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Despite its very close proximity to Earth and considerable previous study, there remain many
unsolved puzzles about the Sun. One such example of significant recent interest relates to the
GeV-TeV gamma-ray emission from the solar disk. Indeed, the only existing theoretical model
can not fully explain the observed spectrum by Fermi Gamma-ray Space Telescope, which is
significantly brighter and harder than predicted. Moreover, the theory fails to predict peculiar
features of the observed gamma-ray flux, such as its anti-correlation with the solar cycle phases.
Hence it is crucial to find a theoretical model that explains the mechanisms behind gamma-ray
emission. The gamma-ray emission in this energy range is caused by the interaction of galactic
cosmic rays with the solar atmosphere. Here we investigate the trajectories of sunward and
anti-sunward moving GeV-TeV galactic cosmic rays (protons) as they move within the magnetic
field near the solar surface. We performed numerical simulations through the PLUTO code for
astrophysical fluid dynamics in which test-particle protons evolve on a static magnetic-arcade field
model. Some protons are trapped as they gyrate around the magnetic arcades, some fall toward
the Sun’s surface, and others escape the magnetic arcade region away from the Sun. We focus on
the latter, as these particles escaping from the Sun can produce gamma rays that are observed at
Earth.
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1. Introduction

The Sun is the closest bright quiescent source of gamma-rays. It shines both from its disk due to
pion decay of multi-GeV or TeV galactic cosmic rays (GCRs) hadrons (mainly protons) interacting
with solar atmosphere protons, and from its halo due to inverse Compton (IC) scattering of GCRs
electrons and positrons at the same energies on the solar optical photon field. Seckel, Stanev, and
Gaisser in 1991 proposed the first (and only to date) theoretical model that explains disk emission,
often called the SSG model [1], based on mirroring of the trajectory of GCR protons deeper in the
solar atmosphere within magnetic flux tubes.

Soon after its launch in 2008, the observations of the NASA Fermi Gamma-Ray Space Tele-
scope in the gamma-rays band (from 20 MeV to 300 GeV) started questioning the SSG model.
Indeed, the flux predicted by SSG was found to be 7 times smaller than the one observed by
Fermi-LAT during the minimum of solar cycle 24 (from August 2008 until late 2019) at energies
above 100 MeV [2]. Subsequent analysis of solar disk gamma-rays by Fermi between 2008 and
2020 (including two solar minima) uncovered even more surprising and unexpected features. A
statistically significant dip in the 30 − 50 GeV energy range persisting both during and after the
solar minimum was found [3]. This unexplained spectral dip is not detected by the CALorimetric
Electron Telescope (CALET, observing from 1 GeV up to 10 TeV) data collected from November
2015 to September 2020 for a total of 1796 days. However, the size of the statistical errors cannot
rule out its presence [4]. Another strange behavior is the large anticorrelation of the flux with
solar activity up to ∼ 30 GeV observed in Pass 8 by [5]. Moreover, the SSG model has an abrupt
cutoff at 𝐸 ≃ 5 GeV while the gamma-ray flux from the disk greatly exceeds their predictions and
extends up to > 100 GeV energy. Indeed, [6] observed a gamma-ray flux up to 2.6 TeV with the
data collected by the High Altitude Water Cherenkov Gamma-ray Observatory (HAWC), which
observes gamma-rays at higher energies (i.e., from 100 GeV to 10 TeV). Finally, it is noteworthy
that the observed spectrum is harder than the CR spectrum [7].

The main goal of this work is to develop a new theoretical model for the gamma-ray emission
from the solar disk. Test-particle protons simulations are used to investigate the transport of GeV-
TeV GCR protons through a kinematic model of a magnetic arcade active region. Our model field
also includes a magnetic turbulent component.

