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ABSTRACT

Aims. We study the magnetic connection between Mercury and the solar corona based on energetic proton events measured near
Mercury by MESSENGER during 2011-2013 in order to identify the possible source of the accelerated particles on the solar surface.
Methods. The transport of the magnetic field lines in the heliosphere was evaluated with a Monte Carlo code that gives a random
displacement at each step of the integration along the Parker magnetic field model. The simulation was tailored to each specific event
by using the magnetic fluctuation levels obtained at Mercury by MESSENGER and the values of the solar wind velocity measured at
1 AU by the Advanced Composition Explorer satellite. We selected seven case studies for which an increase in the proton fluxes of
at least two orders of magnitude with respect to the background level was observed. For each selected case, we took the background
magnetic field map (magnetogram) at the source surface of the solar wind (r = 2.5R) into account. By considering the relative
position of Mercury and the Earth on the day on which the enhancement in the proton fluxes was observed by MESSENGER, we
obtained the position of the active regions on the solar surface as seen by Mercury.

Results. The footpoint of the Parker spiral passing Mercury was reconstructed for all of the selected events. By considering the values
of the fluctuation levels of the interplanetary magnetic field recorded by MAG-MESSENGER two days before the event and the values
of the fluctuation levels of the interplanetary magnetic field on the day on which the event was observed, we are also able to appreciate
the effects on the solar wind magnetic field perturbations induced by the shock of the coronal mass ejection. This technique will also

be useful for the interpretation of energetic particle observations by BepiColombo.

Key words. Sun: particle emission — Sun: coronal mass ejections (CMEs) — methods: numerical — planet-star interactions —

turbulence

1. Introduction

The close proximity of Mercury to the Sun and its weak
internal magnetic field create the conditions for a strong
planetary response to the extreme solar wind properties and
intense solar energetic particle (SEP) fluxes. During large SEP
events, a significant portion of the high-energy particles will
have direct access to the closed-field-line inner magnetosphere
(Leblanc et al. 2003; Gershman et al. 2015). The interaction of
SEPs with Mercury’s surface can create a variety of secondary
products, including neutrals, photons, and secondary charged
particles that interact with Mercury’s exosphere and contribute
to magnetospheric plasma mass loading (Milillo et al. 2021). For
this reason, understanding the source at the solar surface of the
events occurring at Mercury is important to understand the gen-
eral interaction of Mercury and the Sun in an evolutive view as
well.

Solar energetic particles are generated under two main condi-
tions: in shock waves driven by coronal mass ejections (CMEs),
and in strong solar flares. The SEP characteristics are quite vari-
able and are classified into two general groups. The first SEPs are
gradual and wide, and the second SEPs are impulsive and sharp
(Reames 2013). In both cases, solar corona and/or solar wind

ions are accelerated up to energies of 10 MeV—1 GeV. Exist-
ing models, such as the ensemble WSA-ENLIL+Cone model
from the Community Coordinated Modeling Center (CCMC),
simulate the propagation of a CME in the vicinity of a planet
(Odstricil 2003; Plainaki et al. 2016; Dewey et al. 2015). Based
on the WSA coronal model (Arge & Pizzo 2000; Arge et al.
2004), the global 3D magnetohydrodynamic (MHD) ENLIL
model provides the time-dependent description of the back-
ground solar wind plasma and magnetic field. In this model,
a homogeneous, overpressure hydrodynamic plasma cloud is
launched through the inner boundary of the heliospheric compu-
tational domain and into the background solar wind. The CME
cloud is modeled as a sphere, although other CME shapes are
supported by the model; furthermore, the outer radial boundary
can be adjusted to include planets in order to study the arrival
time and the induced effects in the vicinity of the planet. A
further model to reconstruct a three-dimensional tomography
of interplanetary disturbances has been developed at the Uni-
versity of California, San Diego (Jackson & Hick 2004). This
consists of a computer-assisted tomography (CAT) program that
modifies a three-dimensional kinematic heliospheric model to fit
interplanetary scintillation (IPS) or Thomson-scattering obser-
vations. The tomography program iteratively changes this global
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model to perform a least-squares fit of the data. Additional infor-
mation about the arrival of SEPs can be obtained by studying the
particle propagation as described below. These particles prop-
agate along the magnetic field lines of the solar wind, where
significant levels of magnetic turbulence are found. Therefore,
the bundle of solar wind magnetic field lines intersecting Mer-
cury’s magnetosphere does not simply follow the Parker spi-
ral, but spreads out in space because of irregularities in the
magnetic field (Belcher & Davis 1971; Bavassano et al. 1982).
Low-frequency magnetic fluctuations induce a random displace-
ment of magnetic field lines that can be viewed as a magnetic
field line diffusion (Jokipii & Parker 1968; Zimbardo et al. 2000;
Pommois et al. 2001; Pucci et al. 2016). If the Larmor radius of
charged particles is much smaller than the typical turbulence
scale lengths, with good approximation, they move along the
magnetic field lines so that the magnetic field structure deter-
mines particle transport. As a consequence, energetic particles
propagate not only along the average magnetic field, but also
transverse to it, and the magnetic connection between two points
depends on the features of the magnetic turbulence. Tracking
the magnetic field line back to its footpoint in the solar corona
will lead to an (uncertainty) area whose extent is proportional to
the level of magnetic turbulence. An interesting study conducted
by Winslow et al. (2015) of the occurrence of CMEs at Mercury
constitutes a solid base from which to proceed in the investiga-
tion of the energetic particle transport at Mercury, and to check
our understanding of the complex phenomena involved: Start-
ing from their CME catalog, we applied the method developed
by Ippolito et al. (2005) in order to study the relation between
flares, CMEs, and energetic proton fluxes, and to check the accu-
racy of this model. It is important to point out that some physical
quantities, which represent key parameters for our model, are not
available from MESSENGER measurements, so that we used
the solar wind speed measurements at L1 and the Wilcox Solar
Observatory (WSO) magnetic maps obtained from Earth as a
proxy for the solar magnetic field facing Mercury. We computed
the interplanetary magnetic field fluctuations in the surrounding
area of Mercury by applying the empirical mode decomposi-
tion (EMD) technique (described in the next section) to MAG-
MESSENGER data. Through this method, we were also able to
distinguish the magnetic field fluctuations inside Mercury’s envi-
ronment from those in the solar wind.

