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Abstract

In celestial bodies with collisionless atmospheres, such as Mercury, the spatial distribution of the exosphere is expected to reflect
the surface composition. In this study, we discuss whether the distribution of Mg, Ca, and Na, the primary exospheric compo-
nents on Mercury, have exosphere-surface correlation (ESC) by analyzing the observation data of the Mercury Atmospheric and
Surface Composition Spectrometer (MASCS) onboard the MErcury Surface, Space ENvironment, GEochemistry, and Ranging
(MESSENGER) spacecraft. As a result, it was found that Mg has strong ESC, Ca has weak ESC and Na has little ESC.
The Monte Carlo simulations of trajectory in the exosphere show that the weak ESC of Ca is due to the relatively large solar
radiation acceleration. Na has ESC only in high-temperature regions around 0°E. This can be explained well by considering
that the weakly physisorbed Na layer on the surface is depleted under high temperature and that the distribution of strongly
chemisorbed Na atoms is reflected in the exosphere. Based on these results, the conditions for components with ESC in celestial

bodies with thin atmospheres include low volatility and little solar radiation acceleration.
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Key Points:

e We discuss the correlation between Mercury's surface composition and
exosphere distribution using observations by the MESSENGER spacecraft.

e Mg was found to have clear exosphere-surface correlation (ESC), Ca to have
weak ESC, and Na to have little ESC.

e Conditions for components with ESC may include low volatility and small
solar radiation acceleration.
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Abstract

In celestial bodies with collisionless atmospheres, such as Mercury, the spatial distribution of the
exosphere is expected to reflect the surface composition. In this study, we discuss whether the
distribution of Mg, Ca, and Na, the primary exospheric components on Mercury, have
exosphere-surface correlation (ESC) by analyzing the observation data of the Mercury
Atmospheric and Surface Composition Spectrometer (MASCS) onboard the MErcury Surface,
Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft. As a result, it was
found that Mg has strong ESC, Ca has weak ESC and Na has little ESC. The Monte Carlo
simulations of trajectory in the exosphere show that the weak ESC of Ca is due to the relatively
large solar radiation acceleration. Na has ESC only in high-temperature regions around 0°E. This
can be explained well by considering that the weakly physisorbed Na layer on the surface is
depleted under high temperature and that the distribution of strongly chemisorbed Na atoms is
reflected in the exosphere. Based on these results, the conditions for components with ESC in
celestial bodies with thin atmospheres include low volatility and little solar radiation
acceleration.

Plain Language Summary

In celestial bodies with very thin atmospheres, such as Mercury, most of the atmosphere
originates directly from the surface. Therefore, it can be expected that the spatial distribution of
the atmosphere maintains the surface composition. In this study, we examined whether the
surface distributions of Mg, Ca and Na were reflected in the atmosphere using data collected by
the MASCS onboard MESSENGER. As a result, the surface distributions of Mg, Ca, and Na
were clarified to be strongly, weakly, and slightly reflected in the atmosphere, respectively. A
simple numerical simulation shows that the Ca atmosphere does not correspond to the surface
distribution well because Ca flows in the anti-sunward direction due to high solar radiation. It
was also found that the surface Na distribution is linked to the atmosphere only in high-
temperature regions. In celestial bodies with thin atmospheres, components with low volatility
and small resonance scattering efficiency of solar radiation may correspond well to the surface
distribution.
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1 Introduction

Many celestial bodies in our solar system, such as Mercury, most moons,
comets, and asteroids, have a thin and collisionless atmosphere, called the
exosphere. Most of these atmospheres are directly supplied from the surface
through several processes such as thermal desorption, photo-stimulated desorption
(PSD), charged particle sputtering, and micro-meteoroid impact vaporization (MIV).
The spatial structure of the thin atmosphere strongly depends on the surface
composition and energy distribution when released. Because the surface
distribution of some components corresponds to geological features, it is expected
that the structure of the exosphere can be directly linked to the geology. In fact, the
amount of Potassium (K) exosphere on the Moon is reported to increase over the
KREEP regions (Colaprete et al., 2016; Rosborough et al., 2019). The surface
composition distribution and geological features of some planets with thin
atmospheres may be estimated by remote atmosphere observations.

