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1. Introduction
• M型星においてハビタブルゾーン内にある地球サイズの系外惑星が多く見つかっている
• M型星系の惑星は中心星の近くを回っていることが多い
→トランジット確率が高いため，大気の分光観測の可能性有

http://phl.upr.edu/projects/
habitable-exoplanets-catalog

M型星まわりのハビタブルゾーン

Proxima Centauri b



1. Introduction
Proxima Centauri (PC): M5.5V 太陽から最も近い
恒星（約4.2光年）
Proxima Centauri b (PCb): 視線速度法によって発
見された系外惑星で，ハビタブルゾーン内に存在

ESO (https://www.eso.org/public/images/eso1629e/)

A&A 596, A111 (2016)

Table 1. Adopted stellar and planetary characteristics of the Proxima
system.

Parameter Value Source
M? (M�) 0.123 This work
R? (R�) 0.141 Anglada-Escudé et al. (2016)
L? (L�) 0.00155 Anglada-Escudé et al. (2016)
Te↵ (K) 3050 Anglada-Escudé et al. (2016)
Age (Gyr) 4.8 Bazot et al. (2016)
Mp sin i (M�) 1.27 Anglada-Escudé et al. (2016)
a (AU) 0.0485 Anglada-Escudé et al. (2016)
emax 0.35 Anglada-Escudé et al. (2016)
S p (S �) 0.65 Anglada-Escudé et al. (2016)

time interior to the HZ before its inner edge caught up with the
planet’s orbit (e.g., Ramirez & Kaltenegger 2014). This phase of
strong irradiation has the potential to induce water loss, with the
potential for Proxima b entering the HZ as dry as present-day
Venus. We return to this question in Sect. 4. Rotation represents
another di↵erence between Proxima b and Earth: while Earth’s
spin period is much shorter than its orbital period, Proxima b’s
rotation has been a↵ected by tidal interactions with its host star.
The planet is likely to be in one of two resonant spin states (see
Sect. 4.6).

In this paper we focus on the evolution of Proxima b’s
volatile inventory using all available information regarding the
irradiation of the planet over its lifetime and taking into account
how tides have a↵ected the planet’s orbital and spin evolution.
More specifically, we address the following issues:

– We first estimate the initial water content of the planet by
discussing the important mechanisms for water delivery oc-
curring in the protoplanetary disk (Sect. 2).

– To estimate the atmospheric loss rates, we need to know the
spectrum of Proxima at wavelengths that photolyse water
(FUV, H Ly↵) and heat the upper atmosphere, powering the
escape (soft X-rays and extreme-UV, hereafter EUV), as well
as its stellar wind properties. For such purpose, we provide
measurements of Proxima’s high energy emissions and wind
at the orbital distance of the planet (Sect. 3).

– To better constrain the system, we investigate the history of
Proxima and its planet. We first reconstruct the evolution
of its structural parameters (radius, luminosity), the evolu-
tion of its high-energy irradiance and particle wind. We then
investigate the tidal evolution of the system, including the
semi-major axis, eccentricity, and rotation period. This al-
lows us to infer the possible present day rotation states of the
planet (Sect. 4).

– With all the previous information, we can estimate the loss of
volatiles of the planet, namely the loss of water and the loss
of the background atmosphere prior to entering in the HZ
(the runaway phase) and while in the HZ. To compute the
water loss, we use an improved energy limited escape for-
malism (Lammer et al. 2003; Selsis et al. 2007a) based on
hydrodynamical simulations (Owen & Alvarez 2016). This
model was used by Bolmont et al. (2016) to estimate the wa-
ter loss from planets around brown dwarfs and the planets of
TRAPPIST-1 (Gillon et al. 2016, Sect. 5).

Following up on the results, in Paper II we study the possible
climate regime that can exist on the planet as a function on the
volatile reservoirs and the rotation rate of the planet.