This work can be seen as a pathfinder for future studies to
be carried out with new data from the BepiColombo mission.
In Sect. 2 we describe the method for reconstructing SEP trans-
port including the magnetic fluctuations. In Sect. 3 we describe
the data we used for our analysis. Each selected event and the
reconstructed footprint at the Sun is presented and discussed in
Sect. 4. Summary and conclusions are given in Sect. 5.

2. Method

We performed a numerical study of field line transport in the
presence of magnetic turbulence. By definition, a magnetic field
line at each point in space is tangent to the magnetic field, and
this implies that the elementary displacement dr along the field
line is parallel to B(r). This can be expressed by writing dr =
BdA, where dA is a scalar quantity. Choosing dA as ds/|B|, we
obtain the field line equations as dr/ds = B/|B|, where ds is the
arc length element along B. On the other hand, considering d4
as déBy, with By a constant, this yields

dr _ B(r)
By’
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where the magnetic field B(r) is given by the average field By =
B, (r) plus the fluctuation magnetic field 6B(r). We traced the
magnetic field lines in the heliosphere, using as average field
the Parker spiral field, and integrating the above equation in a
local Cartesian frame with the two-axis along By, where a three-
dimensional model of magnetic turbulence allows us to evaluate
a nonquasilinear magnetic field line diffusion coefficient even in
the case of anisotropic turbulence, as observed in the solar wind.
By means of a Monte Carlo (MC) simulation, where a random
force term proportional to the diffusion coefficient is added to
the magnetic field line equations, we evaluated how the magnetic
field lines diffuse with respect to the average field.

2.1. Monte Carlo simulation

The Monte Carlo code gives a random displacement of the sim-
ulated field line at each step of the integration along the Parker
magnetic field model. The fluctuating field component is mod-
eled as a random process,

6Bi(r) .
BO - ’Iz(f)Az(r),

@

where i = x,y; 1,(£) and 7,(£) are two uncorrelated random
functions, and A;(r) = +6D;(r) represents the random force
amplitudes (Veltri et al. 1998; Ippolito et al. 2005). For each
position on the magnetic field line, this random displacement
is proportional to a local diffusion coefficient that quantifies the
local transport of magnetic field lines and takes the fluctuation
level and the main features of the anisotropy of the solar wind
turbulence into account (Pommois et al. 2001). The local frame
in the solar wind is defined as follows: the z direction is along
the local average interplanetary magnetic field By, the x direc-
tion is normal to the plane formed by the radial direction (solar
wind speed direction) and By, and the y direction completes the
right-handed system. Because the scale of variation of the aver-
age spiral field is much larger than the correlation length of the
magnetic turbulence, we can evaluate the diffusion coefficients
of magnetic field lines in a local frame in Cartesian geometry as
follows:

b —ploBL HE(LY

b (BO IX) L, (lx) |
where i = x, y and D, u and v are dimensionless parameters. A
best fit of the computed diffusion coefficient yields D = 0.028,
u = 151, and v = 0.67 (Veltri et al. 1998; Zimbardo et al.
2000; Pommois et al. 2001). The values of I, [,, and I, rep-
resent the turbulence correlation lengths the in the x,y, and z
directions and quantify the anisotropy of turbulence in the solar
wind. The typical fluctuation levels relevant to the solar wind are
0B/By ~ 0.5+ 1 (Zank et al. 1998); the corresponding degrees of
anisotropy are /I, = 1+10, I./l, = 1+10. Our simulation is tai-
lored to each specific event by using the observed values of solar
wind velocity and of the level of magnetic fluctuation at Mer-
cury. The model computes the magnetic connection to the solar

corona (four solar radii) starting from Mercury’s magnetosphere
(=0.38 AU).

