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Key Questions
Are we alone?

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

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

Formation

& Evolution

Habitability
Life
2

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?

Discovery Satus and Methods
Transit

Planet mass (Earth=1)

104

•Detect apparent declines in stellar brightness
during planetary transits
•Biased toward close-in planets
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Radial Velocity

102

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

Microlensing
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•Detect apparent brightening of the source star
•Biased toward planets orbiting in middle
regions around their host stars
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Direct Imaging

•Detect emission or reflection from planets
directly
•Biased toward massive/large or young planets
far from their host stars.

JASMINE

2027-

Transit, infra-red
Survey for exoplanets around late M dwarfs

🇺🇸🇯🇵+
Roman Microlensing, infra-red

ELT 🇪🇺

🇪🇺🇺🇸🇨🇦🇯🇵
Ariel Transit, Infra-red, spectroscopy

Characterization of exoplanet atmospheres

2029-

🇯🇵

2030s

Ariel

2030

🇺🇸🇯🇵🇨🇦🇨🇳🇮🇳
TMT, GMT

🇪🇺🇺🇸🇨🇦🇯🇵

2040

🇯🇵

Characterization of Earth-analogs
Biosignatures

2030s

TMT

LUVOIR-HabEx
2040s 🌐

🇷🇺🇯🇵🇪🇸

Exploration

Image, infra-red

Characterization of Earth-analogs
Biosignatures

2025-

Exoplanet

LUVOIR-HabEX

LAPYUTA

🇺🇸🇯🇵🇨🇦🇨🇳🇮🇳

WSO-UV

Japanese contribution to

Spectroscopy

Image, UV-IR

Microlensing, infra-red

Detection of Earth-analogs with extended atmospheres

PRIME 🇯🇵

Survey for long-period exoplanets

2020

Dopper, Infra-red

Subaru-IRD 🇯🇵

Survey for exoplanets around late M dwarfs

UV

Vis

IR

2021-

WSO-UV Transit, Ultraviolet spectroscopy

Hubble

Survey for exoplanets around late M dwarfs

VLT etc.

🇺🇸🇪🇺

🇷🇺🇯🇵🇪🇸

Doppler, infra-red

SAND 🇯🇵

Subaru 🇯🇵

JWST

Survey for long-period exoplanets

Diversity of Planetary Systems

Planet mass (Earth=1)

104

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

-

No solar-system analog has been
discovered.

103

• Planets are diverse in orbit and radius.

102

• The vast majority are planets larger

than Earth but smaller than Neptune.

-

10

Confirmed Exoplanets
6 Nov. 2021
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Semi-major axis (au)

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

4566

1
0.1

5

-

100

common but not so rare.

Uncharted Territories

Orbital Period (day)

105
104

Transit
Radial Velocity
Microlensing
Direct Image

• Most of exoplanets detected so
far are orbiting Sun-like stars.

102

Around relatively late M dwarfs
Beyond Jupiter’s orbit around Sunlike stars (FGK dwarfs)

-
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• Largely uncharted territories:
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0.1
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≲ 103 days for transiting planets
≲ 104 days for RV planets
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Around ≳ 2M⊙ stars

Ongoing and Near-future Projects for Finding Planets
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… Earth-analogs orbiting mid M dwarfs
PLATO (ESA) 2026… Earth-analogs orbiting Sun-like stars
Roman (NASA) 2026… From sub-Earths to gas giants near and beyond
the snowline mainly around M dwarfs
JASMINE (Japan) 2028… Earth-analogs orbiting late M dwarfs
… Solar-system analogs
LOTUS (Japan) 20xx-

Ground (Japan)
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IRD @ Subaru … Super-Earths orbiting late M dwarfs
PRIME @ SALT 2022-… Planets near & beyond snowlines
SAND @ SALT 2022(?)- … Super-Earths orbiting late M dwarfs
CHARIS @ Subaru … Young gas giants by direct imaging
HIDES-F @ Okayama188cm … Super-Earths orbiting Sun-like stars
GAOES-RV @ SEIMEI … Planets orbiting red giants of > 2M⊙

Why M dwarfs?
G
K
M
T

•Many in the solar neighborhood.
•The planet/star size ratio is large.
•Relatively easily accessible to the habitable zone

Planet Formation: Theory vs. Observation
Observed distribution of

planets orbiting FGK dwarfs

Planet radius (Earth=1)

taken from exoplanets.org
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•Predicted abundance of super-Earths/subNeptunes is inconsistent with the observed one.
➡Lack in understanding of the accumulation
and photo-evaporation of their atmospheres.

