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[1] Two flybys of Mercury by the NASA MESSENGER
spacecraft on January 14 and October 6, 2008 provide
insight into the spatial distribution of the heavy ion
exosphere around the planet. The relatively quiet solar
wind conditions and interplanetary magnetic field (IMF)
orientation allow us to compare “in situ” observations
with numerical simulations. During each flyby, the IMF
had a strong radial Sun‐Mercury direction but nonzero
northward and southward components for the first (M1)
and second (M2) flybys, respectively. We show that
comparative studies of particle tracing in stationary
electromagnetic fields from a self‐consistent hybrid kinetic
model provide a good characterization of Mercury’s
sodium ion exosphere when compared with MESSENGER
observations. Citation: Paral, J., P. M. Trávníček, R. Rankin,
and D. Schriver (2010), Sodium ion exosphere of Mercury during
MESSENGER flybys, Geophys. Res. Lett. , 37 , L19102,
doi:10.1029/2010GL044413.

1. Introduction

[2] An extensive study of planet Mercury began after the
discovery of its intrinsic magnetic field by Mariner 10 in
1974/75 [Ness et al., 1974]. It was also revealed that Mercury
has an exospheric environment [Broadfoot et al., 1976] not
very different from Earth. Recently, the NASAMESSENGER
spacecraft visited Mercury by performing three equatorial
flybys on January 14, 2008 (M1), October 6, 2008 (M2), and
September 29, 2009. These predate the orbital phase of the
mission, which is scheduled to begin on March 18, 2011.
During M1 and M2, the interplanetary magnetic field (IMF)
had a strong radial Sun‐Mercury component with nonzero
northward component Bz during M1, and south‐pointing Bz

during M2. The solar wind conditions were relatively quiet
for both flybys, providing two typical but quantitatively dif-
ferent cases of IMF orientation to investigate. From the
information already provided by MESSENGER, it has been
found that the intrinsic magnetic field of the planet is dipole‐
like, with a magnetic moment of 250 nT RM

3 [Slavin et al.,
2009]. Because of sun shadowing of the spacecraft, there
are no direct measurements of solar wind parameters, and
estimates must come from solar wind expansion models.
Nevertheless, the flybys have revealed that Mercury’s mag-

netosphere has a striking resemblance to Earth, with similar
phenomena such as Kelvin‐Helmholtz vortexes on the flanks,
plasmoid formation, and other phenomena [Slavin et al.,
2008, 2010].
[3] The MESSENGER spacecraft carries instruments

relevant to the study of the heavy ion exosphere of Mercury,
including Fast Imaging Plasma Spectrometer (FIPS) as a
part of the Energetic Particle and Plasma Spectrometer
(EPPS). The FIPS‐EPPS instrument counts heavy ions for
various ranges of m/q ratio, where m and q are particle
mass and charge, respectively. The FIPS covers an energy
range from tens of eV to 13.5 keV, and provides coverage of
approximately 1.4p steradians solid angle. The actual field
of view is limited by the fact that the instrument is shielded
from the Sun and so caution is necessary when the sunshade
is between the instrument’s field of view and the bulk plasma
flow direction, because only the supra‐thermal population
of plasma contributes to the measurement. A summary
of measurements taken during the M1 flyby is given by
Zurbuchen et al. [2008], who concluded that the most
abundant heavy ion species is sodium. Although note that
instrument can not differentiate between atomic masses 23
and 24. During the M1 flyby FIPS recorded an accumulation
of Na+ on the dusk side in the equatorial plane and in the
vicinity of the inboundmagnetopause crossing. Note that data
from M2 were not published as of this writing.
[4] The source of Mercury’s sodium exosphere is the

