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Simulation of the Galactic Cosmic Ray Shadow of the Sun ∗
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The cosmic-ray particles of TeV-regime, outside the solar system are blocked in their way to the Earth, a deficit
of particles is observed corresponding to the location of the Sun known as the Sun shadow. The center of the
Sun shadow is shifted from its nominal position due to the presence of magnetic fields in interplanetary space,
and this shift is used indirectly as a probe to study the solar magnetic field that is difficult to measure otherwise.
A detailed Monte Carlo simulation of galactic cosmic-ray propagation in the Earth–Sun system is carried out to
disentangle the cumulative effects of solar, interplanetary and geomagnetic fields. The shadowing effects and the
displacements results of the Sun shadow in different solar activities are reproduced and discussed.
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For an observer on the Earth, a portion of galac-
tic cosmic rays (GCRs) is blocked on their way to
the Earth from the Sun, corresponding to the min-
imal position of center of the Sun, casting a deficit
of particles (called the Sun shadow). This kind of
deficit phenomenon was first suggested by Clark[1] in
1957. The Tibet air shower array successfully ob-
served the displacement effects of the Sun shadow at
energies around few tens of TeV in the year of 1990
and confirmed a strong dependence of the Sun shadow
on solar activities.[2] In the year of 2011, the ARGO-
YBJ experiment reported a displacement result of the
Sun shadow in south–north direction, and used it to
deduce the phase function of IMF 𝐵𝑦 component.[3]
More interestingly, their results also offer a possibility
to forecast the ‘space weather’ due to solar activity.
This work is devoted to the development of a simula-
tion package that can be used to evaluate the shadow-
ing effects of the GCRs by the Sun. To disentangle the
complexity of cumulative effects of magnetic fields be-
tween the Earth and the Sun, a detailed Monte Carlo
(MC) simulation of cosmic-ray propagation from the
Sun to the Earth is constructed. In this Letter, we
first present the simulation strategy carried out in this
work and the simplified detector simulation at high
altitudes. Afterwards, the magnetic field models that
are used in this work are briefly described. The results
of MC simulation of the GCRs by the Sun with many
conditions have been reported and discussed here. A
summary on the displacement results of the GCRs Sun
shadow in the Earth–Sun system, with individual and
combined magnetic effects, is also incorporated.

We have considered the Sun as a negative source
in this work. Once the primary cosmic-ray species,
energy and the models describing the magnetic fields
are ascertained, a particle can be tracked through the
solar magnetic field, interplanetary magnetic and ge-
omagnetic fields by using MC simulation. An entire
simulation procedure consists of three steps, the first is
the propagation behavior of primary cosmic rays from

the Sun to the Earth, the second is the air shower cas-
cading process in the atmosphere and eventually the
response of the detector at high altitudes.
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Fig. 1. Energy spectra of protons for different 𝑁p used in
this work obtained from the simulation.

The CORSIKA-v7350 package[4] is used to sim-
ulate the propagation of the extensive air showers
through the atmosphere. The low- and high-energy
hadronic models employed are FLUKA[5] and EPOS-
LHC,[6] respectively. All shower secondary parti-
cles have been tracked down to the energy thresh-
old of 30 MeV for hadrons and muons, and 1 MeV for
electro-magnetic particles. Since we are interested in
the energy region from few hundreds of GeV to few
tens of TeV, and CRs are mainly composed of pro-
tons and helium nuclei especially protons. Therefore,
we just considered protons as primary nuclei in this
work. We have considered proton producing showers
within zenith angle range 0∘ to 60∘ and the energy
spectrum follows the measurements of the CREAM
experiment[7] from 30 GeV to 1 PeV. A simplified de-
tector simulation is adopted as a reference at YangBa-
jing observatory (4300 m a.s.l)[8] in this work. A de-
tector unit is in a square shape with an area of 0.36 m2,
and the total detector area is 75× 75m2. In addition,
to consider the geometry effects in our simulation, the
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detector efficiency is achieved up to 95%. All events
with more than 20 charged particles 𝑁p have been
recorded in the simulation, and the obtained triggered
proton energy spectrum used in this work is shown in
Fig. 1. The relative angular resolutions corresponding
to different 𝑁p ranges are as follows: 4.75∘ for 𝑁p:
20–60, 3.33∘ for 𝑁p: 60–100, 2.0∘ for 𝑁p: 100–500,
0.89∘ for 𝑁p: 500–1000, and 0.65∘ for 𝑁p > 1000.