2. The initial water inventory on Proxima b

Proxima b’s primordial water content is essential for evaluat-
ing the planet’s habitability as well as its water loss and, thus,
its present-day water content. One can easily imagine an un-
lucky planet located in the habitable zone that is completely
dry, and such situations do arise in simulations of planet forma-
tion (Raymond et al. 2004). Of course, Earth’s water content is
poorly constrained. Earth’s surface water budget is ⇠1.5⇥1024 g,
defined as one “ocean” of water. The water abundance of Earth’s
interior is not well known. Estimates for the amount of wa-
ter locked in the mantle range between .0.3 and 10 oceans
(Lécuyer et al. 1998; Marty 2012; Panero 2016). The core is
not thought to contain a significant amount of hydrogen (e.g.,
Badro et al. 2014).

In this section we discuss factors that may have played a role
in determining the planet’s water content. Our discussion is cen-
tered on theoretical arguments based on our current understand-
ing of planet formation.

It is thought that Earth’s water was delivered by impacts
with water-rich bodies. In the Solar System, the division be-
tween dry inner material and more distant hydrated bodies is
located in the asteroid belt, at ⇠2.7 AU, which roughly divides
S-types and C-types (Gradie & Tedesco 1982; DeMeo & Carry
2013). Earth’s D/H and 15N/14N ratios are a match to carbona-
ceous chondrite meteorites (Marty & Yokochi 2006) associated
with C-type asteroids in the outer main belt. Primordial C-type
bodies are the leading candidate for Earth’s water supply1.

Models of terrestrial planet formation (see Morbidelli et al.
2012; Raymond et al. 2014, for recent reviews) propose that
Earth’s water was delivered by impacts from primordial C-type
bodies. In the classical model of accretion, water-rich planetesi-
mals originated in the outer asteroid belt (Morbidelli et al. 2000;
Raymond et al. 2007a, 2009; Izidoro et al. 2015). Earth’s feed-
ing zone was several AU wide and encompassed the entire in-
ner Solar System (see Fig. 3 from Raymond et al. 2006). In the
newer Grand Tack model, water was delivered to Earth by C-type
material, but those bodies actually condensed much farther from
the Sun and were both implanted into the asteroid belt and scat-
tered to the terrestrial planet-forming region during Jupiter’s or-
bital migration (Walsh et al. 2011; O’Brien et al. 2014).

If the Proxima system formed by in-situ growth like our own
terrestrial planets, then there are reasons to think that planet b
might be drier than Earth. First, the snow line is farther away
from the habitable zone around low-mass stars (Lissauer 2007;
Mulders et al. 2015). Viscous heating is the main heat source
for the inner parts of protoplanetary disks. The location of the
snow line is therefore determined not by the star but by the disk.
However, the location of the habitable zone is linked to the stel-
lar flux. Thus, while Proxima’s habitable zone is much closer-in
than the Sun’s, its snow line was likely located at a similar dis-
tance. Water-rich material thus had a far greater dynamical path
to travel to reach Proxima b, and, as expected, water delivery
is less e�cient at large dynamical separations (Raymond et al.
2004). But protoplanetary disks are not static. They cool as
the bulk of their mass is accreted by the star. The snow
line therefore moves inward in time, (e.g., Lecar et al. 2006;
Kennedy & Kenyon 2008; Podolak 2010; Martin & Livio 2012).

1 Two Jupiter-family comets and one Oort cloud comet have been mea-
sured to have Earth-like D/H ratios (Hartogh et al. 2011; Lis et al. 2013;
Biver et al. 2016) although the Jupiter-family comet 67P/Churyumov-
Gerasimenko has a D/H ratio three times higher than Earth’s
(Altwegg et al. 2015). Jupiter-family comets also do not match Earth’s
15N/14N ratio (e.g., Marty et al. 2016).
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1. Introduction
• Kislyakova et al., 2014: Kepler-11まわりのsuper-Earthについて，Hの非熱的散逸を
DSMC(Direct Simulation Monte Carlo)モデルで計算（これらのsuper-Earthは水素やvolatile
のコロナを持っていることが示唆されている）
→ H+のpick upによる散逸は熱的散逸と比べて1桁ほど小さかった

