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•How diverse are planets and planetary systems?  
•What fraction of planets or planetary systems resemble our 

own? 
•What brings about the diversity of planets and planetary 

systems?  
•What is the critical factor in forming our Earth and Solar 

System? 
•What are surface environments of rocky exoplanets like?  
•How can rocky planets maintain stable, warm climates 

habitable to life? 
•How can we detect Earth-twins? 
•How can we detect life on exoplanets?
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Key Questions

To understand the “place” that we life occupy in the galactic context.

Diversity

Formation  
& Evolution

Habitability

Life

Are we alone?
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Discovery Satus and Methods

Transit

Radial Velocity

Microlensing

Direct Imaging

•Detect apparent declines in stellar brightness
during planetary transits 

•Biased toward close-in planets

•Detect stellar wobbling 
•Biased toward massive planets close to their

host stars

4566 
Confirmed Exoplanets 

6 Nov. 2021

•Detect apparent brightening of the source star
•Biased toward planets orbiting in middle

regions around their host stars

•Detect emission or reflection from planets
directly 

•Biased toward massive/large or young planets
far from their host stars.



Roman Microlensing, infra-red
Survey for long-period exoplanets

Survey for exoplanets around late M dwarfs

WSO-UV Transit, Ultraviolet spectroscopy
Detection of Earth-analogs with extended atmospheres

Image, infra-red TMT
Characterization of Earth-analogs 
Biosignatures
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Diversity of Planetary Systems

•Planets are common in the Galaxy.
- At least, one planet per star.

•Planets are diverse in orbit and radius.
- No solar-system analog has been

discovered.

•The vast majority are planets larger
than Earth but smaller than Neptune.

- Confirmed for orbital periods < 100 days
around FGK dwarfs (or Sun-like stars)

- No such planet is found in the Solar
System

•Gas giant planets like Jupiter are less
common but not so rare.
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•Most of exoplanets detected so
far are orbiting Sun-like stars.
- 103 days for transiting planets

- 104 days for RV planets

•Largely uncharted territories:
- Around relatively late M dwarfs
- Beyond Jupiter’s orbit around Sun-

like stars (FGK dwarfs)

- Around  stars 

≲
≲

≳ 2M⊙

6

Uncharted Territories
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Ongoing and Near-future Projects for Finding Planets
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Space

Ground (Japan)
IRD @ Subaru … Super-Earths orbiting late M dwarfs

SAND @ SALT 2022(?)- … Super-Earths orbiting late M dwarfs

PRIME @ SALT 2022-… Planets near & beyond snowlines

HIDES-F @ Okayama188cm … Super-Earths orbiting Sun-like stars

TESS (NASA) 2018-
… Earth-analogs orbiting mid M dwarfs

JASMINE (Japan) 2028-
… Earth-analogs orbiting late M dwarfs

LOTUS (Japan) 20xx- … Solar-system analogs 

Roman (NASA) 2026-
… From sub-Earths to gas giants near and beyond 

     the snowline mainly around M dwarfs

PLATO (ESA) 2026-
… Earth-analogs orbiting Sun-like stars

TESS

ROMAN LO
TUS

IRD/SAND
PRIM

E

JA
SMIN

E

CHARIS

CHARIS @ Subaru … Young gas giants by direct imaging

HID
ES-F

PLA
TO

GAOES-RV @ SEIMEI … Planets orbiting red giants of > 2M⊙

GAOES-RV



K

M

T

Why M dwarfs?

G

•Many in the solar neighborhood.
•The planet/star size ratio is large.
•Relatively easily accessible to the habitable zone
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Planet Formation: Theory vs. Observation
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taken from exoplanets.org
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•Close-in gas giants are predicted to be much
less common than observed.
-The accumulation processes of solids and gas
have been relatively well understood.

-The critical issues are to understand how solid
materials are distributed in protoplanetary
disks and how planetary cores migrate before
runaway gas accretion.

•Predicted abundance of super-Earths/sub-
Neptunes is inconsistent with the observed one.
➡Lack in understanding of the accumulation

and photo-evaporation of their atmospheres.
•Diversity in bulk composition is predicted.

➡Bulk composition is useful in validating
planet formation theories.
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Observation of Growing Protoplanets

LETTERS NATURE ASTRONOMY

P Cygni profile with a blue-shifted emission and a red-shifted 
absorption component, which is quite common and a sign of mag-
netospheric accretion21,22. The Hα line profile from PDS 70 b and 
the other source do not exhibit these features, and show just a single 
Gaussian-like profile.

