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Abstract

Rocky exoplanets are expected to be eroded by space weather in a similar way as in the solar system. In particular,
Mercury is one of the dramatically eroded planets whose material continuously escapes into its exosphere and
further into space. This escape is well traced by sodium atoms scattering sunlight. Due to solar wind impact,
micrometeorite impacts, photo-stimulated desorption and thermal desorption, sodium atoms are released from
surface regolith. Some of these released sodium atoms are escaping from Mercury’s gravitational-sphere. They are
dragged anti-Sun-ward and form a tail structure. We expect similar phenomena on exoplanets. The hot super-Earth
61 Vir b orbiting a G3V star at only 0.05 au may show a similar structure. Because of its small separation from the
star, the sodium release mechanisms may be working more efficiently on hot super-Earths than on Mercury,
although the strong gravitational force of Earth-sized or even more massive planets may be keeping sodium atoms
from escaping from the planet. Here, we performed model simulations for Mercury (to verify our model) and 61
Vir b as a representative super-Earth. We have found that sodium atoms can escape from this exoplanet due to
stellar wind sputtering and micrometeorite impacts, to form a sodium tail. However, in contrast to Mercury, the tail
on this hot super-Earth is strongly aligned with the anti-starward direction because of higher light pressure. Our
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model suggests that 61 Vir b seems to have an exo-base atmosphere like that of Mercury.
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1. Introduction

Hot super-Earths of a few Earth masses and at short orbits
around solar-type stars are a subclass of exoplanets discovered
only a few years ago. They are often members of planetary
systems with a few (sub-)Neptune class planets and debris
disks. One of the brightest representatives is the nearby (only
8.5 pc away) G5 V star, 61 Vir, which hosts a planetary system
of at least three planets within 0.5 au, among which a super-
Earth, 61 Vir b, of M sin i = 5.1 Mg resides at only 0.05 au
from the star (Vogt et al. 2010). As are a few others, this system
is surrounded by a debris disk at 30—-100 au, with the region
inside 30 au possibly significantly depleted in planetesimals,
and possibly having additional planets outside those already
known (Wyatt et al. 2012). This disk imaged by the Herschel
Space Observatory in the infrared is seen nearly edge-on, at
77°. Assuming that the known planetary system is approxi-
mately coplanar with the debris disk, 61 Vir b may have a mass
of about 5.2 Mg and may still qualify as a super-Earth.

This class of objects is very interesting for studying space
weathering and the evolution of planets. One example of
planetary erosion by space weather could be a dramatically
reduced mass of Mercury in the solar system, making its core
look disproportionately large with respect to the mantle as
compared to other rocky planets in the solar system (e.g.,
Orsini et al. 2014). Another dramatic example is the significant
loss of the atmosphere on Mars (Lammera et al. 2003). In this
paper, we use Mercury erosion as an example for modeling
weathering processes in more extreme cases of hot super-
Earths, in particular for 61 Vir b. Escaping surface material
forms a so-called exosphere—a thin gaseous envelope that, in
case of Mercury, the Moon, and other solar system objects, is
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best observed and traced via resonant scattering on sodium
atoms. Modeling such a sodium exosphere on 61 Vir b using
Mercury as a test example is the goal of this paper.

The existence of several atomic species in Mercury’s
exosphere has been found. Atomic oxygen, helium, and
hydrogen were found by UV observations with the Mariner
10 spacecraft (Broadfoot et al. 1976). In addition to these
atoms, sodium, potassium, and calcium atoms were found by
ground-based observations (Potter & Morgan 1985, 1986; Bida
et al. 2000). In particular, oxygen, helium, and sodium atoms
have the largest column densities of the order of 10" atoms
cm 2. The first detection of sodium atoms was by Potter &
Morgan (1985). They observed sodium D-line emission (D1:
589.59 nm, D2: 588.99 nm). Sodium D-line emission is due to
resonant scattering of solar radiation. The cross-section of this
resonant scattering is large compared to the other species, so
sodium atoms play an important role as a tracer of Mercury’s
exospheric particles.