• Cohen et al., 2015: M3.5V型星まわりを回る非磁化惑星について，異なる恒星風条件(sub- & 
super-Alfvenic)でのイオンの振る舞いを多粒子種MHDモデルを用いて研究
→ 中心星に近い惑星においては，恒星風の条件が大きな影響を与える
0.06 AUにある惑星でのO+の流出率は1028 s-1に達する場合もある

本研究の目的
PCbが非磁化・磁化の両方の場合についてMHDシミュレーションを行い，イオン流出に与える
影響を検証する



2. Simulation setup
BATS-R-US multi-species MHD model
(Ma+, 2004, 2013)
• イオン: H+, O+, O2+, CO2+
• 計算領域: -45 Rp ≤ X ≤ 15 Rp, 

-30 Rp ≤ Y, Z ≤ 30 Rp
• 高度100 kmの電離圏までself-consistentに計算す
ることができる
• Photoioniztion, charge exchange, 
dissociative recombination (Table 1)を考慮

• PSO (PCb-Star-Orbital) 座標系を使用

complex in nature. Our model self-consistently accounts for
the ionospheric chemistries and electromagnetic forces (Ma
et al. 2004, 2013).

2. The Simulation Setup

In this section, we describe our code and the rationale behind
our choices of parameters.

2.1. Physical Model and Computational Methodology

The 3D Block Adaptive Tree Solar-wind Roe Upwind
Scheme (BATS-R-US) multi-species MHD (MS-MHD) model
was initially developed for Mars (Ma et al. 2004) and Venus
(Ma et al. 2013). The latter is employed herein, and the neutral
atmospheric profiles are based on the solar maximum
conditions. The MS-MHD model solves a separate continuity
equation for each ion species, and one momentum and one
energy equation for the four ion fluids H+, O+, O2

+, and CO2
+

(Ma et al. 2004, 2013). In contrast to most global magneto-
sphere models applied to Earth that start from 2 to 3 Earth radii,
the Mars/Venus MS-MHD model contains a self-consistent
ionosphere, and thus the lower boundary extends down to
100 km altitude above the planetary surface. The MS-MHD
model includes ionospheric chemical processes such as charge
exchange and photoionization.

The chemical reactions and rate coefficients are based on
Schunk & Nagy (2009), except the photoionization rates; the
latter are rescaled to PCb values based on the EUV estimate in
Ribas et al. (2016). The O+, O2

+, and CO2
+ ion densities at the

model lower boundary (i.e., on the 100 km altitude sphere)
satisfy the photochemical equilibrium condition, where float
boundary conditions for the velocity u and the magnetic field B
have been applied. Given the high collision frequency near the
inner boundary, ions, electrons, and neutrals are expected to
have roughly the same temperature. Thus, the plasma
temperature (sum of ion and electron temperatures) is twice
the neutral temperature.

As this code is capable of handling a wide array of chemical
and physical processes, and has been thoroughly benchmarked
and validated for Venus and Mars, we use it for studying the
ion escape rates of PCb. As a consequence, we assume that the
atmospheric composition of PCb is similar to that of Venus and
Mars. In reality, we wish to note there are many possibilities for
the atmospheric composition of PCb, provided that it even
exists (Goldblatt 2016; Ribas et al. 2016; Turbet et al. 2016). A
clearer picture regarding the existence and composition of the
atmosphere may emerge via the JWST (Kreidberg &
Loeb 2016).