The fact that the line shape, velocity offset and the line widths dif-
fer from what is expected from reflected starlight excludes reflected 
light as the origin and indicates that the line emission is locally gener-
ated. The multi-epoch astrometry (Table 1) of the new point source 
reveals that it orbits in the direction of the Keplerian rotation of the 
circumstellar disk and is co-moving with its host star, which makes 
it improbable to be a background object. We therefore identify this 
second source of Hα emission as the location of a second, forming 
planet, PDS 70 c. The significant difference between the line-of-sight 
radial velocity of Hα emission from the accreting protoplanets com-
pared with their Keplerian velocities, 4.3 km s−1 and 3.4 km s−1 for 
PDS 70 b and c, indicates that the dynamics of planetary accretion 
are different from the orbital dynamics of the planets. This is also the 
case for accreting stars, where the line-of-sight velocity of the accret-
ing material is different from the system velocity.

The K–L colour and non-detection in the H-band imply that 
PDS 70 c is redder than PDS 70 b, which could be either due to a 

lower temperature and mass or due to obscuration by dust from the 
disk. Comparing the K–L colour of PDS 70 c to evolutionary models 
indicates that the planet has a mass within the range of 4–12 MJ after 
having included possible biases from the circumstellar disk and 
extinction (see Methods). There is a high likelihood that the esti-
mated mass of the companion, even by including some of the biases, 
is overestimated due to possible other structures around the planet 
(Fig. 3) such as additional scattered starlight, a circumplanetary disk 
or potential streamers that connect the planet to the circumstellar 
disk. Detailed hydrodynamical modelling of the system may put a 
better constraint on the planet masses.

We estimated the mass accretion rates of both companions using 
an empirical relation between the Hα 10% width, which is the full 
width at 10% of the maximum, and the mass accretion rate10,11. The 
derived 10% widths are 224 ± 24 km s−1 and 186 ± 35 km s−1 for plan-
ets b and c, which indicate a mass accretion rate of 2 × 10−8±0.4 MJ yr−1

for b and 1 × 10−8±0.4 MJ yr−1 for c. The combined mass accretion rates 
of the planets are comparable to the stellar accretion rate, which is 
5.5 × 10−8±0.4 MJ yr−1. A previous estimate of the accretion rate of 
planet b, based on the Hα luminosity8, estimated the mass accre-
tion of PDS 70 b to be 1 × 10−8±1 MJ yr−1. The estimate of ref. 8 based 
on the absolute Hα luminosity needs to take the extinction into 
account, which was chosen as 3.0 magnitudes to include the effects 
of a possible circumplanetary disk and the extinction by the circum-
stellar disk. Their measurement is consistent with the low accretion 
rate found here, which is not affected by extinction as it is based on 
the width of the Hα line instead of the luminosity. At the current 
accretion rate, it would take 50–100 Myr to form Jupiter-mass plan-
ets, which is much longer than the typical disk lifetime of 10 Myr. 
The accretion rates of young stars are significantly decreasing near 
the end of their formation when they exhibit episodic accretion 
bursts23. A similar scenario of long-term variable accretion might 
apply to the planets in this system. Short-term variability is due to 
the accreting gas dynamics, which for example could be a rotating 
hotspot on the planet surface or an orbiting accretion funnel from 
the circumplanetary disk.

Based on the wide gap in the disk and the low accretion rate of 
the star, PDS 70 was already predicted to contain a multi-planet 
system18 where the planets block the mass flow towards the star. 
Hydrodynamical modelling of viscous disks suggests that a single, 
massive planet is only able to open a small gap (<15 au)1,2. In con-
trast, multi-planet systems are thought to be able to carve large 
gaps in disks with azimuthal asymmetries2,3, where the gap width 
is governed by the dynamical and viscous timescales of the disk. 
Detailed hydrodynamical modelling will be necessary to constrain 
the disk–planet interaction of the PDS 70 system. Another indica-
tion of a planet at a larger orbital distance came from the 870-μm 
ALMA observation of the HCO+ molecule that shows a hole in the 
disk structure, while the dust continuum does not show this9. We 
suspect that this is caused by PDS 70 c since the location of the hole 
and PDS 70 c coincide.