Four processes, which are releasing sodium atoms from
Mercury’s surface regolith, have been proposed. They are solar
wind ion sputtering (SWS), micrometeorite impact vaporiza-
tion (MIV), photo-stimulated desorption (PSD), and thermal
desorption (TD). Mercury has the smallest distance to the Sun
among the planets in the solar system. This environment makes
these mechanisms work efficiently. Mercury’s exospheric
sodium atoms are accelerated by solar radiation, and some of
the sodium atoms are escaping from Mercury’s gravitational-
sphere and forming a tail structure (e.g., Baumgardner et al.
2008; Kameda et al. 2008).

Sodium has been found in other systems. For example,
Charbonneau et al. (2002) found the sodium D-line absorption
feature in HD209458b during its transit. However, this is a gas
giant planet like Jupiter, and these sodium atoms are believed
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Table 1
Model Parameters of Mercury and 61 Virgo b, and Their Main Stars
61 Virb Mercury
Masses of the planets (kg) 3.045 x 10* (Valenti & Fischer 2005) 3.285 x 10%
Radii of the planets (km) 10, 870 2,440
Distances from the main stars (au) 0.05 (Vogt et al. 2010) 0.39
Luminosities of the main stars (L) 0.8 (Valenti & Fischer 2005) 1
Spectral types of main stars G5V (Cenarro et al. (2007)) G2V
Masses of main stars (M) 0.96 (Valenti & Fischer 2005) 1
Radiation fluxes from the main stars at 1 au (w cm™2) 1, 094 (=1, 368 x (L/L.)) 1, 368

to be in the planet’s atmosphere. It can be said that this is
different from exospheric sodium atmosphere like Mercury.

Vogt et al. (2010) pointed out that exoplanet 61 Vir b can be
classified a super-Earth rather than a gas planet because of its
small mass (5.1 ME). Its star is a main sequence G-type, like the
Sun. However, the orbital radius of this planet is 0.05 au. This
distance is eight times smaller than that of Mercury. We can
expect the four processes to be more efficient on 61 Vir b than
on Mercury. On the other hand, the mass of this planet is
100 times greater than that of Mercury. This can suppress the
escape of exospheric atoms from the planet. We performed
model simulations for exospheric sodium atoms both on 61 Vir
b and Mercury to see whether 61 Vir b has an exo-base surface
similar to Mercury or if its mass allows this planet to keep its
atmosphere like Venus. Mars is not perhaps a good example
here as it lost a lot of its atmosphere. This planet is not the only
(potential) super-Earth ever found, and its transit cannot be
seen from the Earth. However, parameters about this planet and
its star are better known compared to the other super-Earth
candidates. Furthermore, the star is G-type in the main
sequence. So we can infer the unknown parameters for 61
Vir b from those for the Sun.

2. Model Simulations

The model deals with the four mechanisms separately (SWS,
MIV, PSD, and TD). In our model, MIV works in both
hemispheres, but the other three work only in the day-side
hemisphere. Our model is a Monte-Carlo simulation in which
initial positions and velocity vectors of packets that include
sodium atoms are given randomly. Numbers of sodium atoms
decrease with a timescale of ionization. This timescale is
discussed later. The small orbital radius of 61 Vir b indicates
that its rotation is probably synchronized with its revolution.
Also, Mercury’s rotation is as slow as 58.5 days. Therefore,
velocities given by the planets’ rotation are probably low and
not taken into account in our model. This means the initial
velocity is a combination of the vector of the orbital motion and
that given by releasing mechanism (SWS, MIV, PSD, and TD).
Parameters of these two planets are summarized in Table 1.

The size of 61 Vir b is unknown, as its transit has never been
observed. Here, we assume that this planet has the same mass
density as that of the Earth. This assumption gives a radius of
10,870 km, as shown in Table 1.