In the model, a nonuniform, spherical grid is adopted in
order to accurately capture the multi-scale physics in different
regions. The radial resolution varies from 5 km (∼1/2 scale
height) at the inner boundary to several thousands of kilometers
at the outer boundary. The horizontal resolution is 3.0° (in both
longitude and latitude). The simulation domain is defined by
−45 RP�X�15RP and −30RP�Y, Z�30 RP, where RP
denotes the planetary radius. The code is run in the PCb-Star-
Orbital (PSO) coordinate system, where the x axis points from
PCb toward Proxima Centauri, the z axis is perpendicular to the
PCb’s orbital plane, and the y axis completes the right-hand
system.

Table 1 summarizes the chemical reaction schemes and the
associated rates for inelastic collisions used in the MS-MHD
calculations.

2.2. The Selection of the Simulation Parameters

We adopt stellar and planetary parameters that are consistent
with PCb. However, we wish to caution the readers that our
exoplanet is not necessarily representative of PCb itself, as
many of these parameters are partly or wholly unknown.
The Venusian neutral atmospheric profile is used as a

prototype since PCb may experience significant losses of water
and H2, which are potentially major components, quite rapidly
(Barnes et al. 2016; Ribas et al. 2016). As a result, the overall
composition could eventually resemble that of Venus. It may
also be relatively more suited to modeling the short distance
(∼0.05 au) between Proxima Centauri and PCb (Anglada-
Escudé et al. 2016). However, we note that the Venusian
atmosphere is possibly denser (and colder) compared to PCb.
Both of these factors will alter the scale height, which in turn
affects the escape rates. The Venusian neutral atmosphere from
Ma et al. (2013) is
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where z0=100 km. We reconstruct the neutral atmospheric
profiles based on the following parameters. First, the study by
Anglada-Escudé et al. (2016) concluded that its minimum mass
was 1.27M⊕, which yields a minimum radius of around 1.1 R⊕

(Anglada-Escudé et al. 2016) assuming a rocky composition
akin to that of the Earth, i.e., adopting the empirical relation-
ship R/R⊕∼(M/M⊕)

1/3.7 (e.g., Valencia et al. 2006). If we

Table 1
Chemical Reactions and Associated Rates

Chemical Reaction Rate Coefficienta

Primary Photolysis and Particle Impactb in s−1

h eCO CO2 2n+ l ++ - 5.55×10−5

h eO On+ l ++ - 2.08×10−5

Ion-neutral Chemistry in cm3 s−1

CO O O CO2 2+ l ++ + 1.64×10−10

CO O O CO2 2+ l ++ + 9.60×10−11

O CO O CO2 2+ l ++ + 1.1×10−9 (800/Ti)0.39

H O O H+ l ++ + c 5.08×10−10

Electron Recombination Chemistry in cm3 s−1

eO O O2 + l ++ - 7.38×10−8 (1200/Te)0.56

eCO CO O2 + l ++ - 3.10×10−7 (300/Te)0.5

Notes. Reaction rates are adopted from Schunk & Nagy (2009).
a Electron impact ionization is neglected in the calculation, H+ density is from
the stellar wind, and the neutral hydrogen is neglected.
b The photoionization frequencies are rescaled to PCb values, using the EUV
estimate from Ribas et al. (2016), the latter being around 33 times that received
by the Earth.
c Rate coefficient from Fox & Sung (2001).
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2. Simulation setup
• 中性大気: 金星の中性大気モデル(solar maximum時) 
(Ma+, 2013)を基にする
(M ≤ 1.27 ME → R ~ 1.1 RE, HPCb = 0.85 HVenus)

↓
[CO2] = 1.1 ⨉ 1013 exp( -(z - z0)/4.7 ) cm-3
[O] = 2.2 ⨉ 109 exp( -(z - z0)/14.5 ) cm-3 
where z0 = 100km, at P = 1 bar

• 恒星風: Garraffo et al., 2016
Case 1  Pdyn ~ 2.5 ⨉ 104 nPa
Case 2  Pdyn ~ 5 ⨉ 103 nPa
IMFは南向き