Assuming that the orbits of the planets and the disk are copla-
nar (at an inclination of 49.7°; ref. 18), angular separations to the 
host star imply orbital distances for PDS 70 b and c of 20.6 ± 1.2 au 
(consistent within the 1σ uncertainties of earlier measurements6,7) 
and 34.5 ± 2 au, respectively, suggesting that the planets are in or 
near a 2:1 mean motion resonance if the orbits are circular. Mean 
motion resonance migration is proposed as an early orbital evolu-
tion scenario for massive gas giant planets24. During a migration-II 
scenario, in which planets are massive enough to carve a gap in the 
disk, the inward migration speed depends inversely on the mass of 
the planet25. If the inner planet is more massive than the outer, the 
latter will migrate towards the inner planet until it is captured in 
resonance, locking their relative orbits26. A specific version of such 
an orbital evolution scenario is suggested for the gas giant planets 
in the early Solar System as the Grand Tack hypothesis13. While the 
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Fig. 1 | Overview of the PDS 70 system. a, The Hα detection map with an 
overlay of the contours of the orbital radii and a white dot in the centre 
that marks the position of the star. The contours for PDS 70 c are the 
minimum and maximum orbital radii found for the different wavelength 
observations. For both objects the square apertures that were used for 
the photometry are shown, with the red aperture for PDS 70 b and the 
purple aperture for PDS 70 c. b–d, The corresponding spectra divided by 
their standard deviation are centred around the Hα line position. The four 
apertures in orange (panel a) indicate reference areas that are used to 
compare with PDS 70 c. The orange reference spectrum (panel c) does not 
show any spectral feature, while both PDS 70 b and PDS 70 c (panels d and 
b, respectively) clearly show Hα in emission. DEC, declination; RA, right 
ascension; SNR, signal-to-noise ratio.

NATURE ASTRONOMY | www.nature.com/natureastronomy

Haffert et al. (2019)
LTAO-HRSDI in MUSE@VLT

PDS 70b

PDS 70c
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Haffert et al. (2019)

Our model result
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Figure 1. Simulated and observed spectral emission pro-
files around the Hα line for PDS 70 b (upper panel) and c
(lower panel). The observed profiles, which were obtained
with MUSE/VLT by Haffert et al. (2019), are indicated by
red lines. As for the simulated profiles, the raw data are
shown by orange lines, while the data smoothed with a filter
of R = 2500 are shown by blue bars. Note that the quantities
of the vertical axis differ between the observed and calculated
data; the observed data are the signal-to-noise ratio, whereas
the raw and smoothed calculation data are the energy flux
per unit wavelength and just the energy flux, respectively.
Also, the calculated profiles have been artificially shifted by
−2.5 Å and −2.2 Å for PDS 70 b and c, respectively, so as to
coincide with the observed ones.

Secondly, it turns out that an increase in the number
density results in increasing the Hα full width. This is
not due to pressure broadening, which is negligibly small
relative to the Doppler and natural broadening, but due
to the effect of absorption. The Hα radiation, which
comes out deep down below the shock front, propagates
upward through the shock-heated gas toward the shock
front. During the propagation, part of the Hα radiation

is absorbed (Aoyama et al. 2018). The higher the gas
density, the stronger the absorption of Hα radiation near
the line center. Such a decrease in the line-peak intensity
results in a reduction in the Hα full width because the
latter is measured from the former.
The observational results from Haffert et al. (2019)

are indicated by the black line for PDS 70 b and by
the blue line for PDS 70 c with the 1σ errors indicated
by the same-color shades. From this figure, we obtain
possible ranges of v0 and n0 of the accretion flow to-
ward the two protoplanets (see Section 4.1 for further
discussion).