2.1. Solar Wind Ion Sputtering: SWS

Wiens & Burnett (1997) performed experiments in which
they measured velocity distributions of sodium atoms that were
generated by ion beams into surfaces covered by Na,SO,
molecules. The velocities they found by the experiment

matched Sigmund-Thompson distributions that can be
described as,

1 V2 V2 4+ 1,2
Fv) = —— 2(1 - — (1)
D v+ v, Vi
2M
Vy = —— Vg, 2
M= R ()

where F(v) is the velocity distribution function, D is a factor for
normalization, m and M are the masses of a sodium atom and
incident ion, respectively, v is the velocity of the sodium atoms,
v, is the binding energy of the sodium atoms with the surface
regolith converted to velocity so the actual binding energy is
%mvbz, and vy, is the velocity of the protons in the stellar wind.
Assuming an energy of 1 keV, which is a typical proton energy
in the solar wind, v,,; can be obtained as 36.7 km s Figure 1
shows the feature produced by this velocity distribution
function. With this distribution function, 3% of the atoms can

exceed 5kms~ !, although the most probable speed is

~1kms™".

The SWS on Mercury is believed to occur only in the polar
regions, as Mercury has an intrinsic dipole magnetic field.
Kameda et al. (2008) and Schleicher et al. (2004) showed the
sodium D-line emissions enhanced above Mercury’s polar
regions based on their ground-based observations. However,
we do not know whether 61 Vir b has its own magnetic field. In
our model, the magnetic fields of the planets are not taken into
account. This means SWS occurs only on day-side hemi-
spheres, and the number of sodium atoms released from a unit
surface area is proportional to the cosine of the solar zenith. In
an equation, it can be expressed as

Dsws = Rsws cos X, (3)

where ¢sws is the number of sodium atoms released from a
unit surface, Rgws is the number of sodium atoms released
from a unit surface but at the sub-solar point, and Y is the solar
zenith angle. McGrath et al. (1986) estimated the flux of
sodium atoms due to SWS as 2.0 x 10-2.0 x 10® cm 2 s~!
at most. We adopt a number of 2.0 x 10® cm™2 s™' for Ry on
Mercury. Wood et al. (2005) argued that the energy and mass
fluxes of stellar wind of 61 Vir b are 30% of those of Sun. This
means the average proton energy (velocity) in the stellar wind
of 61 Vir b is 30% of the Sun. We can use the same distribution
function for 61 Vir b as Equation (1) and the first panel in
Figure 1. However, a proton flux at the sub-main star point is
17 times larger than that of Mercury if the proton number
density in the stellar wind is proportional to the inverse square
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Figure 1. The curves show velocity distributions for solar wind sputtering
(top), micrometeorite impacts (2nd), photo-stimulated desorption (3rd), and
thermal desorption (bottom). The velocity distribution by SWS shows a
Sigmund-Thompson distribution, but the other three are well-reproduced by
the Maxwellian.

F(v)

) ) 2
of the distance from the main star (0.3 x 8(3]? :E = 17).
2

In our model, Ry is 2.0 x 10® ecm 2 s~ for Mercury and
3.4 x 10° cm ? s~ ! for 61 Vir b, respectively.
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2.2. Micrometeorite Impact: MI

Due to the impact by micrometeorites on the planet’s
surface, vaporization of the surface regolith occurs. Sugita et al.
(1997) performed collision experiments and measured tem-
peratures in sodium gas, which was vaporized by the collisions.
They derived sodium gas temperatures of 6000 and 4200 K
with incident angles of 60° and 30°, respectively. In this model,
a velocity distribution function of sodium atoms due to MI is
given as the Maxwell function with a temperature of 5000 K
both for Mercury and 61 Vir b. This is a rough average between
6000 and 4200 K. Killen et al. (2004) showed that the number
flux of sodium atoms averaged all over the surface is 3.0 x
10" cm 2 s, In our model, this flux is adopted uniformly all
over the surface for both planets.