1
0.01

9

•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.

0.1
1
Semi-major axis (au)
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•Diversity in bulk composition is predicted.
➡Bulk composition is useful in validating
planet formation theories.

Observation of Growing Protoplanets
Theoretical prediction

Observation of Hα emission
LETTERS
from protoplanets

NATURE ASTRONOMY Hydrodynamics
Line profile
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Takasao
et al.
(Aoyama
& Ikoma 2019)
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Aoyama & Ikoma 2021)
lower temperature and mass or due to obscuration by dust from the
PDS70b
is absorbed (Aoyama et al. 2018). The higher t
disk. Comparing
the K–L colour Our
of PDS
c to evolutionary models
model70
result
Ourwithin
model with
R=2500
indicates that the planet has a mass
the
range of 4–12 MJdensity,
after the stronger the absorption of Hα radiatio
line center. Such a decrease in the line-peak int
having included possible biases from the circumstellar diskthe
and
extinction (see Methods). There is a high likelihood that theresults
esti- in a reduction in the Hα full width becau
latter is measured from the former.
mated mass of the companion, even by including some of the biases,
The observational results from Haffert et al.
is overestimated due to possible other structures around the planet
(Fig. 3) such as additional scattered starlight, a circumplanetaryare
diskindicated by the black line for PDS 70 b a
the blue line for PDS 70 c with the 1σ errors ind
or potential streamers that connect the planet to the circumstellar
0
disk. Detailed
hydrodynamical modelling of the system may by
putthe
a same-color shades. From this figure, we
planet
possible ranges of v0 and n0 of the accretion fl
better constraint
on the planet masses.
Haffert et al. (2019)
We estimated the mass accretion rates of both companions using
ward the two protoplanets (see Section 4.1 for f
an empirical relation between the Hα 10% width, which is thediscussion).
full
width at 10% of the maximum, and the mass accretion rate10,11. The
655
656
657
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3.2. Hα luminosity
655 widths are
656
derived 10%
224 ± 24 km657
s−1 and 186 ±658
35 km s−1 for planWavelength
(nm)
−8±0.4
−1
ets b and c, which Wavelength
indicate
a mass accretion
rate
of
2
×
10
M
yr
The
values of the observed Hα luminosity f
J
(nm)
for b and 1 ×PDS70c
10−8±0.4 MJ yr−1 for c.Our
The
combined
mass accretiontwo
ratesprotoplanets reported by Wagner et al. (201
model
result
Our
with R=2500
3. Global to
accretion
structure.
Left: Densityrate,
map ofwhich
the Haffert
entireissimulation
Arrows
indicate
the
of the planets
are Figure
comparable
themodel
stellar
accretion
et al.domain.
(2019)
are
listed
in direction
Table of1.theIn our m
•The
Hα
emission
comes
from
the
shock-heated
gas
around
poloidal velocity (the size does not denote the speed). The length scale is normalized by the protoplanetary radius Rp . Right:
5.5 × 10−8±0.4 MJ yr−1
. A previous estimate of the accretion rate
of
assume
thatin athestrong
shock
at the sur
by the
orange circle
left panel),
where occurs
accretion shocks
Zoom-in image of the central region within r ≤ 10Rp (indicatedwe
8
the
protoplanets.
be seen.
planet accreting
b, based onabove
theCPD
Hαcanluminosity
, estimated the mass accrethe protoplanet so that the Hα luminosity is give
tion of PDS 70 b to be 1 × 10−8±1 MJ yr−1. The estimate of ref. 8 based
2 where
−A the
•Detection
of
Hα
emission
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useful
in
understanding
because
of the lack
of shock heating. Our
simulations
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that the shock
heating
can significantly
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L
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4πR
f
F
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,
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on the absolute Hα
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needsthetoCPD
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the extinction into
accretion
structure around
surfaces.
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giant
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formed
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disks.
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as rate
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radius,
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P by a combination of some processes.
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Figure
12).
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to pile-up
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the even
0
stellar disk. Their CPD
measurement
is consistent
the
accretion
angleimaging
also
modulates thewith
density
in low
the post-shock
regions
varying the shock
strength.
The variation
→shock
Hα
with
Subaru/SCExAO+VAMPIRES
emits
Hαbyradiation,
which
is termed
the filling
rate found here, which
is not
by extinction
as asit γisincreases
based because
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al. (2019)
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represents extinction of the Hα radiation