2. Theoretical model

2.1 Magnetic arcade model with turbulent component

The magnetic field model shown in Figure 1 consists of a potential-field arcade contained in
the 𝑥𝑦-plane defined by the vector potential

𝐴𝑧 (𝑥, 𝑦) = 𝐵0Λ𝐵 cos
(
𝑥

Λ𝐵

)
𝑒−𝑦/Λ𝐵 , (1)

where 𝐵0 = 10/𝑒−0.05/Λ𝐵 is the magnetic field strength, while Λ𝐵 = 𝐿/𝜋 represents the magnetic
scale height related to the length of the domain 𝐿 [8] [see also [9] for a 3D geometry]. The total
magnetic field is defined as Btot(𝑥, 𝑦, 𝑧) = B(𝑥, 𝑦) + 𝛿B(𝑥, 𝑦, 𝑧), where B(𝑥, 𝑦) represents the static
magnetic field defined by the arcades while 𝛿B(𝑥, 𝑦, 𝑧) is the static turbulent component calculated
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by using the prescription in [10]. Remote observations cannot currently constrain the amplitude
and geometry of the magnetic fluctuations in the solar atmosphere [see, e.g., 11]. We adopt here
the ansatz that (𝛿B(𝑥, 𝑦, 𝑧)/B(𝑥, 𝑦))2 = 𝜎2 is uniform and that 𝛿B(𝑥, 𝑦, 𝑧) has a three-dimensional
isotropic power spectrum 𝑃(𝑘) = [1.0 + (𝑘𝐿𝑐) 𝛿]−1 where 𝛿 = 11/3. GCRs can be trapped inside
these magnetic arcades and interact to produce gamma-rays. In this work, we plan to assess the effect
of the closed magnetic field geometry on the GCR-atmosphere proton collisions on the observed
gamma-ray flux.

2.2 GCRs motion and interaction

GCRs motion on the total magnetic field is described by the equations

𝑑x𝑝

𝑑𝑡
= v𝑝,

𝑑 (𝛾v)𝑝
𝑑𝑡

=

( 𝑒

𝑚𝑐

)
𝑝

v𝑝 × B, (2)

where v𝑝 and x𝑝 represent the velocity and spatial coordinate respectively, 𝛾 = (1 − v2
𝑝/𝑐2)−1/2 is

the Lorentz factor, 𝑐 represent the speed of light, and (𝑒/𝑚𝑐)𝑝 is the proton charge to mass ratio.
The suffix 𝑝 is indeed used to label protons. As stated in the previous section, solar gamma rays
can derive from a GCR proton interacting with another proton from the solar atmosphere, and the
interaction time scale for this collision is given by 𝑡int(𝑦) = 1/[𝑛(𝑦)𝜎𝑐𝑣], where 𝑛(𝑦) = 𝑛0𝑒

−𝑦/Λ𝐵

is the number density, 𝑣 = 𝑐 is the typical particles speed, and 𝜎𝑐 is the proton-proton inelastic
collisions cross-section, whose parameterization is given by Equation 1 in [12].

3. Initial conditions and particles evolution on the background magnetic field

The PLUTO code for astrophysical gas dynamics is used to carry out the numerical simulations
[13]. The initial configuration considers a 2D computational domain of size 𝐿×𝐿, where 𝐿 = 0.3𝑅⊙
(𝑅⊙ = 𝑅sun = 6.957×1010 cm). In particular, the computational box is defined by −0.15 < 𝑥/𝑅⊙ <

0.15 and 0 < 𝑦/𝑅⊙ < 0.3. The bottom of the computational domain corresponds to the top of the
Sun’s photosphere. Consequently, the considered portion of the solar atmosphere, i.e., the bottom
of the chromosphere, is in good approximation completely ionized. The mass density at the bottom
of the domain is then 𝜌0 ∼ 10−9 g/cm3 [14], corresponding to a proton number density 𝑛0 = 1015

protons/cm3. The grid resolution is 1000 × 1000 and we count the number of cells along the
𝑦-direction with the 𝑗 index. The boundary conditions are set to outflow in all directions.