3

2.2. Evaluation of the magnetic fluctuations

Interplanetary magnetic field data were obtained from MAG-
MESSENGER through the database server AMDA!. To evaluate

! http://amda.cdpp.eu
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the level of fluctuations within the inertial range, which gives the
main contribution to the field line random walk on the relevant
time scales, we used the EMD. Given a time series x(¢), the EMD
allows us to write it as
N
x(0)= ) Cilt) + R(), 4)
i=1
where C;(f) is an oscillating component modulated both in
amplitude and in phase, and R(¢) is a monotonic function of
time, representing the residue of the decomposition (Huang et al.
1998). Each empirical mode or intrinsic mode function C;(f)
is derived via an iterative process called sifting process, which
directly acts in the time domain rather than working in a conju-
gate one (as for Fourier or wavelet analysis). This gives the EMD
an adaptive character that is particularly suitable to preserve the
nonlinearity and nonstationarity properties of the original time
series x(#). The sifting process acts on time series by exploiting
its local properties as summarized below:

— the first step is to subtract the average from x(¢) to derive a
zero-mean signal;

— the local maxima and minima are identified and separately
interpolated using a cubic spline defining the so-called upper
and lower envelope;

— the average envelope is then evaluated and subtracted from
the zero-mean signal;

— if the obtained signal has the same (or differing at most
by one) number of extrema and zero crossings and a zero-
average mean envelope, then it is identified as an intrin-
sic mode function, otherwise, the previous steps are iterated
until these two properties are met.

The procedure stops when no more oscillating components can
be extracted, thus obtaining the residue R(¢) of the decompo-
sition. For more details, we refer to Huang et al. (1998). The
derived empirical modes can be now written as modulated in
amplitude and phase by means of the Hilbert transform (HT)
such that

Ci(1) = Ai(1) cos[D;(n)], ®

where A;(¢) and ®;(7) are the so-called instantaneous amplitude
and phase of the ith empirical mode. This is the main differ-
ence between the EMD and fixed-basis decomposition (such as
wavelets): we can derive amplitudes and phases that are time
dependent and thus are particularly suitable for nonstationary
signals (such as the magnetic field measurements by MESSEN-
GER). Furthermore, the definition of instantaneous frequency
immediately follows from the instantaneous phase,

1d
(1) = ——D;(1), 6
i) = 5= 00 ®)
from which a mean timescale of the oscillation for each empiri-
cal mode can be derived as

7 = (w07 (7
Finally, when the procedure is complete, we can use partial
sums of Eq. (4) to reconstruct the dynamics in a specific range
of timescales (or frequencies) by summing all empirical modes
with 7; € [7;,7,]. As shown in Alberti et al. (2021), the inertial
range in the vicinity of Mercury is confined between timescales
of about 1s up to 5% 10?s. We therefore evaluate the level
of fluctuations within the inertial range by summing empirical
modes whose mean timescales are within this range. The term
0B/ By, which constitutes one of the input parameters of our MC
simulation, corresponds then to the average of the single val-
ues of magnetic fluctuations over the mean field By measured by
MAG-MESSENGER.

3. Data selection

For the solar wind velocity, data taken by Advanced Composi-
tion Explorer (ACE) satellite and provided by the Omniweb at the
National Space Science Data Center were used®. At any given
time, the planet Mercury is immersed in a plasma stream with
variable speed. Clearly, we do not know the solar wind speed
along the field lines that are magnetically connected to the planet.
Thus, we do not know a priori which solar wind speed Vi, to use
to determine the Parker spiral. For each case study, we computed
the average solar wind speed Vi, for the 6 days before the occur-
rence of the considered event and for the 4 days after. When the
average solar wind speed is within the limit of the slow wind, and
never above 550km ™!, the uncertainty on the large-scale mag-
netic structure of the solar wind can be neglected. We selected
seven case studies for which a strong enhancement in the solar
proton fluxes in the Hermean environment was detected by MES-
SENGER. For these events, an increase is observed in the solar
protons in the energy channel between 12.9keV and 14.1keV
measured by FIPS-MESSENGER of at least two orders of mag-
nitude from the average value recorded in the previous 27 days,
which most probably is induced by the occurrence of a CME cat-
aloged by Winslow et al. (2015). For all the considered events,
we additionally analyzed proton fluxes in the energy channel
between 0.8 MeV and 2 MeV measured by EPS/MESSENGER.
For each of the selected cases, observed on 4 March 2012, 5 June
2011, 12 July 2012, 20 September 2012, 26 May 2012, 27 Jan-
uary 2012, and 21 June 2013, we reconstructed the magnetic con-
nection from Mercury to the solar corona, identifying the con-
tour levels of the distribution of interplanetary magnetic field
line footpoint at the solar corona source surface (here assumed
to be at 4 solar radii). All the studied events were observed in a
quite low solar activity period, at the beginning of solar cycle 24.
A further point to study is where Mercury’s orbit intersects
the current sheet because this determines whether the planet is
located within a positive or negative magnetic sector, that is, a
magnetic field outward or inward from the Sun (Russell 2001).
For this purpose, the Source Surface Synoptic Charts® produced
by the Wilcox Solar Observatory (WSO) were considered. To
produce these magnetic maps of the Sun, the coronal magnetic
field, computed using photospheric field observations with a
potential field model, is forced to be radial at the source surface
to approximate the effect of the accelerating solar wind on the
field configuration. The WSO provides magnetic maps that are
recorded for each Carrington cycle, so that we have a ¢ coor-
dinate that extends from O to 360°. These magnetic maps are
computed on the base of the portion of the solar disk that is visi-
ble from the Earth. When the relative orbital positions of planets
Mercury and the Earth are considered at the time when the solar
proton fluxes enhancement is observed at Mercury, the angular
distance between the two planets can be computed. By consider-
ing 27 days as the mean rotation period of the Sun as seen from
the Earth, we can assume that on each day, a specific point on
the solar surface covers an angular distance of about 13°. As an
example, when the angular distance between Mercury and the
Earth is about Aa = 65°, it means that each point on the solar
surface covers this distance in about Ae/13 = 5days. In addi-
tion, considering that sunspots typically last for more than one
Carrington rotation, it can be assumed that the whole solar disk
seen by Mercury at the time when the studied event is observed
by MESSENGER is approximately the same as seen from the
Earth about 5 days later. This assumption allowed us to project