3.2. Hα luminosity

The values of the observed Hα luminosity for the
two protoplanets reported by Wagner et al. (2018) and
Haffert et al. (2019) are listed in Table 1. In our model,
we assume that a strong shock occurs at the surface of
the protoplanet so that the Hα luminosity is given by

LHα = 4πR2
PffFHα10

−A, (1)

where RP is the planetary radius, ff is the fractional area
of planetary surface where the accretion flow eventually
emits Hα radiation, which is termed the filling factor,
and FHα is the Hα energy flux per unit area. The factor
10−A represents extinction of the Hα radiation (other
than interstellar absorption) on the way from the pro-
toplanet’s emission surface to the observer. The extinc-
tion is caused by the circumstellar disk, a wind above
the disk, the accretion flow towards the protoplanet and
so on. The exact values of ff and A are poorly known.
Figure 3 shows the calculated value of LHα as a func-

tion of the protoplanet mass MP and the planetary mass
accretion rate Ṁ ; the latter is given by

Ṁ = 4πR2
Pff µ

′n0v0, (2)

where µ′ is the mean weight per hydrogen nucleus. Also,
since the pre-shock velocity is assumed to be the free-fall
one, the planetary mass is related to v0 as

MP =
RPv20
2G

, (3)

where G is the gravitational constant. Here we have as-
sumed RP = 2 RJ and ff = 1. In this figure, the Hα
luminosity is found to be almost proportional to proto-
planet mass and mass accretion rate (i.e., LHα ∝ ṀMP)
for the following reason: From Eqs. (1)–(3),

LHα = Ṁ
2GMP

RP

FHα(v0, n0)

µ′n0v30
10−A. (4)

Aoyama et al. (2018) found FHα is roughly proportional
to n0v30 . Note that although being absent in Eq. (4),
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Observation of Hα emission 
from protoplanets

8 Takasao et al.

Figure 3. Global accretion structure. Left: Density map of the entire simulation domain. Arrows indicate the direction of the
poloidal velocity (the size does not denote the speed). The length scale is normalized by the protoplanetary radius Rp. Right:
Zoom-in image of the central region within r ≤ 10Rp (indicated by the orange circle in the left panel), where accretion shocks
above CPD can be seen.

because of the lack of shock heating. Our simulations demonstrate that the shock heating can significantly change the
accretion structure around the CPD surfaces.
The accretion rate is modulated mainly through the change in the density of the post-shock regions (or disk surface

accretion layers; see also Figure 12). The density fluctuation is caused by a combination of some processes. For
instance, the radial deceleration due to the centrifugal force leads to pile-up of gas. The dynamical change in the
CPD shock angle also modulates the density in the post-shock regions by varying the shock strength. The variation
amplitude of the accretion rate becomes smaller as γ increases because the temperature enhancement across the shock
reduces the density enhancement.

3.2. Accretion onto Proto-Giant Planet

As we will see later, in our model, almost all of the Hα emission is produced on the protoplanetary surface. For this
reason, we first investigate the accretion region on the protoplanetary surface in detail. Figure 8 shows the density and
velocity profiles. The latitudinal angle is measured from the north pole. The density profile can be divided into three
regions; the tenuous polar region, the narrow disk surface layer (or the post-CPD-shock region), and the dense disk.
The disk surface layer is highlighted in orange. The radial and azimuthal components of the velocity are shown in the
bottom panel, where we can also see the three regions. The gas is nearly free-falling onto the polar region, while the
radial velocity in the disk surface layer is reduced from the escape velocity by ∼ 20-60%. The radial velocity around
the disk midplane is negligible in this plot. The azimuthal velocity component is significant both in the disk surface
layer and the dense disk, which suggests that the centrifugal force reduces the accretion velocity in the disk surface
layer.
The surface area that receives a larger kinetic energy flux should produce stronger radiation. To study the latitudinal

distribution of the emission area, we calculate the cumulative sum of the accretion (kinetic) luminosity in the latitudinal

Theoretical prediction

planet

Line profile  
(Aoyama & Ikoma 2019)

Hydrodynamics
(Takasao, Aoyama & Ikoma 2021)

→ Hα imaging with Subaru/SCExAO+VAMPIRES
(Uyama et al. 2020)

•The Hα emission comes from the shock-heated gas around 
the accreting protoplanets. 

•Detection of Hα emission is useful in understanding where
gas giant planets are formed in protoplanetary disks.
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Observation of Evaporating Atmospheres

visits 2 and 3, whereas it is missing in visit 1. By contrast, the flux
remains stable over the whole red-shifted wing of the line (Fig. 2b).
The decrease of the red-wing flux seen6 during the post-transit phases
of visit 1 is not reproduced during visits 2 and 3. The mean post-transit
red-shifted signal is compatible with no detection at the 3s level.