To improve the simulation efficiency, a back-
tracing technique is applied in which the charges of the
incident primary particles are reversed, and the parti-
cles are tracked backwards towards the Sun. Three
possible outcomes of tracking a cosmic-ray particle
may occur: (i) the particle may be deflected by the
magnetic fields, reverse their direction and hit back
to the Earth, (ii) the particle may be trapped in the
magnetic fields. In our simulation, we supposed that
a particle is considered to be trapped if the propaga-
tion time of that particle is three times greater than
the normal propagation time, (iii) the particle passes
through the magnetic fields with certain deflections,
and reaches the Sun distance. Thus each trajectory of
cosmic-ray particle would be tracked from the Earth
to the Sun and only those particles which reach the
Sun distance are kept, and only those particles that hit
the Sun’s disk (called shadow events) are selected. Fi-
nally, after applying smearing effects on these shadow
events in accordance with the detector point spread
function (PSF), the 2D-maps of the GCRs Sun shad-
ows cast by the Sun are obtained.

The presence of different magnetic fields plays a
significant contribution in the propagation of GCRs
particles through interplanetary space. Therefore,
three different magnetic field models that describe the
magnetic behaviors along the whole path from the Sun
to the Earth are the solar coronal field, the interplan-
etary field and the geomagnetic field.
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Fig. 2. The left panel is the 3D magnetic field lines and
solar coronal field strength for CR-1984. The right panel
represents the solar coronal field strengths at 10 solar ra-
dius in units of Gauss for CR-1984 (upper right) and CR-
2078 (lower right) respectively. Here the coordinates are
the ecliptic coordinates where the 𝑦-axis is the ecliptic lat-
itude and the 𝑥-axis is ecliptic longitude.

(1) The Sun has a very complex and strong field.
John M. Wilcox solar observatory at Stanford Univer-
sity has performed daily large-scale photospheric mag-
netic observations since 1976. More recently, a higher-
quality data of photospheric field is available from
many space telescopes like the Michelson Doppler im-
ager (MDI) on solar heliospheric observatory (SOHO)
and the helioseismic and magnetic imager (HMI), a
successor to the MDI, on the solar dynamics observa-
tory (SDO). Based on such photospheric data, a series

of models have been developed to describe the config-
uration of the coronal and heliospheric fields, for ex-
ample a potential field source surface (PFSS) model is
one of them. This model is more suitable for modeling
the large-scale coronal structure and for studying the
effect of the solar wind expansion. The PFSS model
assumes that the coronal field is current-free (i.e., po-
tential) between the photosphere and some imaginary
surface known as the source surface; a point where
magnetic field lines become entirely radial, and be-
yond remain no more in magnetic loops. The source
surface is normally fixed at 2.5𝑅sun, but in some
models it is permitted to vary between 2.5𝑅sun and
10.0𝑅sun. In this work, we use a very fast solver of
the PFSS model to construct the coronal field data
and the details of the solver can be found in Ref. [9].
The SOHO/MDI synoptic magentogram is used as the
bottom boundary condition of the PFSS model. Two
groups of models are used in our simulation, one is in
Carrington rotation 1984 (CR-1984) taken in the year
of 2001, i.e., at the maximum stage of solar activity cy-
cle 23, and the other is Carrington rotation 2078 (CR-
2078) describing the year of 2008 corresponding to so-
lar minimum activity. The left panel of Fig. 2 shows
the 3D magnetic field lines and the photospheric field
strength for CR-1984, and the right panel of Fig. 2 rep-
resents the magnetic field strengths at 10 solar radii
in the unit of Gauss in these two time periods.

(2) The term interplanetary magnetic field (IMF)
is a part of the Sun magnetic field that is carried into
interplanetary space by the solar wind plasma, and
mainly distributed in the ecliptic plane at distances
greater than a few radii of the Sun from its center.
Due to the rotation of the Sun, the field lines behave
like the spiral structure named the Parker-spiral[10]
model, and it is used in our simulation. The IMF
emerging lines are said to be frozen into the solar wind
plasma, and are dragged into the heliosphere with a
constant velocity of 450 km/s. The solar wind is sup-
posed to be spread out in the two-dimension ecliptic
plane termed ‘towards sector’ and ‘away sector’. The
radial, azimuth and zenith components of the IMF at
distance 𝑟 from the Sun can be calculated as

𝐵𝑟 =𝐵0(𝑅sun/𝑟)
2,

𝐵𝜑 =𝐵0(𝑅sun/𝑟)
2(𝑟𝜔0/𝜐𝑟),

𝐵𝜃 =0,

where 𝐵0 is the magnetic field at source surface, 𝑅sun

is the radius of the Sun, 𝜐𝑟 is the velocity of the solar
wind, and 𝜔0 is the rotation angular velocity of the
Sun. We obtain a two-dimensional (2D) IMF struc-
ture using the Parker spiral model, as shown in the
left panel of Fig. 3.