2 https://omniweb.gsfc.nasa.gov/form/dx1.html
3 http://wso.stanford.edu/synsourcel.html
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the magnetic footpoint computed for the planet Mercury on the
magnetic maps measured from the Earth and provided by the
WSO. For all the analyzed cases, the contour levels represent-
ing a magnetic footpoint of Mercury, as obtained from the MC
simulation, were plotted in heliographic latitude and longitude on
the background of the magnetic field map (magnetogram) at the
source surface of the solar wind (r = 2.5 Ry) for the period rel-
evant to the considered event. We computed the footpoint of the
Parker spiral passing Mercury, considering the fluctuation lev-
els of the IMF in the two days preceding the analyzed event, in
order to study the background conditions of the solar wind mag-
netic field before the occurrence of the CME. We then compared
it with the magnetic footpoint of the planet computed taking the
perturbation of the interplanetary medium induced by the CME
shock into account, considering the fluctuation level of the IMF
on the day of the observed increase in the proton fluxes. This
comparison gives us information about the entity of the pertur-
bation of the IMF field lines caused by the passage of the CME
shock. Furthermore, the time profile of the protons in the range
between 12.9keV and 14.1keV is presented together with the
spectrogram of the considered SEP event, as retrieved from FIPS-
MESSENGER data through the database server AMDA®*. The
0.8—2MeV proton time profiles are also reported, as obtained
from EPS/MESSENGER data provided by the Planetary Plasma
Interactions (PPI) Node of the Planetary Data System (PDS)’.

4. Results and discussion

We analyzed data acquired by FIPS/MESSENGER during 2011,
2012, and 2013 and studied the time profiles of the proton fluxes
with energy within the range 12.9keV—14.1keV. We selected
seven cases for which an increase in the proton fluxes of at
least two orders of magnitude with respect to the background
level is observed. Furthermore, proton fluxes in the energy range
between 0.8 MeV and 2 MeV measured by EPS/MESSENGER
were taken into account for the selected cases. For all the stud-
ied events, an enhancement of at least one order of magnitude
from the average value recorded in the previous 27 days was also
observed in the solar protons detected by EPS/MESSENGER.
Using the procedure described above, we considered the mag-
netic fluctuations in the solar wind in the two days previous to
the event as well as the fluctuations on the day when the CME
cataloged by Winslow et al. (2015) was observed. This proce-
dure allowed us to retrieve the magnetic footpoint of the planet
just before the passage of the CME, as well as the magnetic foot-
point after the disturbances induced by the passage of the CME
shock wave. The MC simulation gives us a set of contour lines
projected on the solar disk as output that represent the probability
density distribution of the magnetic field lines connecting Mer-
cury to the solar corona. Blue contour lines in the following plots
represent the computed magnetic footpoint of the planet, taking
into account the turbulence level observed in the solar wind in
the two days before the considered event, while the green con-
tour lines describe the magnetic footpoint of Mercury after the
passage of the interplanetary shock due the CME. From the rel-
ative position of Mercury and the Earth on the day on which
the CME was observed by Winslow et al. (2015), we computed
the angular distance between the two planets, and, as discussed
above, we were able to project the computed footpoints on the
magnetic map provided by WSO. The projection on the magne-