• 惑星の固有磁場: 1/3 ME (ME : 地球の双極子モーメ
ント)，地球と同じ向き
→赤道表面で約7200 nT ( Pmag ~ 2 ⨉ 104 nPa)

assume that only the gravity changes, the scale height of PCb is

H
kT
mg

H0.85 , 2PCb Venus= = ( )

and we will express all quantities in terms of the Venusian
values detailed in Ma et al. (2013), since the code was
calibrated for Venus. The second parameter required as an
input is the density at the base of the model, which requires the
surface atmospheric pressure, psur. A precise value of psur
remains unknown at this stage—we choose the Earth value of
1 bar. A similar value was also considered in the simulations by
Meadows et al. (2016). Thus, we obtain a density that is 0.011
times the Venus value at the model lower boundary, the
reduced value primarily arising from the much lower atmo-
spheric pressure. PCb’s neutral atmospheric profiles are as
follows:
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It is noteworthy that the density of the dominant neutral
component at 100 km altitude on the Earth (N2) and PCb (CO2)
are about 1×1013 cm−3, nearly equal to one another.
Furthermore, the scale height of N2 at 100 km is about
5.8 km which is close to the scale height of CO2 for Venus at
100 km, before rescaling it to account for the higher gravity of
PCb. Therefore, the reconstructed neutral atmosphere mimics
certain features of Earth’s atmosphere. The sensitivity of our
results to the atmospheric pressure is evaluated by also
considering the case with Venusian surface pressure (93 bar).

Next, the stellar wind parameters at PCb must be specified,
namely, the density nsw( ), temperature Tsw( ), velocity vsw( ), and
interplanetary magnetic field (BIMF). The dynamic pressure
P m n vpdyn sw sw

2= (mp is proton mass), magnetic pressure
P B 2mag IMF

2
0m= ( ), and total pressure P P Ptot dyn mag= + are

also introduced. The relevant values have been listed in Table 2
and have been chosen from Garraffo et al. (2016) with either
maximum or minimum total pressure (and dynamic pressure),
over one orbit of PCb. The stellar wind MHD model is driven
at its inner boundary by the observable stellar surface magnetic
field (i.e., magnetogram).

For the magnetized case, we have chosen PCb’s dipole
moment to be approximately one-third of the Earth with the
same dipole polarity. A similar value has also been adopted
for PCb in recent studies (Zuluaga & Bustamante 2016).
As PCb rotates slower than the Earth (Ribas et al. 2016),

this choice is consistent with certain dynamo scaling laws
(Christensen 2010).

3. The Simulation Results

The most important results of our simulations, i.e., the
escape rates (computed by using a sphere with the radius equal
to 10 RP) are summarized in Table 3. The contour plots of the
O+ ion density, the magnetic field strength B(∣ ∣), and the
magnetic field lines for unmagnetized case 1 (C1-UnM),
magnetized case 1 (C1-M), and magnetized case 2 (C2-M) are
presented in Figure 1. As seen from Figure 1, the case with a
dipole field is characterized by a relatively large barrier to the
stellar wind (from B∣ ∣ color contours). In all three instances,
the plasma boundaries are greatly compressed, primarily by
the stellar wind dynamic pressure, Pdyn, especially for the
magnetized case. The second row in Figure 1 illustrates the
plasma boundaries clearly by zooming in.
The main conclusions are as follows. (1) Ions escape along

the open magnetic field lines in all three cases (top row of
Figure 1) from the forces (mostly pressure gradient and J×B
terms) in the ion momentum equation. (2) Although C1-M has
a global dipole magnetic field, the dipole field strength is not
strong enough to fully protect the exoplanet from the stellar
wind interaction due to the enormous stellar wind dynamic
pressure, and the southward stellar wind Bz that enables dayside
magnetic reconnection. (3) Closed dipole field lines are
observed for C2-M, and not C1-M, because the value of Pdyn
for case 2 (∼5×104 nP) is five times smaller than that of case
1 (∼2.5×105 nP). (4) In both C1-M and C2-M, the polar cap
regions (i.e., the regions poleward of the auroral oval; Schunk
& Nagy 2009, pp. 26) are greatly extended to lower latitudes
compared to that of the Earth. Thus, the escape rates in both
cases are expected to be larger than the typical values observed
in our solar system.
Interestingly, the ionospheric profiles, especially the heavy