(3) For geomagnetic field, the international ge-
omagnetic reference field 12th generation model
(IGRF12)[11] is adopted to describe the Earth mag-
netic field. In fact, there are more-sophisticated mod-
els such as WMM2010 to describe the effects of geo-
magnetic field. Based on simulation results, it is clear
that more than 80% deviation for a cosmic ray par-
ticle induced by the geomagnetic field occurs within
the distance less than two radii of the Earth, and its
strength near the surface plays a significant role. In
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Ref. [12], one can note that at five different sites (lo-
cations at the ground) the measured field strengths
have been compared with the model expectations and
found less than 1% in difference. Thus the IGRF12
is a reliable model to describe the geomagnetic field’s
effects and is good enough to employ in our simula-
tion. As we all know that the Earth magnetic field
changes slowly with time, and it is therefore that the
coefficients of the IGRF12 model are published after
every five years. The magnetic field near the Earth
surface can be calculated at any intermediate time by
linear interpolation using these coefficients, and the
calculated magnetic field near the Earth surface with
this model is shown in Fig. 3 (right panel). It is noted
that the Moon also has its own magnetic field, weak
enough compared with the Earth field, assumed to be
zero in our simulation.
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Fig. 3. A 2D-IMF structure estimated by Parker’s spi-
ral model (left panel) and the geomagnetic field strength
obtained from the IGRF12 at one 𝑅earth distance (right
panel).
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Fig. 4. The Moon shadow with perfect direction recon-
struction (left panel) and a 2D smoothed map of the
Moon shadow with the PSF effect (right panel). The
maps are drawn in equatorial (𝑅𝑎/𝐷𝑒𝑐) coordinates where
(𝑅𝑎particle, 𝐷𝑒𝑐particle) and (𝑅𝑎moon, 𝐷𝑒𝑐moon) indicate
the input particle directions and the Sun positions, respec-
tively.

To check the simulation procedure, the Moon
shadow has been simulated and results are shown in
Fig. 4. The left panel represents the Moon shadow
observed by a perfect direction reconstruction, and
the right panel shows a 2D smoothed map consider-
ing the detector PSF that can be compared with the
experiment. Both figures are drawn in equatorial co-
ordinates (right ascension Ra and declination Dec) by
applying the IGRF12 model. An assertive westward
deviation could be observed in Ra-direction with cer-
tain rigidity dependence, and this phenomenon has
already been observed by the Tibet air shower exper-
iment and ARGO-YBJ collaboration. These consis-
tent results also testify the definiteness of our sim-
ulation code. Based on the Moon shadow westward
displacements, some similar work[8,13,14] with the en-
ergy/rigidity calibration for the incident cosmic rays
has already been discussed. Thus the utilization of

this obtained result in the energy calibration of high
energy detector is an interesting prospect of our work,
which can further be used in improvising the future
high altitude experiments like LHAASO-WCDA de-
tectors (water Cherenkov detector array in large high
altitude air shower observatory). Hence, the higher
triggering rate and the lowest threshold energy make
the LHAASO-WCDA[15] best candidate for this job.

To understand the contribution of different com-
ponents present in the interplanetary space, we take
our efforts to perform displacement effects with dif-
ferent simulation conditions. We focus on only those
events which are centered at the Sun position and lie
under certain angular band, sensitive to the detec-
tor’s angular resolution, to estimate the displacement
effects along the 𝑅𝑎/𝐷𝑒𝑐 direction. After the projec-
tion along the 𝑅𝑎/𝐷𝑒𝑐 direction, a simple Gaussian
function is applied to fit the distribution, and the in-
duced mean value from the fitting is treated as the
displacement of the Sun shadow along the 𝑅𝑎/𝐷𝑒𝑐
direction. For several different conditions, we simu-
late different displacement effects, and the following
features are remarkable.
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Fig. 5. The Sun shadow displacement effects induced by
GMF only. The left panel is a 2D-plot of the Sun shadow
in equatorial coordinates (𝑅𝑎/𝐷𝑒𝑐) where (𝑅𝑎particle,
𝐷𝑒𝑐particle) and (𝑅𝑎sun, 𝐷𝑒𝑐sun) indicate the input par-
ticle directions and the Sun positions, respectively. The
right panel shows the Sun shadow’s displacement along
the 𝑅𝑎 direction as a function of energy (𝐸0).