Our combined analysis of X-ray and ultraviolet data (see Methods)
shows that stellar magnetic activity cannot explain the observed
decrease at Lyman-a. We propose that the asymmetric absorption is
caused by the passage of a huge hydrogen cloud, surrounding and
trailing the planet (Fig. 3). The planetary atmosphere is an obvious
source for this hydrogen. To produce this extinction signature, we
estimate that an ellipsoidal, optically thick cloud of neutral hydrogen
should have a projected extension in the plan of the sky of ,12 stellar
radii (Rw < 0.44R[) along the orbital path of the planet and ,2.5Rw in
the cross direction, well beyond the planet Roche lobe radius (0.37Rw).
Since GJ 436b grazes the stellar disk during transit, we surmise that
a central transit would have totally eclipsed the star. This could
happen in the case of other red dwarfs exhibiting central transits from
planets similar to GJ 436b. Future ultraviolet observations of systems
similar to GJ 436 could potentially reveal total Lyman-a eclipses.

The radial velocity interval of the absorption signal constrains the
dynamics of the hydrogen atoms and the three-dimensional structure
of the exospheric cloud. The whole velocity range is in excess of the

planet escape velocity (,26 km s21 at the planet surface), consistent
with gas escaping from the planet. The acceleration mechanism of
hydrogen atoms escaping from highly irradiated hot Jupiters is
debated: after escaping the planets with initial velocities dominated
by the orbital velocity (,100 km s21 for GJ 436b in the host star
reference frame), atoms are submitted to the stellar radiation pressure,
interact with the stellar wind and are eventually ionized by stellar
extreme ultraviolet (EUV; 10–91.2 nm) radiation. For strong lines such
as Lyman-a, radiation pressure can overcome the stellar gravity, repel-
ling the escaping atoms towards the observer and producing a blue-
shifted signature. In one hot Jupiter (HD 189733b), the absorption

Fl
ux

 (×
10

–1
4  

er
g 

cm
–2

 s
–1

)

2.0

1.5

1.0

0.5

0

Fl
ux

 (×
10

–1
4  

er
g 

cm
–2

 s
–1

)

5

4

3

2

1

0

H I Lyα blue wing

H I Lyα red wing

–4 –2 0 2 4 29.5 30.5

Time from mid-transit (h)

a

b

Figure 2 | Lyman-a transit light curves of GJ 436b. a, b, Data are from visit 1
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are 1s. a, The Lyman-a (Lya) line is integrated over [2120,240] km s21

and shows mean absorption signals with respect to the out-of-transit flux of
17.6 6 5.2% (pre-transit), 56.2 6 3.6% (in-transit) and 47.2 6 4.1% (post-
transit). b, The line is integrated over [130,1200] km s21 and shows no
notable absorption signals: 0.7 6 3.6% (pre-transit), 1.7 6 3.5% (in-transit) and
8.0 6 3.1% (post-transit). With a depth of 0.69%, the optical transit (thin black
lines in a and b) is barely seen at this scale between its contact points (dotted
lines in a and b). A synthetic light curve (green) calculated from the three-
dimensional numerical simulation20 is overplotted on the data in a.
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Figure 3 | Particle simulation showing the comet-like exospheric cloud
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in Fig. 2a.
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Figure 4 | Polar view of three-dimensional simulation representing a slice
of the comet-like cloud coplanar with the line of sight. Hydrogen atom
velocity and direction in the rest frame of the star are represented by arrows.
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visits 2 and 3, whereas it is missing in visit 1. By contrast, the flux
remains stable over the whole red-shifted wing of the line (Fig. 2b).
The decrease of the red-wing flux seen6 during the post-transit phases
of visit 1 is not reproduced during visits 2 and 3. The mean post-transit
red-shifted signal is compatible with no detection at the 3s level.

Our combined analysis of X-ray and ultraviolet data (see Methods)
shows that stellar magnetic activity cannot explain the observed
decrease at Lyman-a. We propose that the asymmetric absorption is
caused by the passage of a huge hydrogen cloud, surrounding and
trailing the planet (Fig. 3). The planetary atmosphere is an obvious
source for this hydrogen. To produce this extinction signature, we
estimate that an ellipsoidal, optically thick cloud of neutral hydrogen
should have a projected extension in the plan of the sky of ,12 stellar
radii (Rw < 0.44R[) along the orbital path of the planet and ,2.5Rw in
the cross direction, well beyond the planet Roche lobe radius (0.37Rw).
Since GJ 436b grazes the stellar disk during transit, we surmise that
a central transit would have totally eclipsed the star. This could
happen in the case of other red dwarfs exhibiting central transits from
planets similar to GJ 436b. Future ultraviolet observations of systems
similar to GJ 436 could potentially reveal total Lyman-a eclipses.