It is important to stress that GCRs are likely to approach the solar atmosphere first by following
along open field lines and some of them might migrate to the closed field lines (see right panel
of Figure 1). We initially inject 9000 test particle protons positioned one per cell at different
altitudes along the 𝑦-direction, corresponding to 500 < 𝑗 < 510, 600 < 𝑗 < 610, 700 < 𝑗 < 710,
800 < 𝑗 < 810. Particles injected at a 𝑗 < 500 would result from those injected higher up in
altitude which reach the lower part of the domain. Protons are initialized with an isotropic velocity
distribution defined by

𝑣𝑥 = 𝑣0 sin \ cos 𝜙, 𝑣𝑦 = 𝑣0 sin \ sin 𝜙, 𝑣𝑧 = 𝑣0 cos \, (3)

where \ = arccos(1−2R [0,1]) and 𝜙 = 2𝜋R [0,1] (see left panel of Figure 1), withR [0,1] representing
a random number between 0 and 1, and 𝑣0 is the velocity magnitude related to different values of
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initial energy: 100 GeV and 10 TeV. We chose the initial isotropic velocity distribution as it
incorporates the effect of the turbulence for particles going upward due to the scattering.

Figure 1: Left panel: Schematic decomposition of the particle velocity vector in its components and angular
coordinates \ and 𝜙 over the magnetic arcade domain made of magnetic arcades represented by the solid
black curves given by the vector potential 𝐴𝑧 (see Equation 1) superimposed on the magnetic field magnitude
in blue color scale. Right panel: Schematic representation of the trajectory of an approaching GCR (in red)
gyrating first along the open field lines and then entering the closed magnetic field lines region.

The turbulence coefficients reported in [10] are calculated at the beginning of the simulation
and reshuffled every 100 particles. We choose 𝐿min = 10−4𝑅⊙ and 𝐿max = 5 × 104𝑅⊙, the
correlation length as 𝐿𝑐 = 𝐿/2 = 0.15𝑅⊙, and different values for the wave variance 𝜎2 =

⟨𝛿𝐵(𝑥, 𝑦, 𝑧)2⟩/𝐵(𝑥, 𝑦)2 = 0, 0.01, 0.1, 1. The particle equations of motion (see Eq. 2) are solved
using the Boris algorithm already implemented in the PLUTO code until 𝑡stop = 20𝑅⊙/𝑐 = 46.4 s
and protons are considered escaped when they leave the computational domain in the 𝑥 − 𝑦 plane
and/or 𝑧𝑝 < −0.1𝑅⊙ or 𝑧𝑝 > 0.1𝑅⊙ without interacting with ambient protons. We are interested in
GCR protons that interact with protons within the solar atmosphere (so with a 𝑡int < Δ𝑡, where Δ𝑡

is the time they spend in the computational box), and with a velocity along the 𝑦-direction that is
positive (𝑣𝑦 > 0), since the gamma-rays produced should be observed at Earth and not absorbed by
the Sun.