ions O2
+ and CO2

+, are not significantly affected by the stellar
wind conditions 200 km (i.e., the photochemical region)
regardless of the stellar wind total pressure—see Figure 2. The
slight increase in O+ density (in both panels of Figure 2) results
from the charge exchange (see Table 1) with the enhanced
penetrating stellar wind protons (not shown in the plot).
From Table 3, we see that the total escape rates for the

unmagnetized cases are ∼1027 s−1. As expected from Figure 1,
the ion escape rates for C1-UnM and C1-M are similar,

Table 2
The Stellar Wind Input Parameters at PCb (Garraffo et al. 2016) for Two Case

Studies in the PSO Coordinate System

nsw (cm−3) Tsw (K) vsw
a (km s−1) IMF (nT)

C1 21400 8.42×105 (−833, 150, 0) (0, 0, −227)

C2 2460 9.53×105 (−1080, 150, 0) (0, 0, −997)

Note.Case 1 (C1) corresponds to the maximum Pdyn and Ptot over one orbital
period of PCb. Case 2 (C2) corresponds to minimum Pdyn and Ptot, but with the
maximum Pmag.
a The y-component of the velocity arises primarily from the orbital motion
of PCb.

Table 3
Ion Escape Rates in s−1

O+ O2
+ CO2

+ Total

PCb with 1 bar Surface Pressure

C1-UnMa 1.8×1027 2.4×1026 3.3×1026 2.4×1027

C2-UnM 1.1×1027 9.5×1025 8.2×1025 1.3×1027

C1-Mb 7.3×1026 5.4×1026 5.8×1026 1.8×1027

C2-M 5.9×1025 8.7×1025 5.3×1025 2.0×1026

PCb with 93 bar Surface Pressurec

C1-UnM93 3.7×1027 4.1×1024 1.4×1023 3.7×1027

Notes.
a Unmagnetized Case 1.
b Magnetized Case 1.
c Scale height, HPCb, is still equal to 0.85 HVenus.
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3. Simulation results
Case1&2
• イオンは圧力勾配やJ⨉Bに
よって加速されopenな磁力
線を通じて流出する

• Polar capがより低緯度にま
で広がる

Case 1 (High Pdyn)
• 惑星近傍まで induced 
magnetosphere が侵入

• 惑星前面でリコネクション

Case 2 (Low Pdyn) 
• 閉じた磁力線が形成

High Pdyn, 非磁化 High Pdyn, 磁化 Low Pdyn, 磁化



3. Simulation results

• 非磁化の場合の流出率は1027 s-1 程度
• 磁化の場合にはCaseによって違い
Case 1 (High Pdyn): O+の流出は約40％に低下
一方，O2+やCO2+は約2倍に増加
Case 2 (Low Pdyn): O+の流出は約5％に低下
一方，O2+やCO2+の減少は小さい

→全球的なダイポール磁場によって，Oの流出は
抑制された
• 大気圧が93 barの場合
O+は約2倍に増加
O2+やCO2+は2~3桁減少

→Oの流出に惑星表面での大気圧(~大気量)はそれ
ほど影響を与えない

assume that only the gravity changes, the scale height of PCb is

H
kT
mg

H0.85 , 2PCb Venus= = ( )

