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Abstract: The access of charged particles in the Hermean environment is determined by the planetary magnetic
field (MF). Its shielding effect can be quantified by computing cutoff rigidities, which are expected to vary with
the MF intensity and shape. In particular, the weak magnetic field of the planet and the increasing weight of
the interplanetary magnetic field (IMF) BX component at Mercury’s orbit, introduce critical differences in the
MF with respect to the Earth’s case, such as a strong North−South asymmetry. We calculated cutoff rigidities
for different geometries of the Mercury’s magnetosphere obtained as response to different solar wind (SW)
conditions (interplanetary magnetic field intensity, solar wind density and velocity) through a Toffoletto-Hill
modified model (Massetti et al., 2007). This computation allows to estimate the energetic charged particle
transmission through the Hermean magnetosphere.
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1 Introduction
Energetic particles such as galactic cosmic rays and so-
lar energetic particles (SEPs) can enter planetary environ-
ments and affect them in several ways, e.g., producing
secondary particles when impacting the atmosphere and
the surface. In particular, SEP events (defined as > 10
MeV flux reaching the 10 pfu [particles/cm2*sr*s*MeV]
threshold at 1 AU), usually associated with transient so-
lar phenomena (e.g. solar flares, CMEs), are characterized
by an intense particle flux at Mercury’s location, possi-
bly reaching values of ≈106 pfu in the inner Heliosphere
[1]. The penetration of these particles inside a magneto-
sphere mainly depends on their energy and the magnetic
field strength. A threshold value for particles energies can
be determined, at a given elevation from the surface, as a
function of planetary latitude and longitude. It represents
the lower energy above which the particles can cross mag-
netic field lines and reach the selected elevation. As known
for the Earth case, also for other planets, with an internal
dipolar magnetic field, a higher rigidity (being the rigid-
ity of a particle defined as the momentum per unit charge)
is expected at low latitudes for the incoming particles [8].
Particles could arrive from different directions depending
on the location of their source. Thus, the cutoff calcula-
tion should be also a function of the arrival direction. As
already performed in several computations for the Earth’s
magnetosphere (see [2] for a review), the planet’s magnetic
field strength and shape should be accurately defined. A re-
newed interest in Mercury is due to the Messenger (NASA)
and the next BepiColombo (ESA/JAXA) Space Missions.
The geometry of the magnetosphere, as well as its response
to the solar wind inputs have to be modeled in order to
better understand Mercury’s environment. The weak mag-
netic field of the planet and the increasing weight of the
IMF BX component at Mercury’s orbit, introduce critical
differences with respect to the Earth’s case such as a strong
North−South asymmetry and a significant solar wind pre-
cipitation into the dayside magnetosphere even for non-
negative IMF BZ . In this paper we investigate the SEPs and

Mercury’s magnetosphere interaction, by using an ad hoc
modified version of the semi-analytical Toffoletto and Hill
(TH) magnetospheric model [3, 4, 5]. In the present anal-
ysis we adopted an internal dipole magnetic field of 195
± 10 nT/RM3 (being RM the radius of Mercury) as com-
puted by Anderson et al. [6]. Another important aspect to
take into account is the conditions of interplanetary space
at Mercury’s orbit. Different shapes of Hermean magneto-
sphere could be identified when changing the solar wind
input. The aim of this work is to outline the typical configu-
rations of Mercury’s magnetosphere under the effect of dif-
ferent solar perturbations: corotating High Speed Streams
(HSSs) and transient phenomena such as the interplanetary
Magnetic Clouds (MCs).

2 Data selection and Analysis
The future BepiColombo mission will offer an unprece-
dented opportunity to investigate magnetospheric and exo-
spheric dynamics at Mercury as well as their interactions
with solar particles. In order to investigate the space envi-
ronment at the time of the spacecraft arrival at Mercury’s
orbit (the beginning of solar activity cycle n. 25), Helios 1
and 2 missions data, covering the period 1975-1980, have
been used. In fact, this period corresponds to the increas-
ing phase (from minimum to maximum) of solar cycle n.
21 that, being an odd numbered cycle, should have com-
mon features with the same phase of cycle n. 25, as far as
occurrences and persistence of solar magnetic structures
are concerned [7]. Since we are interested in characteriz-
ing the interplanetary conditions close to Mercury, Helios
data recorded between 0.3 AU and 0.47 AU have been used.
The orbital period of the Helios spacecraft was about 6
months and each passage near Mercury’s location lasted
about 30 days. Interplanetary Magnetic Field (IMF) com-
ponents and Solar Wind Velocity, Density, and Tempera-
ture hourly data have been examined to detect corotating
and transient perturbations. To better point out the solar
wind effects on the magnetosphere, we searched for per-
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Figure 1: Mercury’s magnetosphere, computed for IMF component and SW Pressure values reported on the top of
the figure, showing the spatial configuration of the field lines: open on the dayside (XGSM≥ −1), open on the tail
(XGSM<−1), and closed (red, grey and blue, respectively). In the upper panels are displayed the effects of positive HSSs
while in the lower panels the effects of negative ones.

sistent solar wind conditions. Thus, we selected perturba-
tions lasting more than 12 hours with high enhancements
in characteristic parameters (Velocity for HSSs, IMF and
Density for MCs). The threshold applied for the enhance-
ments is about 40 percent of the pre-increase value. In or-
der to obtain characteristic values of the above mentioned
parameters for different classes of perturbations a statisti-
cal study has also been performed. We first identified:

• 21 corotating HSSs from solar coronal holes;

• 12 transient MCs from solar eruptions.