4. Results

In the absence of turbulence (𝜎2 = 0), particles tend to follow single field lines [10] and
may undergo the mirroring process, while they also undergo pitch-angle scattering and cross-
field diffusion mechanism when turbulence is present (𝜎2 ≠ 0). The diffusion is described by
the coefficients ^ ∥ (𝑥, 𝑦, 𝑣) ∝ 𝐵2(𝑥, 𝑦)/𝜎2 and ^⊥(𝑥, 𝑦, 𝑣) ∝ 𝜎2/𝐵2(𝑥, 𝑦), which are respectively
parallel and perpendicular to the average magnetic field. Thus, we investigated the interacting
particles position for increasing values of 𝜎2, injecting them in a horizontal strip within 500 < 𝑗 <
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510. Figure 2 captures the position of the outgoing particles at the time of interaction (i.e., 𝑣𝑦 > 0
and 𝑡int < Δ𝑡) color-coded by their 𝑧-component for 𝜎2 = 0 (left panel) and 𝜎2 = 1 (right panel)
for the 100 GeV (upper panels) and 10 TeV (lower panels) case. For weak turbulence (𝜎2 ≪ 1),
particles just follow the magnetic field lines and interact first in the lower part of the domain (where
the interaction time is shorter due to the large ambient density), and the mean free path _ ∥ , for a
given 𝜎2, is larger (and so is ^ ∥ ) due to the strong magnetic field [see, e.g., 15] and then particles
interact at higher altitudes as time increases, with a more efficient mirroring at 100 GeV due to the
shorter gyroperiod, compared with the travel time. For strong turbulence (𝜎2 = 1), the position
of the particles at the time of interaction is more spread through the domain, since ^⊥ increases
with 𝜎2 for both the perpendicular [10] and the cross-field diffusion [16], in particular for the 10
TeV case where the gyroradius is greater than in the 100 GeV case. Indeed, in this case, particles
interact at and near the injection position as ^⊥ increases with 𝜎2 while ^ ∥ decreases (together with
the mean free path _ ∥ ).

The ratio of the number of particles interacting before leaving the arcade region to the total
number of injected particles with a certain range of the 𝑦-component for different values of 𝜎2 and
for the two different energies is shown in Figure 3. While the maximum 𝑦-component increases
with 𝜎2 in the 10 TeV case (right panel), this does not occur in the 100 GeV case (left panel).
Indeed, in this case, particles interact close to the injection position as 𝜎2 increases, probably due
to the smaller gyroradius and mean free path _ ∥ .

Figure 4 shows that for the 10 TeV case (right panel) turbulence is essential in trapping particles
in magnetic arcades and the larger the turbulence, the more particles interact. Indeed, the solid lines
in the right plot show that the number of interacting particles increases with 𝜎2 at all injection height
𝑗 , and correspondingly the fraction of escaping particles (dashed lines) smoothly decreases. The
same does not occur for the 100 GeV case (left panel), as the gyroradius is smaller, and then particles
do not diffuse significantly towards the bottom of the domain (where the interaction time is shorter)
but are confined by the strong magnetic field while drifting (and escaping) along the 𝑧-direction
before interacting. Therefore, we find that the trapping due to turbulence strongly depends on the
particles energy. Moreover, the size of the arcade in this model matters. Indeed, a computational
domain 5 times smaller with strong turbulence and the same Λ𝐵? does not efficiently trap even the
100 GeV protons.

5. Conclusions and outlooks

This work leads the way to our search for a theoretical model explaining the gamma-ray
emission from the Sun. Turbulence plays a crucial role in trapping GCRs in this preliminary
arcade-field model. The efficiency of the trapping mechanism depends on the particles energy: at
higher energies (see the 10 TeV case) the number of interacting and escaping particles increases
and decreases with 𝜎2 respectively, while at lower energies (the 100 GeV case) the behavior is not
monotonic and is still under investigation. The calculation of the 𝛾-ray flux is underway.
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Figure 2: Left panel: Magnetic field strength and magnetic arcades with superimposed the position at the
interaction time of 100 GeV protons over the whole computational time, color-coded in yellow-pink by their
𝑧-component obtained with 𝜎2 = 0. The blue color-scale represents the magnetic field magnitude. The
dashed gray lines represent the particles injection height. Right panel: Same as left panel but with 𝜎2 = 1.
Bottom panels: Same as top panels but fot the 10 TeV case.
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Figure 3: Left panel: Ratio of the number of particles interacting before leaving the arcade region to the
total number of injected particles as a function of their 𝑦-coordinate at the moment of interaction for different
values of𝜎2 represented by different colors and for the 100 GeV case. The dashed vertical gray lines represent
the particles injection height. Right panel: Same as left panel but for the 10 TeV case.
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