4 http://amda.cdpp.eu
> https://pds-ppi.igpp.ucla.edu/search/view/?id=pds:
//PPI/mess-epps-eps-calibrated
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Fig. 1. Relative position of planet Mercury (red circle) and the Earth
(blue circle), left panels, from top to bottom, for the events on 5 June
2011, 20 September 2012, 27 January 2012, and 26 May 2012. Right
panels: enhancements in the particle fluxes observed on the same days
that were described by the spectrogram and the proton flux measured by
FIPS-MESSENGER in the energy channel between 12.9 and 14.1 KeV.
The vertical red line in the proton time profiles represents the CME
arrival at MESSENGER (Winslow et al. 2015). The spikes in the time
profiles preceding and following the considered events are due to the
periodic passage of MESSENGER through Mercury’s magnetosphere.

togram of the footpoint, the active region coordinates, and the
planet position allowed us to evaluate whether Mercury’s mag-
netic footpoint area and the flare lie on opposite sides of the mag-
netic equator. This would imply that a sector boundary is found
between the flare and the planet, and it is well known that sector
boundaries are an obstacle to particle propagation (Kallenrode
1993). At a sector boundary, the average magnetic field direc-
tion changes from sunward to antisunward, or vice versa, caus-
ing a strong deflection in particle propagation. When the angular
distance between the two planets is smaller than +90°, we con-
sidered that measures taken from the Earth at the time when the
enhancements in the proton fluxes is observed can also be used.

For three out of the seven selected cases (4 March 2012,
12 July 2012, and 21 June 2013) we were able to enrich our
analysis by using data taken from satellites at L1 and from
ground-based instruments. In two of these events, the very close
angular distance between Mercury and the Earth, 31° and 12°
for 12 July 2012 and 21 June 2013, respectively, allowed us
to conduct a more detailed study. We also computed the mag-
netic footpoint of the Earth and compared it with the footpoint
reconstructed for Mercury. For the enhancements in the proton
fluxes recorded by MESSENGER on 5 June 2011, 20 Septem-
ber 2012, 27 January 2012, and 26 May 2012, the angular
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Fig. 2. Proton fluxes measured by EPS/MESSENGER in the energy
range between 0.8 and 2MeV on 5 June 2011 and 20 September 2012
are shown in the left panels from top to bottom. Right panels: same
particle fluxes observed by EPS/MESSENGER on 27 January 2012 and
26 May 2012 from top to bottom. The vertical red line in the proton time
profiles represents the CME arrival at MESSENGER (Winslow et al.
2015).

distance between Earth and Mercuy was quite large, as shown
in the left panels of Fig. 1. This makes solar observations taken
by spacecraft at L1 inaccurate, if not unusable. In the first two
cases, 5 June 2011 and 20 September 2012, a strong increase
in the proton fluxes between 12.9keV and 14.1 keV measured
by FIPS/MESSENGER is observed, as shown in the first two
right panels from the top of Fig. 1. The two lower panels on the
right side of the same figure show a clear enhancement in the
same energy channel fluxes recorded on 27 January 2012 and
26 May 2012, although it is not as pronounced as for the 5 June
2011 and 20 September 2012 events. The vertical red lines in the
FIPS proton flux time-profile plots represent the arrival time at
MESSENGER of the CME observed by Winslow et al. (2015).
On 20 September 2012, two CMEs have been observed by the
authors, as described by the two vertical red lines in the plot.
This is also reflected in the two marked peaks. Although not as
pronounced as in the keV channel energy, a clear enhancement
is also observed in the same periods for the proton fluxes in the
range between 0.8 and 2 MeV measured by EPS/MESSENGER,
as shown in Fig. 2. Figures 1 and 2 show strong variability in the
peak intensity of energetic particles and in the timing between
the CME passage and the energetic particle peak. This variability
is also found in observations of energetic particles in the vicinity
of Earth (see, e.g., Lee et al. 2012). This can depend on several
factors, such as the instrinc variability of the SEP source, the
geometry of the magnetic connection between the SEP source
and the spacecraft, the fact that energetic particles can be acceler-
ated by both the flare in the corona and the interplanetary CME-
driven shock wave, and the fact that propagation regimes differ-
ent from scatter free or diffusive also exist (see, e.g., Trotta et al.
2020; Prete et al. 2021).

Considering that sunspots typically last for more than one
Carrington rotation, and assuming that any point on the Sun sur-
face covers an angular distance of about 13° per day, starting
from active region observations taken at L1, we reconstructed
the solar disk as seen from Mercury together with the magne-
togram based on the Source Surface Synoptic Charts produced
by the WSO. Although the great angular distance between the
two planets on the days on which the events presented above
occurred makes this procedure less accurate, the computing of
the magnetic footpoint of the Parker spiral still represents impor-
tant information for studying the increase in the proton fluxes
measured at Mercury. In the panels of Fig. 3, the contour lines
representing the area on the solar surface that is magnetically
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Fig. 3. Magnetic footpoints of Mercury plotted on the solar surface
(4 solar radii) with contour lines. The footpoints were computed, from
top to bottom, for 5 June 2011, 20 September 2012, 27 January 2012,
and 26 May 2012. Each panel also reports the relative position of
Mercury (red spot) and of the solar active regions (red asterisks), all
projected on the solar magnetic configuration at the source surface
(r = 2.5R,) magnetograms as seen by the planet, and retrieved from
the Wilcox Solar Observatory data. Blue contour lines represent the
magnetic footpoint of Mercury before the occurrence of the CME, com-
puted with the values of the IMF recorded by MAG-MESSENGER on
the two days before the event. The ¢ coordinate represents the helio-
spheric longitude considering a complete Carrington rotation (360°).
The zero is set in correspondence of the planet projection on the solar
disk. The ¢} coordinate is the heliospheric latitude. Solid green contour
lines represent the magnetic footpoint of the planet after the occurrence
of the CME, computed with the values of the IMF recorded by MAG-
MESSENGER on the day when the event was observed. The thick solid
line represents the magnetic equator of the Sun.

