Earth had
no greenhouse gases (that is, no CO2 or water vapor), its
surface temperature could be as low as –15∞C, and there-
fore it would be fully covered with ice. The adequate dis-
tance of Earth from the sun and a suitable amount of
greenhouse gases in the Earth’s atmosphere have made
this planet habitable.

The water on Earth also plays many important roles
in the solid regions of the planet. In plate tectonics, wa-
ter acts a lubricant (e.g., Regenauer-Lieb et al., 2001),
and water also promotes long-term climate stability
through the carbon cycle between the atmosphere and the
planet (Walker, 1982; Tajika and Matsui, 1992). If, for
example, Earth had ten times its present volume of oce-
anic water, there would be no dry continents and the
Earth’s environment would be quite different (Maruyama

et al., 2013). Therefore, an adequate amount of liquid
water on the Earth’s surface is also important in terms of
forming and preserving the present Earth’s surface envi-
ronment.

Liquid water is one of the most important compounds
required to support life (at least terrestrial life as we now
know it), and many believe that liquid water played a sig-
nificant role in the generation of living organisms on the
planet. Indeed, H2O molecule has many unique charac-
teristics. Hydrogen bonding between molecules gives
water its relatively high melting and boiling temperatures
compared to other compounds with comparable molecu-
lar weights (Fig. 2). For this reason, liquid water is stable
up to a reasonably high temperature, and so chemical re-
actions in aqueous solutions can potentially proceed rap-
idly, which has been advantageous with regard to the birth
and evolution of life. The unique properties and high abun-
dance of H2O molecules in the universe suggest that extra-
terrestrial life will also be water-based.

Fig. 1.  The amount of water on Earth compared with the overall globe. (Note: two of the three droplets are quite small and may
be difficult to see.) The largest droplet represents the volume of the Earth’s oceans, the second largest droplet represents the total
volume of water other than that in the oceans (such as in rivers, lakes, ground water, water vapor and the water in living organ-
isms), and the smallest droplet represents the volume of water that humans can readily utilize. From Howard Perlman, USGS;
globe illustration by Jack Cook, Woods Hole Oceanographic Institution; „ Adam Nieman.Genda (2017)

Lee+ (2010)

地球の水~0.02%



具体的な疑問

• HZのinner edgeで水(水蒸気)の有無が分かれているか？
• HZ内の水を持った惑星の表面温度(CO2量)には日射量に応
じた傾向があるか？ (←carbon-silicate cycleの検証)

HZコンセプトの検証

• 水(H)を失った惑星はどうなるのか 
(ref: 金星や火星のCO2)

Kasting+ (1993)



具体的な疑問

• マグマオーシャンの検証
• 若い地球型惑星の大気組成 (H2, CO2, CH4?)

• バイオマーカーと年齢
• 火成活動（e.g., SO2, H2S）の影響

惑星大気の時間進化

(2000) calculated Earth atmosphere profiles for a young Sun
with 0.71 times the present luminosity for no oxygen but dif-
ferent levels of CH4 and CO2. Pavlov’s model provides mixing
ratio and temperature profiles up to 30 km. We adopt a constant
temperature structure between 30 km and the exosphere on the
basis that there are no stratospheric-heating species that could
act as an analog to today’s stratospheric ozone layer (see also
Walker 1977). Segura et al. (2003) calculated Earth atmosphere
profiles for varying levels of oxygen in a present-day atmo-
sphere and current solar output.

From the schematic evolution of abundances shown in Fig-
ure 4, we chose six epochs that reflect significant states in the
chemical composition of the atmosphere. These epochs and the
corresponding ages and tropospheric mixing ratios are listed in
Table 1. Following standard practice, we use the term mixing
ratio to mean the fractional number density of a species. With
the addition of molecules with no spectral opacity (e.g., N2), the
sum of mixing ratios at any altitude will be unity.