The radial velocity interval of the absorption signal constrains the
dynamics of the hydrogen atoms and the three-dimensional structure
of the exospheric cloud. The whole velocity range is in excess of the

planet escape velocity (,26 km s21 at the planet surface), consistent
with gas escaping from the planet. The acceleration mechanism of
hydrogen atoms escaping from highly irradiated hot Jupiters is
debated: after escaping the planets with initial velocities dominated
by the orbital velocity (,100 km s21 for GJ 436b in the host star
reference frame), atoms are submitted to the stellar radiation pressure,
interact with the stellar wind and are eventually ionized by stellar
extreme ultraviolet (EUV; 10–91.2 nm) radiation. For strong lines such
as Lyman-a, radiation pressure can overcome the stellar gravity, repel-
ling the escaping atoms towards the observer and producing a blue-
shifted signature. In one hot Jupiter (HD 189733b), the absorption
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Figure 2 | Lyman-a transit light curves of GJ 436b. a, b, Data are from visit 1
(circles), visit 2 (stars), visit 3 (squares) and visit 0 (triangles). All uncertainties
are 1s. a, The Lyman-a (Lya) line is integrated over [2120,240] km s21

and shows mean absorption signals with respect to the out-of-transit flux of
17.6 6 5.2% (pre-transit), 56.2 6 3.6% (in-transit) and 47.2 6 4.1% (post-
transit). b, The line is integrated over [130,1200] km s21 and shows no
notable absorption signals: 0.7 6 3.6% (pre-transit), 1.7 6 3.5% (in-transit) and
8.0 6 3.1% (post-transit). With a depth of 0.69%, the optical transit (thin black
lines in a and b) is barely seen at this scale between its contact points (dotted
lines in a and b). A synthetic light curve (green) calculated from the three-
dimensional numerical simulation20 is overplotted on the data in a.
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Figure 3 | Particle simulation showing the comet-like exospheric cloud
transiting the star, as seen from Earth. GJ 436b is the small black dot
represented at mid-transit at 0.8521Rw (ref. 26) from the centre of the star,
which is represented by the largest black circle. The dotted circle around the
planet represents its equivalent Roche radius. The colour of simulation particles
denotes the logarithm of the column density of the cloud. The transit of this
simulated cloud gives rise to absorption over the blue wing of the Lyman-a line
as shown spectrally in Extended Data Fig. 2 and by the synthetic light curve
in Fig. 2a.
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Figure 4 | Polar view of three-dimensional simulation representing a slice
of the comet-like cloud coplanar with the line of sight. Hydrogen atom
velocity and direction in the rest frame of the star are represented by arrows.
Particles are colour-coded as a function of their projected velocities on the line
of sight (the dashed vertical line). Inset, zoom out of this image to the full spatial
extent of the exospheric cloud (in blue). The planet orbit is shown to scale
with the green ellipse and the star is represented with the yellow circle.
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The Lyα transit depth is > 50%,  
whereas the optical one is only 0.7%.

•More samples are needed to better 
understand the photo-evaporation process 
of super-Earths. 

•Only WSO-UV (and LAPYUTA) can perform
UV observation in 2020s and 2030s, after the 
end of HST operation.



•Observed mass vs. radius
relationships place constraints to
the bulk composition of planets.

•Observationally, planets of the
same mass have different radii,
indicating diversity in bulk
composition.

•Theoretically, planets with
different bulk compositions have
the same mass-radius
relationship. → Degeneracy in
bulk composition
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Mass vs. Radius

Pebble accretion has been proposed to explain the fast
growth of planets to a few Earth masses (ref. 24, figure 7).
Growth by pebble accretion is only effective for icy pebbles
where H2O occurs as layers of ice coating silicate dust (25).
When drifting across the snowline, ices may (partially) sub-
limate (SI Appendix, Fig. S1). The inward drift of icy pebbles
may effectively push the snowline closer to the star (26), making
the snowline a dynamic feature with location changing as the
disk evolves (27–29). If a planet growth involves pebble accre-
tion, then, regardless of the detailed growth mechanisms, both
ice and rock should participate in the growth process, with the ice

amount being comparable to the silicates. In the case of gas
dwarfs, this means that at least some of their cores should contain
ices in addition to rock.
Icy planets can migrate inward through planet–disk interac-

tions (30) or planet–planet scattering (31) and continue growing,
as illustrated by the growth tracks in the planet mass–semi-major
axis diagrams of ref. 32. We propose such a mechanism to form
the two subpopulations of exoplanets with radii between 1 and 4
R⊕. This point is reinforced by the bimodality of densities, and
thus compositions, of the satellites of Jupiter, Saturn, Uranus,
and Neptune (SI Appendix, Fig. S2).