Time from mid-transit (h)

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, repelling the escaping atoms towards the observer and producing a blueshifted signature. In one hot Jupiter (HD 189733b), the absorption

Observation of Evaporating Atmospheres
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% (posttransit). 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 threedimensional numerical simulation20 is overplotted on the data in a.

RESEARCH
LETTER
Transit light curve for super-Earth GJ 436b
taken with HST
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H I Lyα red wing

The Lyα transit depth is > 50%,
G2015
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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–5
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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•Only WSO-UV (and
LAPYUTA)
can perform
Distance
(R )
UV
observation
in 2020s
2030s,exospheric
after the
Figure
3 | Particle simulation
showingand
the comet-like
cloud
transiting
the star,
as seen from Earth. GJ 436b is the small black dot
end
of HST
operation.
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whereas the optical one is only 0.7%.
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•More samples are needed to better
29.5 30.5 understand the photo-evaporation process12.4
of super-Earths.
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visits 2 and 3, whereas it is missing
visit blue
1. By contrast,
H inI Lyα
wing 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
et al.central
(2015)
happen in the case of otherEhrenreich
red dwarfs exhibiting
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

of atmospheric escape

Doppler velocity (km s–1)

(x10-14 erg/cm2/s)

a2.0
2.0

Hydrodynamic simulation

represented at mid-transit at 0.8521Rw (ref. 26) from the centre of the star,

Mass vs. Radius
Zeng+ (2019, PNAS)

ASTRONOMY

Radius (R⊕)

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

Mass (M⊕)

12

• Observed mass vs. radius

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 histogram 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

different bulk compositions have
the same mass-radius
relationship. → Degeneracy in
bulk composition

Observation of Planetary Atmospheres

• Multi-wavelength observations

are useful in placing constraints
to atmospheric composition.

• Telescopes & Instruments

-
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Low-resolution … JWST, Ariel
High-resolution … Subaru/
IRD, TMT/PSI, MICHI

Transit depth (%) + constant

Planet

Pinhas et al. (2019)

Star

Wavelength (µm)

Stellar UV observation

Photo-chemical
model & experiment

transit depth

Critical Issue: Linking Atmosphere to Interior of Super-Earths

wavelength

Cloud/haze

Atmosphere
(light gas)
Atmosphere
(heavy gas)

O, C, N partition

GCM simulation
incl. cloud/haze formation

Observation of the atmospheres
of solar-system objects
Geo-dynamic simulation

Magma ocean

O, C, N partition

Metallic Core

High-pressure experiment
Ab initio simulation

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?

•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.

Thermosphere model
Altitude (km)

Detecting Earth-analogs
through upper atmospheres

calculated by A. Nakayama (U. Tokyo)

Venus-like

Earth-like

Temperature (K)
Geochemical carbon cycle on Earth

Search for Biosignatures

Effective Transit Radius [km]

Transit Transmission

6460

O2 1.27μm
Snellen+ 2013

6400

© TMT

•Need for high resolution
spectroscopic observations
with ELT, TLT, and large space
telescopes.
•Space missions in 2020s can
provide good targets for such
observations.

6360
Wavelength [μm]

Summary
• 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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