surface of the planet, which refills the planetary environment
by ejecta from the regolith. At least two major releasing
processes contribute to the source of this new material:
Photon‐Stimulated Desorption (PSD) and Solar Wind Sput-
tering (SWS). The PSD process is active on the dayside of the
planet, with the maximum flux of ejected particles occurring
at the sub‐solar point because of solar wind photons that
directly excite surface atoms. The SWS process is due to solar
wind ions and energetic atoms that impinge on the surface
at highly localized auroral and mid‐latitude regions, as dis-
cussed by Paral et al. [2009].
[5] The objective of this paper is to carry out quantitative

numerical studies of two cases that are similar to the M1 and
M2 flybys.Wemodel the spatial distribution of the sodium ion
exosphere, and compare it with data taken by MESSENGER
during the first flyby. The methodology involves test‐particle
ion tracing in the electromagnetic fields provided by a self‐
consistent hybrid model. This extends previous work by
Sarantos et al. [2009].

2. Initialization

2.1. Hybrid Simulation

[6] In our studies, we use the hybrid self‐consistent
numerical model, where ions are treated kinetically and
electrons are described as a massless charge neutralizing
fluid. The system consists of a 3D rectangular cartesian grid
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with spatial resolution dL = 0.4 × 1.0 × 1.0c/wp,sw, where c is
the speed of light and wp,sw is the solar wind proton plasma
frequency. The simulation box domain length is L = 237.6 ×
286 × 286c/wp,sw. We use background fields obtained from
two simulations described in detail by Trávníček et al. [2007].
The IMF is defined through its Cartesian components with
northward BIMF = (0.94, 0, 0.34)Bsw and southward IMF
(0.94, 0, −0.34)Bsw corresponding to HYB1 and HYB2,
respectively. We assume solar wind parameters: magnitude
of IMF Bsw = 18 nT; solar wind density of protons nsw =
32 cm−3 for both study cases.

2.2. Particle Tracing

[7] We consider photo‐stimulated desorption (PSD) and
solar wind sputtering (SWS) to be two major release
mechanisms responsible for refilling the exosphere of
Mercury with neutral and ionized sodium. Each process
releases particles as neutral atoms but 1% of sodium is
already ionized when ejected [Milillo et al., 2005]. We
neglect micro‐meteorite vaporization because the contri-
bution to the total content of exospheric sodium is not
expected to exceed ∼20% and ∼4% of SWS and PSD,
respectively [Killen et al., 2004].
[8] The spatial distribution of solar wind sputtering is

highly dependent on the orientation of the IMF [Delcourt et
al., 2003]. The orientation and magnitude of the IMF is also
a key parameter responsible for opening the magnetosphere
to entry of solar wind ions along open field lines. The
energy transmitted during each sputtering interaction is T =
Tm cos2(ar), where ar is the recoil angle and the maximal
transmitted energy Tm between an incident particle with
energy Ei and mass m1, and sputtered particle of mass m2, is
given by Tm = Ei(4m1m2)/(m1 + m2)

2. We only consider H+

and Na/Na+ to be the interacting species. The energy dis-
tribution function is described by

fs Ee; Tmð Þ ¼ Ee

Ee þ Ebð Þ3 1� Ee þ Eb

Tm

� �1=2
" #

ð1Þ

where Eb = 2 eV is the surface binding energy, Ee is the
energy of the emitted particle. We consider Tm to be 500 eV
in both cases. The angular distribution function is cosg(an),
where g is a number between 1 and 2 (in our case, we use 1)
and an is the angle between the normal to the surface and
the initial velocity. The total number of particles ejected
from the surface per second FSWS was estimated by Killen et
al. [2004] to be between 6.0 × 1021 and 3.8 × 1024 s−1

particles, based on solar wind parameters that range from
nsw = 10–90 cm−1, vsw = 350–750 km s−1, and 5–30% of the
surface open to the solar wind. Assuming the solar wind
conditions to be nsw = 32 cm−1, vsw = 350 km s−1, and
surface open to the solar wind to be 17.0% and 13.7%,
respectively, we set the flux F0