On Mercury, Magnesium (Mg) in the exosphere is thought to have been
ejected from the surface mainly through MIV because observations by the Mercury
Atmospheric and Surface Composition Spectrometer (MASCS) onboard the
MErcury Surface, Space ENvironment, GEochemistry, and Ranging
(MESSENGER) spacecraft show that the Mg exosphere consists of high-energy
atoms and has strong dawn-dusk asymmetry (Merkel et al., 2017). The surface Mg
density distribution was obtained using an X-Ray Spectrometer (XRS) onboard
MESSENGER, which revealed that Mg concentrates on the terrain around 280°E in
the northern hemisphere (Weider et al., 2015). Merkel et al. (2018) indicated that the
production rate of the Mg exosphere should be enhanced above this Mg-rich terrain
by comparing MASCS data with XRS data. This is an interesting example of
exosphere-surface correlation (ESC) on Mercury identified from observations.

Calcium (Ca) is also mainly ejected through MIV (Burger et al., 2014). In
addition, Killen and Hahn (2015) and Christou et al. (2015) suggested that the
impact of comet dust streams also contributes to the ejection of Ca exosphere in
some seasons. The surface Ca distribution is known to be similar to that of Mg from
the observations by XRS (Weider et al., 2015; Nittler et al., 2020). Ca is expected to
have ESC since Ca is a refractory component and is mainly ejected by MIV along
with Mg.

The Sodium (Na) exosphere is known to be divided into two components: a
lower-energy component ejected through PSD and a higher-energy component
ejected through MIV or sputtering (Cassidy et al., 2015). Surface Na in high
temperature regions has been said to be depleted due to thermal desorption, though
no atoms have been detected in the exosphere ejected through thermal desorption.
The seasonal variability of Na exosphere is discussed in several model study such as
Mura et al. (2009) and Leblanc and Johnson (2010). Cassidy et al. (2016) found that
the amount of Na exosphere is enhanced at specific “cold-pole” longitude throughout
the year. They attributed this phenomenon to the fact that the maximum
temperature at these longitudes is lowest on Mercury due to the rotation-revolution
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resonance. In contrast, Suzuki et al. (2020) suggested that additional Na ejection
and supply of Na by dust streams’ impact on these regions is also important for the
enhancement, and Sarantos and Tsavachidis (2020) indicates that diffusion into the
regolith also controls the amount of desorption. Although the cause of the seasonal
variability of Na exosphere still remains as a big problem, there is no doubt that
surface temperature greatly controls the amount of the exosphere throughout the
Mercury year. Thus, the surface Na distribution is highly temperature-dependent
and may not greatly reflect the geological features.

In summary, the current understanding predicts that Ca has clear ESC, as
does Mg, and Na has almost no ESC on Mercury. In this study, we verified whether
Mg, Ca, and Na on Mercury actually have ESC using observational data from the
MASCS and XRS to understand the relation between the distribution of the
exosphere and that of the surface composition of celestial bodies with thin
atmospheres.

2 Analysis

First, we deduce the production rate of the exospheric component from the
vertical profile obtained by MASCS. All the limb scan data from 2011 to 2015 were
used for the analysis. The vertical profile of Mercury’s exosphere is approximated by
the Chamberlain’s model (Chamberlain, 1963), as follows:
—-U(z) +U(0)

kgT

N(z) = 2KH(z){ny exp [ (1)
where z,n,, T are the tangential altitude, near-surface density, and temperature,
respectively. 2K is the ratio of the apparent column density to the vertical column
density, which is approximated by:

21t(Rye + 2)
2K~ /T (2)

H(z) is defined by the following equation, similar to scale height:

kBT(RMe + Z)Z

H(z) = (3)
GMMeMatom

where My, Maiom, Rpe are the mass of Mercury, mass of atoms, and radius of
Mercury, respectively. U(z) is the potential of particles at altitude z expressed by the
following equations:

U(Z) - _ GMMeMatom

Ru. + 2) + Mgiomb cos Z (Ry, + z) (4)
Me
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where b, cos Z are the solar radiation acceleration, and cosine of the solar zenith
angle, respectively. In equation (1), ¢ is the partition function calculated by

A A(AO n -

(=3t erf (D)= [ret =TT v orp(T)) + ©

where A, 1, are the escape parameter at altitude z and at the surface defined as:

GMMeMatom
Az2) =—F—"—
A — GMMeMatom
0 kgTRye
and ¥ is defined as:
A(z)?
Y(z) = 1) + 1 (7)

The Chamberlain's model does not take into account the photoionization. However,
photoionization is not effective in the observation range of MESSENGER since
typical flight scales (the product of photoionization lifetime and the thermal
velocity) of Mg, Ca and Na at a heliocentric distance of 0.4 au are, respectively,
about 1065 km, 1045 km and 105 km.