2.3. Photo-stimulated Desorption: PSD

The PSD was first proposed by McGrath et al. (1986) as one
of main sources of Mercury’s exospheric atmosphere. In this
process, UV photons from the Sun strike surface regolith and
release atoms in it. Yakshinskiy & Madey (1999) performed
experiments in which electron beams were hitting SiO, films
with depositions of sodium atoms. The SiO films simulated the
lunar surface and the electron energy was 200eV. A
Maxwellian function with a temperature of 1380 K fitted
speeds of the released sodium atoms in their experiments.
Killen et al. (2004) showed number of sodium atoms at the sub-
solar point on Mercury is (2.5-6.0) x 107 cm 2 s~'. Because
the number of sodium atoms released from unit area-of-surface
per unit time is proportional to the solar zenith angle of that
point, it can be expressed as a function of x as below,

®psp = Rpsp coS X, (C))
Rpsp = Fpn Qofy, » (5)

where ®pgp is the source rate at the stellar zenith angle of ,
Fpy, is the stellar UV photon fluxes at the planets’ orbits that
cause photo desorption of atoms in the surface regoliths, Q is
the cross-section of photo desorption, and o is the number
density of atoms that form at the surface regolith per unit
surface area, and fy, is the ratio of sodium atoms in the surface
regoliths. We do not know the exact UV flux of 61 Vir, so we
make an assumption that the UV flux of this star is proportional
to its luminosity. The luminosity of 61 Viris 0.8 L., (Vogt et al.
2010), and this implies that photon flux at 61 Vir b is 50 times

1 0.39 au \2 _
arger than that of Mercury (0.8 X (005 au) = 50). In our

model, we assume that parameters such as Q, o, and fy, are the
same between the two planets. The value for Rpsp on Mercury
is given as 4.0 x 107 cm™2 s~ ! based on Killen et al. (2004),
and 2.0 x 10° cm *s™" for 61 Vir b, which is 50 times of that
of Mercury. The speed distribution function is Maxwellian with
a tempelrature of 1380 K, that gives a most probable speed of
lkms™ .

2.4. Thermal Desorption: TD

Sodium atoms are released from the surface of the planets
when their thermal energies exceed binding energies of
molecules that include the sodium atoms. Yakshinskiy et al.
(2000) performed an experiment in which they observed the
behavior of sodium atoms attached onto thin SiO, films, and
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they found sodium atoms were released when the temperature
was higher than 400 K. The velocities of sodium atoms due to
TD are given by the Maxwellian function with local
temperatures. The local temperature can be derived with a
function as below,

7 (Feosx(l —4) 1/4
40’0 ’

(6)

were T is the temperature, F is the radiation flux from the main

star, A is the albedo of the planet, and o, is the Stephan-

Boltzmann constant. The radiation flux F can be expressed as,
L 1

F=8§——, 7
Lo r @

where S is the solar constant and its exact number is
1368Wm_2, L is the luminosity of the main star, r is the
distance from the main star in a unit of au. We assumed an
albedo of 0.5 for 61 Vir b, and that gives temperatures at sub-
stellar points as 991 K on 61 Vir b. However, for Mercury, we
adopted a different function proposed by Butler (1997) that
reproduces surface temperature, which is expressed as,

0.306

r

2
T =220 x ( ) + 480 x (cosy)!/*. ¥

This is a better approximation for slow rotators like Mercury
and the Moon. Killen et al. (2004) and Leblanc & Johnson
(2003) adopted the same function in their simulations.

Based on results by Yakshinskiy et al. (2000), a number of
sodium atoms released by TD from a unit surface per unit time
is given as below,

U
(I)TD = VSUfNa eXp(—kb—T), (9)

v, is the oscillation frequency in the solid surface, and U is the
binding energy of sodium atoms in the surface regolith. This
function is used in the model for the planets. The oscillation
frequency v is given as 10'*Hz as shown by Hunten et al.
(1988). We do not know the exact values for v, o, fna, and U
on the both planets. Heiken et al. (1991) showed these values
on lunar surface as o = 7.5 x 10" cm ™2, fna = 0.005, and
U = 1.85eV. These values are adopted in our models for the
planets.