SWS to be 9.6 × 1023 and 8.0 ×
1023 s−1 for HYB1 and HYB2, respectively. We apply a
self‐consistent flux distribution of solar wind protons over
the planet surface using results of the hybrid simulations of
Trávníček et al. [2007] as initial conditions for our model, as
well as in determining the surface area which is open to
solar wind protons.
[9] The energy distribution function of photon‐stimulated

desorption can be closely approximated [Johnson et al.,
2002] by the energy distribution function:

f Eð Þ ¼ x 1þ xð Þ EUx

E þ Uð Þ2þx ð2Þ

where x = 0.7 and U = 0.052 eV. This function has its
maximum at approximately half of the binding energy U,
and contains a long high energy tail as compared to the
Maxwell‐Boltzmann energy distribution [Mura et al.,
2007]. The surface flux of ejected particles is dependent
on the angle � between zenith and the subsolar point and is
defined as Fn(�) = Fn* cos(�)(R/R*)2.
[10] The number of particles through the surface FPSD is

unknown but was estimated by Killen et al. [2004] to be
between 5.0 × 1024 and 1.0 × 1025 s−1. We choose a PSD
rate of F0

PSD = 5.0 × 1024 s−1 for both simulations as it
provides a baseline fit to the MESSENGER UV measure-

Figure 1. Measurements of sodium ion density in arbitrary units of virtual flyby using the trajectory from the (a) first and
(b) second flyby of MESSENGER, respectively. Ejecting mechanisms PSD and SWS are represented by dashed and
dashed‐dotted lines, respectively, and the sum of both is represented by the solid line. Locations of magnetopause inbound,
closest approach and magnetopause outbound are marked as MI, CA and MO, respectively. Scaling factors M1,2 = 13.7 and
4.7 ions/cc for the first and second flyby, respectively.
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ments of emission from neutral Na [Burger et al., 2010].
Note, however, the PSD flux must be increased by a factor
of 4 on areas open to the solar wind to match the sodium
enhancements observed by MESSENGER above Mercury’s
polar regions.
[11] Peak ion densities in Figures 1a and 1b along the

virtual trajectory are normalized by the factor M1,2 = max
(nSWS + nPSD) where M1 = 13.7 and M2 = 4.7 ions cm−3 for
HYB1 and HYB2, respectively. The factors M1 and M2

correspond to the values of F0
PSD and F0

SWS defined earlier,
assuming the density scales linearly with the surface flux.
[12] The photoionization life time tp for sodium was esti-

mated to be 5 × 104 – 4 × 105 s at a mean orbit of 0.386 AU
[Milillo et al., 2005]. Because photoionization is dependent
on photon flux, we scale the ionization time using the actual
distance from the Sun during the given flyby using t = t*(R/
R*)2 where R* = 0.386 AU and R is the distance from the Sun
(0.307–0.467 AU). We use values of 0.353 and 0.341 AU for
M1 andM2, respectively. For both simulations we use tp* =
5 × 104 s. Each neutral particle carries a weight w of unity at
the time of surface ejection. This value is decreased every
time step by dw/dt = w(t)tp

−1, where tp is a typical photoioni-
zation time. We neglect ionization due to charge exchange
which has a much longer ionization time. The weight decre-
ment dw is accumulated on the mesh and when it reaches unity
an ion is released in the given cell with the local velocity dis-
tribution of the neutral particles. In the neutral state, only
gravitation and acceleration pressure forces act on particles.
The gravity force is approximately 3.697m/s2 but the radiation
pressure acceleration arp varies due to the Doppler shifted
photon flux, and can be between 0.2 and 2m/s2. To account for
the relative velocity of the planet and Sun during the flybys we
assume arp to be ∼1.8 m/s2 for both simulations.