The apparent column density N(z) in cm™?2 is derived from the observed

radiance 47l in Rayleigh from the following conversion formula:

4nl
N (ecm™2%) = 10— 7 (8)

where g is the solar photon scattering probability (known as g-factor). The g-factor
1s assumed to be uniform in a single TAA, although it originally has a standard
deviation of about 30% due to the variation depending on the radial velocity against
the Sun. The production rate S is estimated by the product of the near-surface
density and first-order moment of velocity.

9] 0=0 2
S=n0f vzdvf dcos@f dp f(v,T) v
0 o=" 0

=2

9)
_ng | 2kgT
2 T[Matom

f (v, T) in the equation is the Maxwellian distribution.
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We used the Levenberg-Marquardt method to estimate the near-surface
density ny, and temperature T from the vertical profile through fitting with the
model profile (Fig. 1). For Mg and Ca, because some data showed an unknown sharp

(@) Mg (b) Ca (c) Na
0.6 . . 0.8 . . 4 . . -
¢ TAA =76 deg TAA =147 deg TAA =105 deg
% Local Time =6 h Local Time =6 h Local Time =10 h
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o
2
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Fig. 1: Fitting to the vertical profile of (a) Mg, (b) Ca, and (c) Na.

For Mg and Ca, fitting was performed while ignoring the observations with
tangential altitude is lower than 500 km (the gray region). The Na vertical profile
was fitted assuming two components: a lower-energy component and a higher-
energy component, and only the production rate of the lower-energy component
derived from PSD was used. The Levenberg-Marquardt method was used for fitting.

increase in brightness at low altitudes (gray-hatched in the figure), possibly due to
uncorrected scattering from the bright surface, we used only data above 500 km for
fitting (Fig. 1(a)). For Na, because it is difficult to precisely evaluate the production
rate of higher-energy components due to the low signal to noise ratio of the data or
to the limitgs of the adopted physical model as pointed out in Cassidy et al. (2015),
we used only the production rate of the lower-energy component, which was ejected
through PSD (Fig. 1(b)). The production rate of Mg and Ca is comparable to the one
estimated in Merkel et al. (2017) and Burger et al. (2014), respectively.

To remove the effect of seasonal variability, the production rate is devided by
that at the antipodal points at the same TAA, the same local time and the different
Mercury year. Then, We defined a “relative production parameter” X at the
tangential point longitude of ¢, TAA of a, and local time of h, as follows:

2(p,a,h) = log10< S a,h) )

S(p+ma,h) (10)

When calculating X, we averaged the production rate S obtained from the data for
each local time 2 h and TAA 4°. Since the seasonal variation is offset through this
calcuration, X (¢, @, h) is expected to strongly depend on the ratio of surface
abundance. Note that X(¢, a,h) > 0 means S(¢, @, h) > S(¢p + 7, a, h), and (¢, a, h) =
—2(¢ + m,a,h). For Mg and Ca, the correlation coefficient between Z(¢) and the
surface Mg and Ca abundance ratio, log10(0(¢) Jo(p + n)), where o is the surface
density of Mg and Ca around the equator, is calculated. The surface density
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166  distribution of Mg and Ca (Fig. 2) is derived from Nittler et al. (2020). Surface Na
167  density in the northern hemisphere was presumed by Peplowski et al. (2014) based
168  on observations by the Gamma-Ray Spectrometer (GRS) onboard MESSENGER.

169  However, the production rate of Na exosphere cannot be compared to the surface Na
170  density since the exosphere data concentrated around the equator do not spread in
171 the latitude direction and the surface data, on the other hand, have little

172 information in the longitude direction.

173
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0.11 0.22 0.33 0.44 0.55 0.66 0.77 0.88 90 0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32
R 60 ,’ Y .« ﬁ ﬁ-‘ 4
> ’ "B B i
S 30 [ " \ ]
(0] oL b |
ie] L | L
=} L i L |
£ 30l 1 3L ]
m L | L |
— 0 - 1 0 | :
90 L S ‘ ‘ : i 90 [ ‘ ‘ ‘ L 1
-180 -120 -60 0 60 120 180 -180 -120 -60 0 60 120 180
Longitude (deg)
Fig. 2: The surface density distribution of (a) Mg and (b) Ca deduced from the
observations by MESSENGER/XRS.
174
175

176 3 Results and Discussion

177 3.1 Mg

178 The relative production parameters of Mg (the colored dots) and surface Mg
179  abundance ratio at the equator (the black solid line) as a function of longitude are
180  plotted in Fig. 3(a). Data points are concentrated around the +90° due to the