and we will express all quantities in terms of the Venusian
values detailed in Ma et al. (2013), since the code was
calibrated for Venus. The second parameter required as an
input is the density at the base of the model, which requires the
surface atmospheric pressure, psur. A precise value of psur
remains unknown at this stage—we choose the Earth value of
1 bar. A similar value was also considered in the simulations by
Meadows et al. (2016). Thus, we obtain a density that is 0.011
times the Venus value at the model lower boundary, the
reduced value primarily arising from the much lower atmo-
spheric pressure. PCb’s neutral atmospheric profiles are as
follows:
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It is noteworthy that the density of the dominant neutral
component at 100 km altitude on the Earth (N2) and PCb (CO2)
are about 1×1013 cm−3, nearly equal to one another.
Furthermore, the scale height of N2 at 100 km is about
5.8 km which is close to the scale height of CO2 for Venus at
100 km, before rescaling it to account for the higher gravity of
PCb. Therefore, the reconstructed neutral atmosphere mimics
certain features of Earth’s atmosphere. The sensitivity of our
results to the atmospheric pressure is evaluated by also
considering the case with Venusian surface pressure (93 bar).

Next, the stellar wind parameters at PCb must be specified,
namely, the density nsw( ), temperature Tsw( ), velocity vsw( ), and
interplanetary magnetic field (BIMF). The dynamic pressure
P m n vpdyn sw sw

2= (mp is proton mass), magnetic pressure
P B 2mag IMF

2
0m= ( ), and total pressure P P Ptot dyn mag= + are

also introduced. The relevant values have been listed in Table 2
and have been chosen from Garraffo et al. (2016) with either
maximum or minimum total pressure (and dynamic pressure),
over one orbit of PCb. The stellar wind MHD model is driven
at its inner boundary by the observable stellar surface magnetic
field (i.e., magnetogram).

For the magnetized case, we have chosen PCb’s dipole
moment to be approximately one-third of the Earth with the
same dipole polarity. A similar value has also been adopted
for PCb in recent studies (Zuluaga & Bustamante 2016).
As PCb rotates slower than the Earth (Ribas et al. 2016),

this choice is consistent with certain dynamo scaling laws
(Christensen 2010).

3. The Simulation Results

The most important results of our simulations, i.e., the
escape rates (computed by using a sphere with the radius equal
to 10 RP) are summarized in Table 3. The contour plots of the
O+ ion density, the magnetic field strength B(∣ ∣), and the
magnetic field lines for unmagnetized case 1 (C1-UnM),
magnetized case 1 (C1-M), and magnetized case 2 (C2-M) are
presented in Figure 1. As seen from Figure 1, the case with a
dipole field is characterized by a relatively large barrier to the
stellar wind (from B∣ ∣ color contours). In all three instances,
the plasma boundaries are greatly compressed, primarily by
the stellar wind dynamic pressure, Pdyn, especially for the
magnetized case. The second row in Figure 1 illustrates the
plasma boundaries clearly by zooming in.
The main conclusions are as follows. (1) Ions escape along

the open magnetic field lines in all three cases (top row of
Figure 1) from the forces (mostly pressure gradient and J×B
terms) in the ion momentum equation. (2) Although C1-M has
a global dipole magnetic field, the dipole field strength is not
strong enough to fully protect the exoplanet from the stellar
wind interaction due to the enormous stellar wind dynamic
pressure, and the southward stellar wind Bz that enables dayside
magnetic reconnection. (3) Closed dipole field lines are
observed for C2-M, and not C1-M, because the value of Pdyn
for case 2 (∼5×104 nP) is five times smaller than that of case
1 (∼2.5×105 nP). (4) In both C1-M and C2-M, the polar cap
regions (i.e., the regions poleward of the auroral oval; Schunk
& Nagy 2009, pp. 26) are greatly extended to lower latitudes
compared to that of the Earth. Thus, the escape rates in both
cases are expected to be larger than the typical values observed
in our solar system.
Interestingly, the ionospheric profiles, especially the heavy

ions O2
+ and CO2

+, are not significantly affected by the stellar
wind conditions 200 km (i.e., the photochemical region)
regardless of the stellar wind total pressure—see Figure 2. The
slight increase in O+ density (in both panels of Figure 2) results
from the charge exchange (see Table 1) with the enhanced
penetrating stellar wind protons (not shown in the plot).
From Table 3, we see that the total escape rates for the

unmagnetized cases are ∼1027 s−1. As expected from Figure 1,
the ion escape rates for C1-UnM and C1-M are similar,