(1) Figure 5 shows the simulated Sun shadow
and the displacement along the 𝑅𝑎 direction with
only GMF switched on. We observe a clear
energy-dependent shift along the 𝑅𝑎 direction (east-
westward) as expected, and find no evident displace-
ment along the 𝐷𝑒𝑐 direction (north-south) caused by
GMF.

(2) Figure 6 shows the displacement effects of the
GCRs Sun shadow during CR-1984 with IMF only.
We can find two interesting results. Firstly, the dis-
placement along the 𝑅𝑎 direction is negligible, and
secondly the displacement along the 𝐷𝑒𝑐 direction has
a direct relationship with the IMF’s direction distribu-
tion, i.e., towards and away. In the upper left panel of
Fig. 6, a 2D map of the Sun shadow has been observed
clearly with a shift in the north direction when the to-
wards sector is under consideration, while the upper
right panel exhibits the displacement behavior in that
time. A very obvious opposite direction in the 2D Sun
shadow map and in the displacement map, with field
lines shifted to away, are shown in the lower left and
lower right panels, respectively. It is of great interest
to note that the tendency of the displacement effects
along the 𝐷𝑒𝑐 direction can be described with a single
power law function as a function of energy (indicated
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with solid line), and their spectral index is different
for different IMF sectors.
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Fig. 6. The Sun shadow displacement effects with only
IMF switched on in the two-sector structure. The upper
panel is for IMF towards sector where the left side is a
2D-map of the Sun shadow and the right side shows the
displacement along the 𝐷𝑒𝑐 direction. The lower panel
is for IMF away sector with 2D-Map of the Sun shadow
and the displacement effect along the 𝐷𝑒𝑐 direction (left
and right sides, respectively). The 2D maps are drawn in
equatorial (𝑅𝑎/𝐷𝑒𝑐) coordinates, and the displacements
along the 𝐷𝑒𝑐 directions as a function of the energy (𝐸0)
are shown here.
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Fig. 7. A 2D-map of the Sun shadow with only coronal
field switched on (upper panel). The displacements of the
Sun shadow as a function of energy (𝐸0) along the 𝑅𝑎 and
the 𝐷𝑒𝑐 directions are shown in the lower left panel and
the lower right panel, respectively.

(3) Figure 7 also shows the displacement of the Sun
shadow when only solar coronal field switched on. We
can find that the center of the Sun shadow is mainly
shifted along the 𝑅𝑎 direction the same as in the GMF
switched-on case before. On the other hand, no salient
displacement has been found along the 𝐷𝑒𝑐 direction
at any energy, while the displacement along the 𝑅𝑎
direction exhibits different energy dependences com-
pared with the case when only GMF was switched on.
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Fig. 8. The 2D-simulated Sun shadows maps with all
magnetic field contributions. The upper plot is a map for
full Carrington rotation observation. The lower left map is
for daily IMF-away sector observation and the lower right
map shows daily IMF-toward sector observation. All maps
of the Sun shadow are drawn in equatorial coordinates
(𝑅𝑎/𝐷𝑒𝑐).
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Thus the IMF is mainly responsible to shift the
Sun shadow along the 𝐷𝑒𝑐 direction whereas the shift
along the 𝑅𝑎 direction is due to the combined contri-
bution of the GMF and the solar coronal field. During
the quiet phase of solar activity (CR-2078), the dis-
placement along the 𝑅𝑎 direction at 10TeV due to
solar coronal field is about 0.4∘, and the displacement
due to the GMF is found to be 0.2∘ within the same en-
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ergy range. To extract the information about the solar
coronal field from the Sun shadow displacement, the
GMF’s effect is a mandatory factor to be considered in
the analysis. However, in experimental observations,
the measured Sun shadow is a combined effect of all
the above three contributions as shown in Fig. 8. The
upper panel of Fig. 8 shows the Sun shadow with a full
Carrington rotation observation (about 25 d), one can
find easily that the IMF sector dependence is almost
disappeared due to its symmetric displacement in the
ecliptic plane, and the displacement along the 𝑅𝑎 di-
rection is a combined effect due to the GMF and solar
coronal field. The lower left panel of Fig. 8 represents
the daily based Sun shadow observation due to IMF in
the away sector whereas the lower right panel is the re-
sult of the daily based Sun shadow observation in the
towards sector. Thus these displacements of the Sun
shadow along the 𝐷𝑒𝑐 direction can be used to study
the IMF and its structure on daily based observations.
The Tibet air shower experiment reported similar kind
of work[16] for the away and the towards IMF sectors
but with the data more than two-year observations in
the quiet phase only. However, by using this work it
is possible to monitor the temporal-evolution of the
IMF’s sectors with the help of the daily based Sun
shadow observation.