181  geometry of MESSENGER. In all the analyses below, including those of Ca and Na,
182 we have systematically removed noisy data (with relative error of S(¢)/S(¢ +

183 m) greater than 10%). The correlation coefficient between the production rate ratio
184  and surface abundance ratio was r =0.70+0.17, with a 95% confidence interval of
185 0.65 <r <0.76. The number of data used in this study was increased compared to
186 that of the previous study (Merkel et al., 2018), which used only local time 06 data.
187  In addition, calculating the surface Mg abundance ratio in the same way as the

188  production rate of the Mg exosphere enabled statistical tests using the correlation
189  coefficient, which clarifies the ESC for Mg on Mercury.

190
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Fig. 3: The dependence of the relative production parameter on longitude.

The dot color represents the local time at which the observations was performed.
The black solid line in (a) and (b) is the surface Mg abundance ratio.

3.2Ca

The relative production parameters of Ca (the colored dots) and surface Ca
abundance ratio at the equator (the black solid line) as a function of longitude are
plotted in Fig. 3(b). The correlation coefficient between the production rate ratio and
surface abundance ratio was r = 0.22+0.14, with a 95% confidence interval of 0.12 <
r < 0.32. This result indicates that the ESC of Ca is much weaker than that of Mg.

We consider that the difference between these results is due to the fact that
the g-factor of Ca is approximately ten times larger than that of Mg. As a result, Ca
experiences more solar radiation acceleration and is more likely to flow in the
tailward direction. To confirm this difference between the two components, we
performed three-dimensional Monte Carlo simulations of the trajectories of Ca and
Mg atoms in the exosphere. In this model, 10,000 atoms of Mg or Ca are ejected only
once from the point of 280°E (the red arrow), which Mg and Ca concentrate on, and
they move affected by gravity of Mercury and the Sun and solar radiation pressure.
The g-factor is set to be a function of radial velocity with respect to the Sun. We
assume that Mercury is at perihelion, or TAA = 0°. Fig. 4 shows the distribution of
Ca and Mg atoms in 60 min after ejection, seen from the south as well as the
observations by the MASCS. Killen et al. (2005) suggested that Ca is first released
as a form of CaO and dissociates into high-energy Ca atoms under UV irradiation,
while Valiev et al. (2017) showed that energetic Ca in the exosphere is not
generated from CaQ. So, the source of Ca has not been identified yet. Although our
calculation used several energies in the range of 3,000K to 40,000K, the qualitative
results were the same as those in Fig. 4, which is the case of 20,000K. These results
show that information on distribution of the surface Ca is moved in the tailward by
solar radiation. This makes the ESC computationally smaller since our method
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217 using Chamberlain model ignores the horizontal transport when estimating
218  production rate.
219

(a) Mg (b)

4 1

Duskward Distance (Rye)

(‘n'ey0l) Asuaq uwn|o) jualeddy

s -4 N
-4 -2 0 2 4 -4 -2

Anti-Sunward Distance (Rye)

Fig. 4: Trajectories of Mg and Ca atoms using test particle simulations at perihelion.

The color scale, which 1s displayed on a logarithmic scale, corresponds to the line-of-
sight integration of the amount of the exosphere seen from the south as well as the
observations by the MASCS. Note that the absolute value of the color scale does not
have physical meaning. It can be seen that Ca tends to flow in the anti-sunward
direction, unlike Mg.

220

221 3.3 Na

222 The relative production parameter of Na (the colored dots) as a function of
223 longitude is plotted in Fig. 3(c). Because Na has a larger amount of data due to its
224 brightness, we will discuss using only the data with relative error of S(¢)/S(¢ +
225 m)is less than 5% instead of 10% (Fig. 5(a)). The relative production parameter X is
226 close to 0 at most longitudes, but we can see X > 0 in the region of —45°E to 0°E (red
227 box in Fig. 5(a)). This region has especially high maximum temperature, reaching
228 650K at perihelion. When we extract only the region whose temperature when the
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data were collected is high (>550K), we can find that £ > 0 in the region of —45°E to
45°E (red box in Fig. 5(b)), which means that production rate of Na exosphere in
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Fig. 5: The dependence of the Na relative production parameter on longitudes.
(a) Data with relative error of S(¢)/S(¢ + 1) is less than 5% are plotted. (b) Data
with relative error of S(¢p)/S(¢p + m) is less than 5% and with temperature above
550K are plotted. The colors of each dot represents the local time when the
observation was performed.