Obtained subsets of data have been used to perform, sep-
arately, statistical distributions. We remind that, in agree-
ment with Parker theory, the angle between IMF and the
radial direction is lower than 20◦ at Mercury’s orbit. It im-
plies the importance of the BX component in reconnection
processes with the planetary magnetosphere. Hence, solar
streams with opposite polarity (i.e. positive and negative
BX component) should be treated separately since their ef-
fects on the magnetosphere of Mercury are expected to be
completely different [9]. Average values of the parameters
computed for the two classes of perturbations are reported
in the following table.

Parameter HSSs MCs
IMF BX Positive (nT) 26.6 21.2
IMF BX Negative (nT) -26.7 -19.9
IMF BY (nT) 1.2 -1.8
IMF BZ (nT) 0.8 0.6
Dynamic Pressure (nPa) 16.3 18.7

Table 1: Mean values of Interplanetary Magnetic Field
components and Solar Wind Dynamic Pressure for HSSs
and MCs.

3 TH modified model results
The typical parameters computed in the previous section,
were used as input in the TH modified model to obtain the
magnetosphere configurations during HSSs and MCs peri-
ods. Generally, the solar wind action on the planet’s mag-
netic field produces a strong compression on the day side
and a stretching on night side of the magnetosphere. More-
over, under IMF and SW fluctuations, Mercury’s magneto-
sphere exhibits different dynamic regimes. The strong con-
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Figure 2: As in Fig. 1 the spatial configuration of the field lines are displayed: open on the dayside (XGSM≥−1), open on
the tail (XGSM<−1), and closed (red, grey and blue, respectively). In the upper panels are shown the effects of positive
MCs while in the lower panels the effects of negative ones.

tribution of the IMF BX component causes the field lines
to be nearly always open on the sunward side and to dis-
play a strong North−South asymmetry [9].

Figure 1 (upper right panel) shows the hemispheric
asymmetry, induced by the positive IMF BX component,
during the HSS passages. The Southern open field regions,
being directly connected to the upstream solar wind, are
consequently more exposed to the precipitation of high
energy protons. For negative HSSs we observe a com-
pletely symmetric condition with Northern open field re-
gions directly connected to the solar wind (Fig. 1 lower
right panel). A moderate dawn−dusk asymmetry is ob-
served for HSSs due to their lower BY component as we
can see in left panels of Figure 1. On the other hand, during
MC passages we can observe a higher dawn−dusk asym-
metry as expected for higher BY (Fig.2 left panels) while
the North−South asymmetry is less pronounced than the
HSS case (Fig.2 right panels). In particular on the night
side a North−South asymmetry is observed in the shape
of closed field lines during HSSs (blue closed lines in
Fig.1 right panels). Moreover, these field lines are strongly
stretched by the higher BX component. On the contrary, the
MCs produce lower closed lines stretching and less asym-

metry in the magnetospheric tail of Mercury (Fig.2 right
panels).

4 Discussion and conclusions
We derived the characteristic solar wind parameters for
HSSs and MCs to model the Mercury magnetosphere
shape for these solar wind conditions, as they can be crit-
ical for the cutoff rigidity computation. The cutoff rigidi-
ties are generally calculated through the integration of the
equations of motion of charged particles in the magnetic
field by using the trajectory−tracing method. The orbit of
a particle is traced, through numerical methods, in a model
of the planetary magnetic field. The PLANETOCOSMICS
Geant4 application allows the computation of the propaga-
tion of charged particles in the planet’s magnetosphere and
the cutoff rigidity. In the ideal condition of dipolar field ge-
ometry it was found that particles with rigidity < 55MV
(≈ 2 MeV) cannot reach the Mercury’s surface in the lati-
tude range (−20◦;+20◦) from all longitudes [8]. Moreover
the cutoff rigidity in dipolar field is greater than 0 in the lat-
itude band (−60◦; +60◦). The magnetospheric configura-
tions obtained through the TH modified model allow to put
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Figure 3: Cutoff rigidity (MV) contour at Mercury’s elevation of 100 km from the surface. Left panel displays the contour
shape under the HSS (negative cases) external input. The right panel displays the one for the MC (negative cases) input.

constraints on the cutoff rigidity mapping in a more com-
plex geometry. The effects of solar wind perturbations on
the cutoff rigidity mapping can be seen on Fig. 3 and these
are summarized as follow.

• On the day side (longitude ranges 270◦-360◦ and 0◦-
90◦):

– large range of latitudes (from about 30◦ up to
polar cusp region) in the Southern (Northern)
hemisphere where positive (negative) IMF BX
allows entry of particles having rigidity lower
than 20 MV for both HSS and MC cases;

– higher rigidity (up to 30 MV) band is centered
at about 20◦ South (North) for negative (posi-
tive) BX during HSS external forcing (see from
270◦ to 360◦ in the left panel of Fig. 3;

– reduction (up to 30 percent) of the latitude
band with rigidity greater than 0 with respect
to that obtained in the case of ideal dipolar
field (compare our Fig. 3 with Fig. 2 reported
by [8]). This behavior is more pronounced for
HSSs.

• On the night side (longitudes from 90◦ to 270◦):

– moderate North−South rigidity asymmetry in
the HSS solar wind conditions (Fig. 3 left
panel);

– rigidity band almost symmetric with respect to
the equator for MC cases (Fig. 3 right panel);

– clear longitudinal asymmetry with rigidity
reaching values more than 50 MV from 180◦
to 270◦ in longitude for both cases, due to the
enhanced density of closed field lines.
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