connected to the planet Mercury are plotted, projected on the
related magnetogram. From top to bottom, we report the Parker
spiral footpoints for the events observed on 5 June 2011, 20
September 2012, 27 January 2012, and 26 May 2012. Comput-
ing the magnetic footpoint of Mercury before the occurrence of
the CME (blue contour lines in the panel of Fig. 3) and after
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Fig. 4. As Fig. 1 but for the events (from top to bottom) observed on 4
March 2012, 12 July 2012 and 21 June 2013.

the passage of the CME shock wave (green contour lines in the
panel of Fig. 3) for three over the four cases presented in Fig. 3,
we observe, as expected, that a wider region on the solar disk
is magnetically connected with the planet. This diffusion of the
magnetic field lines connecting Mercury to the solar corona is
due to the strong levels of turbulence found in the solar wind,
which are amplified by the passage of the CME. For the event
on 5 June 2011 (see the top panel of Fig. 3), no particular differ-
ence can be noticed between the two footpoints. This can sug-
gest that the CME shock does not immediately reach the field
lines connected with the planet, causing only weak disturbances
in the region of the interplanetary medium where the magnetic
field lines connecting Mercury to the solar corona were located.
For the remaining three cases, characterized by an enhancement
in the proton flux time profiles observed on 4 March 2012, 12
July 2012, and 21 June 2013 (see right panels of Figs. 4 and 5),
the angular distance between the Earth and Mercury were within
the interval of +£90°, as shown in the left panels of Fig. 4. This
made the reconstruction of the solar disk and the magnetograms
centered on Mercury on the days of the events more accurate,
which were based on data taken at L1 and from ground-based
instruments.

As for the previous events, in Fig. 6 we report from
top to bottom the contour lines representing Mercury’s mag-
netic footpoints computed for the events of 4 March 2012,
12 July 2012, and 21 June 2013. Because the two plan-
ets were relatively close to each other, we were able to
retrieve the magnetic configuration of the Sun more accu-
rately, together with the position of the active regions seen
by the planet Mercury at the time when the events were
observed. Figure 6 shows that for all the reported cases, the
width of the footpoint area grows with the magnetic fluctuation
level. The area described by the green contour lines, represent-
ing the magnetic footpoint of Mercury after the occurrence of
the CME, computed with the values of IMF recorded by MAG-
MESSENGER on the day on which the event was observed, is
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Fig. 5. As Fig. 2 but for the events (from top to bottom) observed on
4 March 2012, 12 July 2012 and 21 June 2013.

much wider than the area occupied by the blue contour lines,
which constitute the magnetic footpoint of the planet before
the occurrence of the CME. For the event on 12 July 2012,
this is much more evident, reflecting a very strong perturba-
tion in the solar wind induced by the passage of the CME
shock wave. The enhancements in the proton fluxes measured
by FIPS/MESSENGER on 12 July 2012 and in the protons at
higher energy observed by EPS/MESSENGER on the same day
are most probably related to a CME associated with an M-class
flare, as cataloged by NOAA, observed on 4 March 2012 on
the eastern limb of the solar disk (N19E61) seen by the Earth.
The active region site of the flare was AR 11429. The top panel
of Fig. 6 shows that AR 11429 is the nearest active area to the
regions of the solar surface that are magnetically connected to
planet Mercury, and it lies less than 20° in latitude from the mag-
netic footpoint we computed. This difference in angle is most
probably due to diffusion in the solar corona of the particles
accelerated on the flare site.

For the 12 July 2012 event, we were also able to identify
the active region in which the flare associated with the CME
occurred that probably caused the increase in the solar proton
fluxes. The NOAA flare catalog data show that an X Class flare,
related to a CME, was observed, coming from active region
11520. The middle panel of Fig. 6 clearly shows that the projec-
tion of active region 11520 is less than 10° away from Mercury’s
magnetic footpoint of the Parker spiral at 4 solar radii.