45°E to —45°E is larger than in 135°E to —135°E (Fig. 5(b)).

The cause of £ > 0 in the region of —45°E to 45°E can be explained well by
assuming two methods of Na surface binding: physisorption and chemisorption.
Similar ideas have often been assumed in the Na exosphere models, such as the one
by Leblanc and Johnson (2010). Most of the physisorbed components consists of Na
atoms that re-impact the surface. Since they are easily ejected through thermal
desorption owing to their binding energy being less than 2.0 eV, the distribution

(a) (b)

-30°E 150°E -30°E 150°E
@ 0O o ® @ ® m
@ . . x
5 . o ® @ Thermal @ a
2 © 0 . ® o desorption @ %
b @ o © @ e ® =
S e % o m)
3 Physisorbed (depend on temperature) f‘:n
= =

Fig. 6: A two-layer scenario of the surface Na.
(a) At the intermediate temperature of about 500 K, the exosphere mainly consists
of physisorbed Na atoms. (b) When the surface temperature rises, the physisorbed
Na layer 1s depleted, and chemisorbed Na atoms occupy the exosphere. Thus, ESC
1s considered to appear in the extremely high-temperature regions.
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mainly corresponds to surface temperature. In contrast, the binding energy of
chemisorbed Na atoms is approximately 2.6 eV assuming, for example, Na-O bond

700

Physisorbed atoms are depleted?

600

Temperature (K)
[4)]
Q
o

400 |

300 .
-180 -90

0 90 180
Longitude (deg)

Fig. 7: The surface temperature experienced by each longitude.
The red line shows the maximum temperature and the blue line shows the average
temperature which each region experiences during Mercury’s revolution.

(Bida et al., 2000), which implies chemisorbed Na are distributed depending not
only on surface temperature but on geological features.

The possible scenario is as follows (Fig. 6): when the surface temperature is
intermediate (lower than approximately 500K), the thermal accommodation layer,
which is composed of physisorbed atoms, is not depleted, and most of the produced
Na exosphere 1s derived from the physisorbed component. Therefore, the production
rate of the exosphere mainly depends on the surface temperature and UV flux.
However, in the high-temperature region above 550 K, such as around 0°E (Fig.7),
the physisorbed Na atoms are depleted by thermal desorption or diffusion into the
subsurface, and most of the ejected Na is occupied by the chemisorbed atoms. Thus,
the production rate of the exosphere also begins to depend on geological features,
that is, ESC appears in the high-temperature regions from —45°E to 45°E (and from
135°E to —135°E). Parameters related to thermal desorption, such as binding energy
and oscillation frequency, have not been determined well: Hunten and Sprague
(2002) adopted 1.4 eV and 1013 Hz, Leblanc and Johnson (2010) used a Gaussian
distribution between 1.4 and 2.7 eV with a most probable value of 1.85 eV and 10°-
1011 Hz, Suzuki et al., (2020) assumed 1.85 eV and 1013 Hz (Fig. 8), and Sarantos
and Tsavachidis (2020) demonstrated that diffusion makes the energy barrier of the
desorption higher. It typically takes about 10 min for thermally desorbed atoms to
re-impact the surface. If a binding energy is less than 1.85 eV and oscillation
frequency is larger than 1013 Hz, the desorption rate per 10 minutes reaches nearly
100 % in regions with temperature above 550 K, which is consistent with our
results. Note that the regions with larger production rate do not always correspond
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to surface composition anomaly, since solar radiation acceleration of Na is even
larger than that of Ca. Besides, the composition anomaly of chemisorbed component
does not always reflect on the geological history of Mercury, since it also gradually
varies through repeated thermal desorption.

T T T T 1.40 eV 1e13 Hz
185eV 1e11HZ — —
1.85eV 1e13 Hz

o
e

Desorption Rate (/10min)
(=} o
B o
T

o
[N

0 . . . ! . .
400 450 500 550 600 650 700 750 800

Temperature (K)

Fig. 8: Parameter dependence of the thermal desorption rate.

The red and green lines use parameter sets adopted by Hunten and Sprague (2002)
and Suzuki et al., (2020), respectively. The blue line uses parameters assumed as the
most probable values by Leblanc and Johnson (2010). Each line represents the
proportion of thermally desorbed Na from the surface.