3. Results

[13] The spatial distribution of neutral atoms is governed
by gravitation and radiation pressure forces as well as the
energy distribution and spatial distribution of releasing

processes. In the case of SWS the energy of neutral particle
ejecta is high enough to easily escape bounding forces and
forms a corona‐like envelope. On the other hand, the PSD
process releases relatively low energy particles with energy
distribution peak at 0.1 eV [Yakshinskiy and Madey, 1999].
These particles are bound by gravitational force to the plan-
etary surface and form a thin layer with a maximal altitude of
≈80 km at the nose of the planet. This layer is a rich source of
ions because of the increased chance of photoionization.
Ionized particles are governed only by electromagnetic fields
and so the orientation of the IMF plays a dominant role in
determining the ion distribution.
[14] Figure 2 presents the spatial distribution of sodium

ions (Na+) in the equatorial plane. Figures 2a and 2b represent
HYB1 and HYB2 simulation results respectively, with
MESSENGER trajectories from the first and second flybys
represented by a dashed line. The color markers MI, CA, MO
and SO represent magnetopause inbound, closest approach,
magnetopause outbound and shock outbound, respectively
(as observed from the hybrid simulation). The color scale
represents sodium ion density scaled in arbitrary units defined
above. The axes are scaled to the radius of Mercury RM with
the Sun in the −X direction. The solid line contours represent
constant magnitude of the magnetic field of 1.6 Bsw and 5 Bsw

for easy identification of magnetosphere structure.
[15] As a result of the different orientation of the IMF,

sodium distribution in the equatorial plane in Figure 2 differs
between HYB1 and HYB2. Particles easily leak upstream at
the subsolar point in the case of south‐pointing IMF as seen
Figure 2b. The prominent feature of northward pointing IMF
in Figure 2a corresponds to an accumulation of sodium
ions in the downstream predawn magnetosphere sector.
This is in agreement with observations from the FIPS
during the first flyby. Particles near closest approach have
average energy per bin of 3 keV. On the other hand, a high
energy ion population, with average energy 10 keV, can be
observed upstream of the magnetopause. This distribution of
energetic ions is different for HYB1 and HYB2; for north

Figure 2. Color representation of sodium ion (Na+) density in equatorial plane (X, Y). (a and b) Solar wind conditions
which we refer to as HYB1 and HYB2, respectively. Dashed line represents projection of trajectory of M1 and M2 flybys
of MESSENGER on equatorial plane, respectively. Colored markers show position of magnetopause inbound (MI), closest
approach (CA), magnetopause outbound (MO) and shock outbound (SO) crossings as determined from hybrid simulations.
The iso‐contours represent constant magnetic field ∣B∣ of 1.6 and 5 Bsw.
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pointing IMF (i.e. HYB1) energetic particles are accumulated
at the dawn flank whereas for south pointing IMF they are
present from the dayside to post‐dusk sector.
[16] In general, ionized particles are carried westward and

are transported to the night‐side where they can escape into
the tail or back‐scatter on the surface. Note the differences
for both cases of IMF in Figure 2. For northward Bz we can
clearly see that the ion population is confined downstream
of the magnetopause. On the other hand, southward pointing
IMF allows particles to escape at the nose of the magneto-
sphere due to reconnection.
[17] Ions released by SWS are originally localized at

auroral mid‐latitude regions. The velocity distribution points
in the direction normal to the surface and thus the parallel
velocity with respect to the local magnetic field is greater
than the perpendicular velocity. Such particles are partially
trapped and undergo mirror motion with a relatively high
latitude mirror point. The remaining particles escape and are
lost to the tail where they follow a meandering motion.
[18] In the case of PSD, particles have rather small energy

after being released and form a thin layer of neutral particles
on the dayside which acts as a source of photo‐ions. Ionized
particles have small parallel velocity as compared to their
perpendicular velocity and thus PSD ions equatorially mirror
before back‐scattering to the surface. Because of the different
removal mechanism, PSD is responsible for filling lower
altitudes with low energy particles. SWS, on the other hand, is
most likely filling the higher altitude regions.
[19] Figure 1 represent virtual flybys through simulated