In the 21 June 2013 event, an M-class flare, most prob-
ably related to the occurrence of the CME cataloged by
Winslow et al. (2015), which caused the enhancements in the
solar protons fluxes, has been observed coming from active
region 11777. Despite the great distance of the flare site from
the planet’s footpoint, as shown in the lower panel of Fig. 6,
intense proton fluxes have been observed at Mercury. The proton
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Fig. 6. As Fig. 3, but for the events (from top to bottom) observed on
4 March 2012, 12 July 2012, and 21 June 2013.

time profiles as well as the spectrogram show a narrow peak on
21 June 2013 (see Figs. 4 and 5). These considerations suggest
that these particles were probably accelerated by the CME shock
propagating through the interplanetary medium, and not at the
flare site. In addition, the observed CME was characterize by a
shock transit speed of 1290 km s~!, as reported by Winslow et al.
(2015). The shock could have reached the magnetic field lines
connected to Mercury in a very short time, allowing the parti-
cles accelerated in this portion of the interplanetary medium to
arrive at the spacecraft quite soon. This is also reflected in the
time delay observed by Winslow et al. (2015) between the time
at which the CME was observed at the Sun (02:54 UT) and the
time at which the CME hit the planet (17:37 UT). Furthermore,
the proximity of Mercury to the Sun may introduce a further
instrumental problem in distinguishing particles accelerated by
flares from those accelerated by CME shocks.

For the last two cases presented, which occurred on 12 July
2012 and 21 June 2013, the very close angular distance between
the Earth and Mercury (see the middle and lower panels on the
left side of Fig. 4) allowed us to conduct a more detailed anal-
ysis of the events. We also reconstructed for the same days the
magnetic footpoint of the Earth. The magnetic connection from
the Earth to the solar corona (4 solar radii) was computed with
the same technique as discussed above. The comparison of the
footpoint of the Parker spiral of the two planets is reported in
Fig. 7. The two panels of Fig. 7 show a much larger spread of
the magnetic field lines that connect the Earth to the solar corona
than those that connect to the magnetic footpoint of Mercury.
This effect is mainly due to the combination of a quite slow solar
wind (447 kms~!' and 344 kms~' on average, respectively) mea-
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Fig. 7. Magnetic footpoints of the Earth (blue contour lines) and Mer-
cury (green contour lines) from top to bottom, computed for 12 July
2012 and 21 June 2013. We also report the relative position of Mercury
(red circle) and of the Earth (blue square) projected on the solar mag-
netic configuration at the source surface (r = 2.5 Ry) magnetograms as
seen by Mercury, and retrieved from WSO data.
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Fig. 8. Proton flux in the range between 12.9 and 14.1keV observed on
12 July 2012 by FIPS-MESSENGER, proton flux in the range between
0.8 and 2MeV retrieved from EPS/MESSENEGER data on 12 July
2012, and the proton fluxes > 10 MeV and 30 MeV, measured at L1 for
the same day as obtained from the OMNIWEB data explorer website
(left panels, top to bottom). Same quantities in the same order, but for
the 21 June 2013 event (right panels).

sured in the four days before the analyzed events, together with
the levels of turbulence measured at 1 AU and the greater radial
distance from the Sun. In the case study of 12 July 2012, active
region 11520, in which the X-class flare probably related to the
CME cataloged by Winslow et al. (2015) has been observed, is
quite far from the area on the solar corona that is magnetically
well connected to the Earth (see top panel of Fig. 7). This might
explain why no particularly strong enhancements in the proton
fluxes with energy E > 10MeV and E >30MeV are observed at
L1, as reported in the lower panel on the right side of Fig. 8.
In addition, the increases in these fluxes are observed several
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hours after the peak in the proton fluxes observed at Mercury,
as shown in the plots of the top panels on the right side of
the same figure. The reason most likely is that in its expan-
sion in the interplanetary medium, it took several hours for the
CME shock to reach the magnetic field lines connected with
the Earth. Furthermore, the projection of the Earth’s magnetic
footpoint on the magnetogram shows that it lies in two mag-
netic sectors of opposite polarity, and this could inhibit the prop-
agation of the particles in the interplanetary medium. For the
event of 21 June 2013, the lower panel of Fig. 7 shows that
active region 11777, the site at which the M-class flare probably
related to the CME was observed, is even farther from the mag-
netic footpoint of the Earth than that of Mercury. When we also
consider the greater distance of the Earth from the Sun, no par-
ticularly intense fluxes of solar protons have been recorded at L1,
as demonstrated by the small enhancement in the proton fluxes
with energy E > 10MeV and E > 30 MeV reported in the bottom
panel on the right side of Fig. 8.