2.5. Equation of Motion

Sodium atoms feel the gravitational forces of the star, the
planet, and radiation pressure from the star. Therefore, an
equation of motion of the sodium atoms can be expressed as
below,

(92" GMS ’ GMP

P )

or? r3
where r and rp are the vectors that show positions of the
sodium atoms and planets, respectively, G is the gravitational
constant, Mg and Mp are masses of stars and planets,
respectively. Smyth (1979) showed that the radiation pressure
on the sodium atoms from the stars, which is described as b,

(r—rp) + 0, (10)
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can be derived as,

b=, (1)
mc

where £ is the Planck constant, m is the electrons mass, and c is
the light constant. Integer values of i =1 and i = 2 mean
sodium DI and D2, respectively. Therefore, 1y and v, are
frequencies at sodium D1 and D2 wavelengths, and J; and J,
are numbers of photons that sodium atoms absorb at the D1 and
D2 wavelengths in a unit time. Here, J; can be expressed as,

7F 1
Ji= (N5~ (12)
r= v
2
o= —f, (13)
eC

where o; is the cross-section of sodium atoms for resonant
scattering at D1 and D2 wavelengths, 7,()\) is the ratio of fluxes
from the main stars at Doppler shifted D-line wavelengths to
the continuum fluxes out of the Fraunhofer absorption
wavelengths, F is the radiation flux from the main stars at
1 au, r is the distance of the sodium atoms from the main star, e
is the electron charge, and f; is the oscillation strength factors
(fi =0.327 and f> = 0.655). The equation of motion is solved
numerically using the fourth order Runge—Kutta method in the
model. The solar flux, shown as « in Equation (12), is given as
a function of the wavelength as,

ry(A) =1 - a; exp _M — ap exp _M s
by by

(14)

c —Vv

A\ =

A (15)
c
where v is the speed of sodium atoms with the main star, A; and
X, are the wavelengths at the sodium D1 and D2 line,
respectively, a;, a,, by, and b, are the fitting parameters. The
function () is obtained by fitting the function to the solar data
from FTS NSO Solar spectral atlases.* This data and fitting
function are shown in Figure 2.
The D-line brightness with a unit of Rayleigh/str can be
described as,
I = M’ (16)
47
where N is the column density of the sodium atoms in a unit of
atoms cm 2, i = 1 for D1 and i = 2 for D2 line.

2.6. Loss Process of Sodium Atoms

In the model, sodium atoms colliding with the planets’
surfaces are treated as lost particles. Another loss process is
ionization. The ionization is caused by the photon impacts from
the main stars or collision with the stellar wind particles.
Cremonese et al. (1997) derived a lifetime of neutral sodium
atoms based on their observational results of sodium emissions
in the tail of the comet Hale-Bopp as 1.7 x 10°s. Adopting
their results and assuming that the lifetime is proportional to the
inverse of the luminosities of stars, sodium lifetimes in our

4 ftp://nispdata.nso.edu /pub/atlas/
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model are given as,

Lo 1
T=17 x 100=2—, 17

L r? a7
where 7 is the lifetime of the neutral sodium atoms (s) at the
distance r from the main stars (au).

3. Results
3.1. Mercury

The model calculation results are shown in Figure 3 as
column densities of sodium atoms and D1 + D2 brightness. As
suggested by past studies (e.g., Killen et al. 2004), we can see
that sodium atoms produced by PSD and TD tend to stay near
Mercury’s surface, while those by SWS and MI are escaping
from the planet and form a tail structure in the anti-solar
direction. With PSD, we cannot see any significant sodium
escape, but some of the sodium atoms are flying to the night-
side hemisphere from the day-side, while the sodium atoms by
TD can be seen only in the day-side hemisphere. This is
because initial velocity given by PSD is larger than that of TD.
For PSD, the photon energy is assumed to be 200eV. This
energy corresponds to a wavelength in X-ray rather than UV,
so the actual velocity given by PSD should be smaller than that
given in this model. It can be said that PSD and TD do not
contribute to the exospheric sodium escape. In Figure 4, more
detailed values in the column density and D1 + D2 are shown
as a function of distance from Mercury. The largest brightness
is obtained on Mercury’s Sun-facing surface as ~10°
(Rayleighs/str), and that at 8 Mercury’s radii is ~10*°
(Rayleighs /str). These are consistent with observational results
by Potter et al. (2002). They performed observations of sodium
emissions using the MacMath-Pierce solar telescope whose
aperture was 1.6 m, and obtained the D-line brightness within
20 Mercury radii. The sodium tail observed by Potter et al.
(2002) is well-reproduced in our model. The consistency

between their observational results and our model results
suggests that the model is working properly.