data. Figures 1a and 1b represent the two study cases HYB1
and HYB2 that correspond approximately to the solar wind
conditions appropriate toM1 andM2 flybys ofMESSENGER,
respectively. The error bars represent one standard deviation
of simulated data using a sequence of time slices of EM fields
taken from hybrid model. The fields are taken exactly one
gyroperiod apart. The large error bars in Figure 1 reveal the
importance of wave‐particle interactions in determining the
observed sodium density. As expected, the high density region
near the closest approach is more susceptible to plasma
dynamics. In the near Mercury environment, magnetically
trapped particles undergo bouncingmotion between conjugate
hemispheres while interacting with low frequency waves.
These waves have frequency close to the proton gyrofre-
quency and affect the topology of electromagnetic fields
which in turn change the local distribution of sodium ions.
[20] Direct measurements of M1 [Zurbuchen et al., 2008]

reveal several ion density accumulation regions along the
flyby trajectory that qualitatively agree with our models:
First, increased density in the inbound leg when crossing the
magnetopause; second, a gradual increase of density as the
spacecraft approaches the planet, followed by a sudden
decrease before crossing the CA. This decrease is due to the
large particle gyroradius, which diffuses particles to higher
L‐shell as they drift into the night sector. Diffusion is likely
responsible for density depletion near the noon sector of the
planet, as seen in the vicinity of closest approach in the FIPS
measurements as well as our virtual flyby.

4. Conclusions

[21] Simulations reveal that in the near Mercury envi-
ronment, photon stimulated desorption (PSD) is the dominant
source of the exosphere (compare Figure 1). This results from

a relatively high density source of low energy neutral particles
on the dayside, although we note that thermal desorption that
is difficult to quantify with our model may reduce the PSD
process.
[22] Photoionization on the dayside acts as a fountain

which replenishes the exosphere with new Na+ ions. On the
other hand, SWS ejects particles from a narrow band of high
latitudes in the auroral region that fill the tail of Mercury
with new Na+.
[23] By comparing numerical results with data from

the MESSENGER FIPS published by Zurbuchen et al.
[2008], we conclude that our numerical studies are in
good agreement compared to M1, where a comparison can
be made. Density accumulation occurs downstream of the
dusk magnetopause, with maximum density occurring after
closest approach as MESSENGER moves outbound toward
the magnetopause, which is located in the dawn sector of the
equatorial plane. Peak ion densities along the MESSENGER
orbit correspond to ∼14 and 5 ions cm−3 in our model for the
first and second flyby, respectively, if the rate of 5 × 1024 Na
neutrals s−1 is assumed for PSD. The model then predicts
∼0.3 and 0.8 cm−3 ion densities at the outbound magneto-
pause for HYB1 and HYB2, respectively. Such high ion
densities may explain the boundary layer feature that cor-
responds to the diamagnetic decrease of the magnetic field
observed by Slavin et al. [2008, 2009] during MESSENGER
flybys. The dynamic nature of our simulations reveals that
plasma within 1.3 RM radius is affected by wave‐particle
interactions. This region ranges from the predawn to post-
noon sector.
[24] Several factors potentially contribute to differences

between the observations of Zurbuchen et al. [2008] and our
results: First, because the resolution of the “in situ” data
measurements is somehow small due to the selected bin
size, it is difficult to localize the peaks and valleys. Second,
several species are included with rather large m/q range as
compared to our results, where we include only sodium
ions. Third, limitations of the FIPS sensor caused by
instrument orientation, and the fact that it is on the sun
shaded side of the spacecraft. Also, we include a full spectrum
of ion energies, whereas FIPS is limited by its energy range
sensitivity. The energy sensitivity will play an important role
in the regions where low energy ions dominate such as
downstream of the magnetopause on the portion of the out-
bound leg.
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