Table 2
The Stellar Wind Input Parameters at PCb (Garraffo et al. 2016) for Two Case

Studies in the PSO Coordinate System

nsw (cm−3) Tsw (K) vsw
a (km s−1) IMF (nT)

C1 21400 8.42×105 (−833, 150, 0) (0, 0, −227)

C2 2460 9.53×105 (−1080, 150, 0) (0, 0, −997)

Note.Case 1 (C1) corresponds to the maximum Pdyn and Ptot over one orbital
period of PCb. Case 2 (C2) corresponds to minimum Pdyn and Ptot, but with the
maximum Pmag.
a The y-component of the velocity arises primarily from the orbital motion
of PCb.

Table 3
Ion Escape Rates in s−1

O+ O2
+ CO2

+ Total

PCb with 1 bar Surface Pressure

C1-UnMa 1.8×1027 2.4×1026 3.3×1026 2.4×1027

C2-UnM 1.1×1027 9.5×1025 8.2×1025 1.3×1027

C1-Mb 7.3×1026 5.4×1026 5.8×1026 1.8×1027

C2-M 5.9×1025 8.7×1025 5.3×1025 2.0×1026

PCb with 93 bar Surface Pressurec

C1-UnM93 3.7×1027 4.1×1024 1.4×1023 3.7×1027

Notes.
a Unmagnetized Case 1.
b Magnetized Case 1.
c Scale height, HPCb, is still equal to 0.85 HVenus.
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3. Simulation results
• CO2+やO2+は太陽風の影響をほとんど受けて
いない

• O+はCase 1(High Pdyn)でやや多い
→電離圏に侵入してきた太陽風起源のH+との

charge exchangeによる

• O+のpick upによるmass loadingによってよ
り重いイオンのpick upが抑制される．
また，O+によって形成されたconductor 
layerによって恒星風の侵入が防がれる

非磁化の場合
実線: Case 1
点線: Case 2

Case 1の場合
実線: 非磁化
点プロット :  磁化

赤: O+
青: O2+
紫: CO2+



4. Discussion
• 今回求めた流出率のもとで流出するCO2大気の量 (Proxima Centauriの年齢は4.8 Gyr)
Case 1(磁化＆非磁化), Case 2(非磁化)→ 260‒500 mbar/Gyr
Case 2(磁化) → 40 mbar/Gyr

→過去の恒星風が強かったならば，相当量の大気が流出している
• 高度200 km以下の電離圏の密度プロファイルは太陽風の影響をほとんど受けていない
→中心星の活動の変動が地表の生命へ与える影響は小さい

注意すべきはProxima CentauriおよびPCbの詳細なパラメータはよくわかっていないということ
• PCbの大気量や大気組成
• 大気を供給する過程（outgassingなど）
• イオン流出のKineticなプロセス
など
しかし，ここで用いたパラメータが適用できるような系外惑星が存在している可能性はある



まとめ
• Proxima Centauriのハビタブルゾーン内に存在する地球サイズの系外惑星Proxima Centauri bか
らのイオン流出について多粒子種MHDモデルを用いて研究を行った．

• 金星と同様のCO2主体の中性大気を仮定し，恒星風のパラメータ(High & Low Pdyn)と固有磁場の
有無によって4パターンのシミュレーションを行った．

• 非磁化の場合では，イオンの流出は現在の火星や地球での値よりも2桁程度大きくなった．

• 固有磁場の存在によってイオンの流出がいくらか抑制されたが，その度合いは恒星風の動圧の強弱
にも依存していた．

• ただし，本研究で用いた各種パラメータには不確定性が多く存在する．今後の観測・研究によって
詳細な描像が見えてくれば，大気散逸をより正確に検証できるようになる．