3.4 Implication for other components

From the discussion above, low volatility and small solar radiation
acceleration are important factors for ESC. Additionally, long photoionization
lifetime may also be important, although this was not found in our study.
Photoionized atoms orbit under the influence of an electromagnetic field. Since
neutral atoms with a short photoionization lifetimes in the exosphere include most
atoms that have undergone photoionization and re-neutralization, their distribution
1s greatly affected by the electromagnetic field and will no longer reflect the
geological features. Therefore, a shorter photoionization lifetime is expected to
weaken ESC, except at very low altitudes. This would be verified when the
distribution of atoms with extreme short photo-ionization lifetime such as
Aluminium is observed.

The solar radiation acceleration and photoionization lifetimes of some of the
components of Mercury’s exosphere are shown in Table 1. The solar radiation
acceleration of atoms was calculated using the following equation.

1 h
b=——> 24 (11)
Matom ; /1i '
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284  where myom, h, 4;, g; are the mass of atoms, plank constant, wavelength of each

285 emission line, and g-factor, respectively. The g-factor was calculated using values
286  from Killen et al. (2009). As g-factor, that at rest and at 1 au is used. The

287  photoionization lifetime was derived from Fulle et al. (2007).

288 Considering the constants in Table 1, Oxygen and Sulfer have small solar

289  radiation acceleration and long photoionization lifetimes, which suggest existence of
290 ESC on Mercury. Although Na and K are more thermally desorbed, it has been

291  reported that the amount of Na in the Moon’s exosphere increases above low-albedo
292 regions (Colaprete et al., 2016) and that of K is enhanced above the KREEP region
293 (Rosborough et al., 2019). In celestial bodies far from the central star, even atoms
294  that are thermally desorbed more easily, with larger solar radiation acceleration or
295  with shorter photoionization lifetimes, may have ESC.

Solar radiation ..
) Photoionization
Component acceleration n ESC on Mercury
lifetime @1 au (s)
at 1 au (m/s?)
Na 2.5%X102 1.9%105 Little
K 2.1x104 4.3x104 Little?
Mg 1.9x103 2.1x106 Strong
Ca 1.3x102 1.4x104 Weak
O 2.5X10°6 2.0x106 Strong?
S 4.4x10°6 4.2x105 Strong?

Table 1: The solar radiation acceleration and photoionization lifetime of each
atom at 1 au.

Solar radiation acceleration is estimated using the g-factor calculated in Killen
et al. (2009), and the photoionization lifetime is derived from Fulle et al. (2007).
Although Na and K seem to have ESC in terms of solar radiation acceleration
and photoilonization, they are expected not to have ESC due to the fluctuations
in surface density through thermal desorption and re-impact.

296
297

208 5 Conclusion

299 In celestial bodies with thin atmospheres, atoms are supplied from the

300 surface to the exosphere due to the effects of the space environment, such as

301  heating, UV radiation, and the impact of micro-meteoroids. Thus, the spatial

302  distribution of some components in the exosphere is expected to reflect the

303 distribution of each component on the surface as well as geological features such as
304 craters and volcanic terrain. In this study, we verified the existence of ESC on

305 Mercury using observations by MASCS and XRS onboard MESSENGER. As a

306 result, we clearly showed that Mg has strong ESC, as suggested by Merkel et al.
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(2018), and that Ca has weak ESC. Based on simple Monte Carlo simulations, we
attributed this weak ESC of Ca to the effective tailward transportation by solar
radiation acceleration. Although Na atoms are easily desorbed thermally, it is
possible that ESC appears in the high-temperature region due to the depletion of
the physisorbed Na layer on the surface. Based on these results, we considered that
volatility and solar radiation acceleration control the ESC. S and O may also have
ESC on Mercury, and it is expected that ESC will be found in various components
on cooler celestial bodies such as Europa and Ganymede.

The presence or absence of ESC is a very interesting and useful issue, but
there have not been enough observational data to discuss this. We hope that
observations by the BepiColombo mission (Milillo et al., 2020; Murakami et al.,
2020), launched in 2018, will allow us to discuss this issue in more detail. This will
provide us with insights in the latitude direction — we could only discuss the
distribution in the longitude direction in this study. The MSASI (Yoshikawa et al.,
2010) onboard the Mio spacecraft will provide the detailed structure of the Na
exosphere. PHEBUS (Quémerais et al., 2020) and SERENA (Orsini et al., 2021)
onboard the MPO spacecraft will clarify the distribution of a variety of components
in the exosphere, and MERTIS (Hiesinger et al., 2020) onboard MPO will reveal a
wide range of surface material distributions on Mercury.
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