It is worth comparing the Sun shadow behavior to
the Sun in different periods of solar activity. There-
fore, we perform an MC simulation for solar maxi-
mum (CR-1984) and solar minimum (CR-2078) us-
ing the Sun shadows. Since the contribution of the
Moon shadow plays an important role in our simu-
lation work, we introduce a variable named 𝐷ratio as
the Sun to the Moon ratio here. The value of 𝐷ratio

can be calculated as 𝐷ratio = 𝑁sun/𝑁moon, where 𝑁sun

is the number of events that hit the Sun disk among
the all shooting particles around the direction of Sun’s
center, and 𝑁moon is the number of deficit events that
hit the Moon disk corresponding to the size of the
Moon shadow. The distribution of 𝐷ratio as a func-
tion of energy, during solar maximum (CR-1984) and
solar minimum (CR-2078) have been simulated. The
upper panel of Fig. 9 shows the distribution of 𝐷ratio

as a function of energy with plus signs and empty tri-
angles, during solar quiet (CR-2078) and solar active
(CR-1984) phases, respectively. It could be clearly
seen that there exists a large gap for 𝐷ratio due to the
existence of the Sun in different phases of activity. An
inverse proportional relation is found between 𝐷ratio

and the solar activity, i.e., the higher 𝐷ratio the less ac-
tive the phase of the Sun, and 𝐷ratio seems to be a very
useful parameter in monitoring the solar activity. To
further understand the difference in solar activities, we
also calculate the ratio of 𝐷ratio between solar active
and solar quiet phases, and a comparison result of our
MC simulation with ARGO-YBJ experimental result
has been incorporated as shown in the lower panel of
Fig. 9. With a reference to Fig. 5, the ARGO-YBJ ex-
periment has reported their deficit ratio result at dif-
ferent observation time in ICRC2017,[17] and a reason-
able comparison has been estimated as shown in the
bottom panel of 9. Although the detailed conditions
(observation time, primary cosmic-ray composition)
are not the same they are still enough to make a prin-

ciple comparison. For example, the observation time
for ARGO-YBJ measurements is 2008–2012 whereas
our time of consideration is 2001/2008 along proton
as primary nuclei. Considering all these assumptions,
we treat the 2012 as the solar maximum year within
solar cycle rotation, and the ratio of solar maximum
to solar minimum is estimated, for proton at six dif-
ferent energies, with respect to Fig. 5 in Ref. [17]. It
is easy to find that our simulation results are in good
agreement with these results within their error bar re-
gion, and even a discrepancy in the last point could be
justified by taking into account that the observation
time is different along the fact that there exists large
fluctuation in the Sun shadow measurement at that
time. This comparison is also a good indicator about
the reliability of our MC code. It is also interesting
to note the dependence of the ratio of 𝐷ratio on the
primary energy here. In the sub-TeV region, the ratio
of 𝐷ratio increases with the energy, whereas it turns to
stable as the primary energy goes higher than 10 TeV.
This clearly indicates that the influence of solar ac-
tivity on the propagation of cosmic rays becomes less
effective around the energy of 10TeV.

In summary, using the proton energy distribution
provided by an ideal detector located at high altitude,
a detailed MC simulation of the GCRs shadow by the
Sun and the Moon is performed to unfold the con-
tribution of different magnetic fields. Based on the
simulation, we provide a daily based possibility to
measure the Sun shadow with great ability to monitor
the IMF and its temporal behavior. We introduce a
variable 𝐷ratio and find it as a good probe to moni-
tor the solar activity. For IMF observation on sector-
based within one Carrington rotation, a facility with
high sensitivity is essential to observe the Sun shadow
on daily basis. By acknowledging the great ability of
LHAASO-WCDA to explore the one day observation
of the Sun shadow, we are focusing our attention to
explore some exclusive phenomenon like coronal mass
ejection (CME) events with daily based observations
of the Sun shadow. With a reasonable modeling of
CME transportation in the space, we can achieve a
realistic expectation on the Sun shadow. This is the
way to achieve some advancements in the field of space
forecasting by operating LHAASO-WCDA based on
high altitude ground-based arrays.
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