Fig. 2. Blowup of Fig. 1. Radius gap at 2 R⊕ separates two distinctive groups of RV planets (1.4–1.9 and 2–3 R⊕). Their smooth kernel mass distributions on the
bottom x axis show a significant offset, with truncation of the super-Earths (yellow) and sub-Neptunes (purple) at ∼10 and ∼20 M⊕, respectively. The his-
togram on the left y axis compares the results of Monte-Carlo simulation (light blue) with the observations (yellow). Two sets of H2O M–R curves (blue, 100
mass% H2O; cyan, 50 mass% H2O; cores consist of rock and H2O ice in 1:1 proportion by mass) are calculated for an isothermal fluid/steam envelope at 300,
500, 700, and 1,000 K, sitting on top of ice VII-layer at the appropriate melting pressure. A set of mass–radius curves (upper portion of the diagram) is
calculated for the same temperatures assuming the addition of an isothermal 2 mass% H2-envelope to the top of the 50 mass% H2O-rich cores.

Zeng et al. PNAS | May 14, 2019 | vol. 116 | no. 20 | 9725
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Observation of Planetary Atmospheres

PlanetStar
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Pinhas et al. (2019)

•Multi-wavelength observations
are useful in placing constraints
to atmospheric composition.

•Telescopes & Instruments
- Low-resolution … JWST, Ariel
- High-resolution … Subaru/

IRD, TMT/PSI, MICHI



Metallic Core

Magma ocean

Atmosphere 
(light gas)

Atmosphere 
(heavy gas)

O, C, N partition

O, C, N partition

Photo-chemical  
model & experiment

High-pressure experiment

Ab initio simulation

Stellar UV observation

GCM simulation 
incl. cloud/haze formation
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Critical Issue: Linking Atmosphere to Interior of Super-Earths

Cloud/haze

Geo-dynamic simulation

Observation of the atmospheres 
of solar-system objects



Aqua-planets 
having stable warm climates

Critical Issue:
How can we detect such thin atmospheres?
How can we know if the planet has warm climate?
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Thermosphere model

Venus-like Earth-like

calculated by A. Nakayama (U. Tokyo)

Geochemical carbon cycle on Earth

Detecting Earth-analogs  
through upper atmospheres

•The UV irradiated thermosphere
with small amounts of CO2 is hot
and extended.

•The small amount of CO2 is
maintained through the carbon
cycle on Earth.



Search for Biosignatures

– 5 –

Fig. 1.— (top panel) Simulated transmission spectrum of the Earth covering the 0.76 µm O2

A-band, showing the effective planet radius as function of wavelength at a spectral resolution

of R=100,000. Clouds (not included here) typically contribute to an altitude of 5-10 km and

only affect the base of the spectrum, not the strength of the narrow O2 lines. (bottom panel)

The same simulation covering the 1.27 µm O2 band.
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Transit Transmission

•Need for high resolution
spectroscopic observations
with ELT, TLT, and large space
telescopes.

•Space missions in 2020s can
provide good targets for such
observations.

© TMT



•The final goal of exoplanet sciences is to understand the place that we
occupy in the galactic context. Toward it, we have been addressing issues
regarding planetary diversity, formation/evolution, habitability, and life.

•A key issue is to look into the deep atmosphere and interior, and thereby
to understand the planet formation, through multi-wavelength
observations of upper parts of the atmosphere.

•To do so, we need to tackle the issue with a variety of approaches
including astronomy-based and Earth/planetary-science-based ones.

•Japanese researchers have participated in a variety of large projects for
exoplanet observations scheduled in 2020s.

•We will need to have synergetic collaborations among those projects to
maximize the scientific achievements and for Japan to have a strategic
advantage in this field in 2030s and beyond.
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Summary