3.2. 61 Virgo b

The simulation results for 61 Vir b are shown in Figure 5.
Sodium atoms released by SWS and MI are escaping from the
planet’s gravitational-sphere and form a sodium tail in the
opposite direction of the main star. This tendency is the same as
that of Mercury except the Mercury tail is not so clearly
defined. The main source of sodium atoms in the day-side
hemisphere is from TD. The sodium atoms in the night-side
hemisphere on the planet’s surface are mainly from MI, as MI
is the only mechanism that works over the surface uniformly.

4. Discussion

Both planets show escape of sodium atoms by SWS and ML
Howeyver, there are several differences in detail. While sodium
atoms escaping from 61 Vir b have a sharp tail-like structure,
those escaping from Mercury look diffuse. The sodium clouds
around Mercury are, to some extent, even Sun-ward facing.
This is because the radiation pressure and gravitational force at
the surface of 61 b are stronger than those at Mercury by 46 and
4.5 times, respectively. The star 61 Vir b is G-type in the main
sequence, as is the Sun. Therefore, the small distance directly
reflects the strong radiation pressure. Not only does this small
radius increase the radiation pressure, it also works to
increasing the source rates of SWS, PSD, and TD. Actually,
those of this planet show greater values both in the column
density and brightness compared to those of Mercury.
Although TD on 61 Vir b produces faster sodium atoms than
TD on Mercury, it does not cause the escape of sodium atoms
because of its strong gravitational force. Because of the greater
gravitational force, escaping sodium atoms from 61 Vir b are
focused on the star—planet line, which is in the shadow of the
planet where the atoms have no photons to scatter. Thus,
distributions of the number density and brightness are different,
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Figure 3. Model results of column densities of sodium atoms (left panels) and sodium D-line brightness (right panels) around Mercury. Calculation results are shown
separately by releasing processes (top: SWS, second: MI, third: PSD, fourth: TD, bottom: all processes are combined). The x+ direction corresponds to anti-Sun-ward
direction, and y+ corresponds to the northern orbital axis. The spatial scale is within 2 planetary radii for TD and PSD, but 8 radii for SWS and MI, as they make
structures outside of the planet. Also, the color scale is different for each.
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Figure 4. Model results that show column density and sodium D1 + D2 brightness as functions of distance from Mercury along the Sun—-Mercury axis.

as seen in the bottom panel of Figure 5. As seen in Figures 4
and 6, the sodium atom number density and brightness
decrease with the increase of distance from the planets. This
tendency looks more significant with 61 Vir b than Mercury.
However, the distances in these panels are normalized by
planetary radii. Therefore, the gap between these planets is not
necessarily significant.

Before neutral escape occurs, ionospheric escape is
expected. For example, the solar wind does not strike Mars’s
surface, but it interacts with Mars’s ionosphere. The iono-
spheric plasma can be picked up and accelerated by the
magnetic fields in the solar wind. A similar ionospheric escape
is expected to occur on exoplanets like on Mars (e.g., Lammera
et al. 2003). After losing ionospheric atmosphere, planets’
surfaces finally begin to interact with the stellar winds directly.
Because of the small orbital distance of 61 Vir b to its star, the
planet’s ionosphere may have been displaced already. This
means the surface of 61 Vir b could be exposed to the stellar
wind directly, and its exospheric atmosphere is escaping as our
model simulations show. Another possibility is that exospheric
sodium atoms have been exhausted because of the strong
interaction with the star, although micrometeorites may
contribute to re-supply to the planet’s surface. We cannot
conclude that the sodium escape shown in our model
simulations is happening on 61 Vir b now, but it should have
happened during the atmospheric evolution of this planet.

Because the orbital period of 61 Vir b is only 4.15 days, it
can be expected that the sodium tail of the exoplanet shows a
certain curvature. However, this curvature is not so significant
as long as the focusing regions are close to the planet, as seen
in the left panel of Figure 7. On the other hand, we can see a
significant asymmetry in the exospheric sodium structure from
the view of the star—planet direction, as shown in the right
panel of Figure 7. This asymmetry is due to the fast orbital
motion. In fact, transit observation of Mercury by Schleicher
et al. (2004) did not show such a significant asymmetry.