5. Conclusions

A numerical simulation based on a Monte Carlo code was car-
ried out in order to reconstruct the magnetic connection from
planet Mercury to the solar corona in correspondence to spe-
cific SEP events. The random walk of the interplanetary mag-
netic field lines, due to the low-frequency turbulence in the solar
wind, was modeled through local diffusion coefficients, which
are functions of the measured magnetic fluctuation in the solar
wind, and which are also related to the correlation length of the
magnetic turbulence (Veltri et al. 1998; Zimbardo et al. 2000).
The fluctuation levels of the interplanetary magnetic field were
retrieved from MAG-MESSENGER data and computed apply-
ing the EMD method by summing empirical modes whose mean
timescales are within 1s up to 5 x 107 s. This allowed us to dis-
tinguish the magnetic field fluctuations inside Mercury’s envi-
ronment from those in the solar wind. We studied the pro-
ton fluxes measured by FIPS-MESSENGER during 2011, 2012,
and 2013 and selected seven cases in which an increase of at
least two orders of magnitude from the typical values recorded
in the previous 27 days were observed. Data related to proton
fluxes in the energy channel between 0.8 and 2 MeV acquired by
EPS/MESSENGER were also studied for each of the selected
cases. The footpoint of the Parker spiral passing Mercury was
reconstructed for all of the selected events. For each of them,
we computed the contour levels of the distribution of interplane-
tary magnetic field lines at the solar wind source surface, which
represent the magnetic footpoint of the planet. By considering
the values of fluctuation levels of the IMF recorded by MAG-
MESSENGER two days before the event and the values of fluc-
tuation levels of the IMF on the day on which the event was
observed, we were also able to appreciate the effects on the
solar wind magnetic field perturbations induced by the CME
shock. For each of the seven case studies, the relative position
of Mercury, the planet’s magnetic footpont area computed by
the simulation, together with the active regions sites, were pro-
jected on the solar magnetic configuration at the source surface
(r = 2.5 Ry) WSO magnetograms.

In the relation between the magnetic connection from Mer-
cury to the solar corona and the solar active regions related to the
proton acceleration for the events observed on 5 June 2011, 20
September 2012, 27 January 2012, and 26 May 2012, no direct
comparison with the Earth can be made. Because of the high
relative angular distance between Mercury and the Earth, obser-
vations of the solar corona taken from the Earth cannot be used
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reliably. However, the reconstruction of the magnetic footpoint
of Mercury after the passage of the CME shows a wider spread
in space of the field lines connecting the planet to solar corona
because the fluctuation levels in the IMF introduced by the pas-
sage of the shock wave are higher.

For three events observed on 4 March 2012, 12 July 2012,
and 21 June 2013, the relatively low angular distance between
Mercury and the Earth allowed us to conduct an accurate anal-
ysis of the solar data coming from Earth-based instruments,
together with data obtained by different spacecraft at L1. For
the increase in the proton fluxes measured on 4 March 2012, the
CME that probably caused the event was associated to an M-
class flare that was observed on the eastern limb of the solar disk
seen by the Earth, coming from the active region that was nearest
to the area of the solar surface that was magnetically connected
to the planet.

For the 12 July 2012 event, an angular difference of about
10° is observed between the reconstructed Mercury nominal
magnetic footpoint and the active region in which the flare
occurred that was related to the CME that probably caused
the increase in the solar proton fluxes. In the case study of 21
June 2013, an M-class flare, most probably related to the occur-
rence of the CME cataloged by Winslow et al. (2015) that was
responsible for the enhancements in the solar protons fluxes, was
recorded. This solar flare has been observed to come from an
active region on the east side of the solar disk seen by Mercury,
and far from the area on the solar surface magnetically connected
to the planet that we computed. In addition, the enhancement in
the proton fluxes described by the spectrogram and the proton
time profiles measured by MESSENGER show a narrow peak,
likely because the particles were accelerated by the CME shock
propagating through the interplanetary medium (compare the
intensity profile with the profiles obtained by Prete et al. 2019),
and not at the flare site. Furthermore, the high transit speed of the
shock (1290 kms™! as reported by Winslow et al. 2015) allowed
the shock wave to reach the magnetic field lines connected to
Mercury in a short time, causing the intense proton fluxes mea-
sured by the spacecraft.

For the case studies of 12 July 2012 and 21 June 2013,
due to a very small angular distance between Mercury and the
Earth (31° and 12° respectively) we were able to perform a more
detailed analysis. For the same day, we compared the magnetic
footpoint of Mercury and the magnetic footpoint of the Earth.
For both events, the greater angular distance of the Earth’s mag-
netic footpoint from the site of the flare probably associated with
the observed CME, explains the low proton fluxes observed at L1
compared to the strong enhancement in the suprathermal protons
observed at Mercury.

This study shows that the simulation described by
Ippolito et al. (2005) is also valid when the solar wind magnetic
fluctuation level is estimated indirectly by MESSENGER, using
the EMD technique. It also shows that a high-quality CME cat-
alog such as that of Winslow et al. (2015) can be used to study
the propagation of SEPs and to envision the likely acceleration
source. This method of analysis complements methods based on
global MHD simulations such as ENLIL, and it could be applied
to the BepiColombo measurements during the next Mercury fly-
bys (Mangano et al. 2021), as well as during the nominal mis-
sion phase. Further information about the active regions could
be obtained not only from the ground, but also from the diverse
spacecraft operating in the inner Solar System, such as Solar
Orbiter (Miiller et al. 2013), the Parker Solar Probe (Fox et al.
2016), and Stereo A (Wuelser et al. 2004). Therefore, we will
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have many chances to observe SEP events at Mercury and to
study them in detail in the next years.
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