Our model atmosphere ranges from a CO2-rich atmosphere
(3:9 Gyr ago ¼ epoch 0) to aCO2/CH4-rich atmosphere (epoch 3)
to a present-day atmosphere (epoch 5 ¼ present-day Earth; see
Fig. 4 and Table 1). In this paper we focus on long-lived periods
in the Earth’s history and we ignore relatively short-term events,
such as glaciation events (the ‘‘snowball Earth’’) and their warm
counterparts (the ‘‘hothouse Earth’’); we will address the spectra
of these and other events in detail in a later paper.

Figures 5Y8 show the temperature and chemical mixing ratio
profiles for the six epochs. Profiles for O2 and CO2 are not shown
because they are assumed to be well mixed (i.e., constant in mix-
ing ratio from 0 to 100 km). Note that the temperature profiles

show a distinctive shape for the different epochs. The N2O in-
crease from epoch 2 to epoch 5 occurs because of increased
shielding from solar UVradiation by O3; see Figure 5 (Segura et al.
2003). We assume negligible O2 and N2O concentration for the
calculations of early Earth’s atmosphere (epoch 0 to epoch 1);
thus, those epochs are not shown in Figures 7 and 8. For an over-
view of oxygen evolution over geological times, see Holland
(2006).
To set our model in context with the overall Earth evolution we

sketch out the conditions on Earth prior to epoch 0. The Earth
formed about 4.5 billion years ago. The primitive atmosphere was
formed by the release of volatiles from the interior, and/or vola-
tiles delivered during the late bombardment period. Standard
models of solar evolution predict that the Sun was 30% less
luminous at 4.6 Gyr ago and has brightened monotonically
since that time. Because of the faint young Sun, Earth’s mean
surface temperature should have been below the freezing point
of seawater before about 2.0 Gyr ago if the Bond albedo was
similar to today’s, even if there were similar greenhouse con-
tributions to the temperature (see, e.g., Sagan & Mullen 1972;
Kasting et al. 1993; Kasting 1997, 2002). However, geological
records tell us that liquid water was present by at least 3.5 Gyr

Fig. 4.—Schematic evolution of abundances of key atmospheric species over
geological time (based on Kasting 2004). [See the electronic edition of the Journal
for a color version of this figure.]

TABLE 1

Evolution of Surface Abundances over Geological Time

Mixing Ratios

Epoch
Age

(Gyr ago) CO2 CH4 O2 O3 N2O

0............. 3.9 1.00E"01 1.65E"06 0 0 0

1............. 3.5 1.00E"02 1.65E"03 0 0 0

2............. 2.4 1.00E"02 7.07E"03 2.10E"04 8.47E"11 5.71E"10

3............. 2.0 1.00E"02 1.65E"03 2.10E"03 4.24E"09 8.37E"09

4............. 0.8 1.00E"02 4.15E"04 2.10E"02 1.36E"08 9.15E"08

5............. 0.3 3.65E"04 1.65E"06 2.10E"01 3.00E"08 3.00E"07

Note.—Based on Kasting (2004).

Fig. 5.—Temperature profile for an Earth-like planet over its evolution. The
surfacewas cool in epochs 0 and 1, hot towarm in epochs 2, 3, and 4, and cool again
in epoch 5. [See the electronic edition of the Journal for a color version of this
figure.]
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EARTH SOLAR SYSTEM PLANETS

EXOPLANETS

究極的な目標



- 地球生命の起源

- 地球の水の起源、大気の起源

- 初期の地球・金星・火星の大気？

- 火成活動、磁場、プレートテクト二クス、     
生命の存在などとの関連

- どのような惑星が水をどのくらい保持しているか

- 大気組成のトレンドはあるか？（質量・年齢・　　
日射量、etc）

- どのような惑星が大陸を持つか

- etc…

究極的な目標



今の観測の主要ターゲットとなる岩石惑星は、基本的
にM型星周り＝観測に有利

- pre-main-sequenceの長さ、大きな光度変化
- High-energy radiation
- 潮汐固定
- アーキテクチャの違い（木星型惑星が少ない, etc.)
- …

最終的には、太陽型星周りの惑星にも行きたい
( ～ 行かなければいけない )

M型星特有の事情
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