This planetary system does not show its transit to the solar
system because of its large inclination angle. However,
absorption spectra from the sodium atmosphere in the planet’s
exosphere are still an interesting issue. We estimated the level
of absorption feature by the exospheric sodium atoms around
the sodium D2 line with the assumption that we can observe its
transit from the Earth, as shown in Figure 8. We assumed that
the spectral resolution is 10° (=5.59 x 10~ nm) and the planet
is on the center of the star’s disk. Cox (2000) showed that the
solar limb darkening can be expressed as,

I'd) & 210.5i
= S bi(1 — 2P, 18
70) i;) ( ) (18)

where d is the distance from the star’s disk center in a unit of
stellar radius, I'(d) is the surface brightness of the disk at a
distance of d from the disk center, and b; is the coefficient for
the ith order. The same expression is used for 61 Vir in this
study. The maximum order used in this simulation is i = 2, and
the coefficients are by = 0.3, by = 0.93, and b3 = 0.23. This
coefficient set is for a wavelength of 550 nm. Even with this
high spectral resolution, the largest absorption is only
3 x 107, so it can be said that observation of absorption by
sodium atoms in super-Earths’ exospheres is difficult but may
be possible using spectropolarimetry techniques. Sodium D2
emission can show linear polarization depending on the phase
angle. Ariste et al. (2012) observed polarization in sodium D2
emission in Mercury’s exosphere; however, observed polariza-
tion was smaller than expected. They concluded too much
optical depth decreased the polarization. So spectropolarimetry
is one method that can be used to observe super-Earths’ sodium
exospheres, but we cannot be very optimistic. An interesting
feature shown in the spectrum is that the absorption has a
certain extent toward shorter wavelength, particularly in a
range of 589.56-589.58 nm. This is caused by the sodium
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Figure 5. Model results shown in the same format as Figure 3, but for 61 Vir b.
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Figure 7. Model results of column densities of sodium atoms around 61 Vir b. The left panel shows it in its orbital plane, so the y+ direction corresponds to the
planet’s orbital velocity, and the x+ corresponds to anti-star direction. In the right panel, the x+ corresponds to the planet’s orbital velocity, and the y-axis is
perpendicular to the planet’s orbital plane. Column densities on the disk are not shown to focus on ambient structures around the planet.

atoms in the tail structure. These particles in the tail are
escaping from the planet’s gravitational-sphere with velocities
toward the observer, and this results in the absorption at shorter
wavelengths.

5. Summary

We have performed model simulations to reproduce the escape
of sodium atoms from Mercury and the exoplanet 61 Vir b. The
model results for Mercury are consistent with past observational
results, and this indicates that the model works properly. With the
assumption that the composition of the surface regolith on 61 Vir
b is similar to Mercury, we obtain the parameters specified in the

model. The model results show that Stellar Wind Sputtering and
Micrometeorite Impacts liberate sodium atoms both on Mercury
and 61 Vir b, but Thermal Desorption does not. On Mercury,
Photo-Stimulated Desorption works in the transportation of
sodium atoms from the day-side hemisphere to the night-side, but
this effect is not significant on 61 Vir b. The escaping sodium
atoms from 61 Vir b showed a tail-like structure similar to
Mercury, but its shape was less diffuse than that of Mercury
because of the difference in radiation pressures from the central
stars. We can conclude that exospheric sodium atoms can escape
from this exoplanet despite its strong gravitational force. The
sodium is not the only species that could be controlled by the
radiation pressure, and exospheric escape can work for other
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atoms. Our work indicates that super-Earths that have small
orbital radii and whose main stars are G-type in the main
sequence or heavier have exo-base surfaces and do not have
collisional atmospheres. On the other hand, some super-Earths
found so far have main sequence M-type stars. Luminosities of
these stars are smaller than G-type stars by three orders of
magnitude. This means radiation pressure is also smaller by the
same order. When we performed a model simulation for 61 Vir b,
but with a radiation pressure that was smaller than the actual
pressure by 1000 times, we did not see any atmospheric escape.
We expect that atmospheric escape from super-Earths is strongly
dependent on the spectral types of main stars.
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