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Abstract: Cosmic rays can interact with the solar atmosphere and produce a slew of secondary messengers, mak-
ing the Sun a bright gamma-ray source in the sky. Detailed observations with Fermi-LAT have shown that these in-

teractions must be strongly affected by solar magnetic fields in order to produce a wide range of observational fea-

tures, such as a high flux and hard spectrum. However, the detailed mechanisms behind these features are still a mys-

tery. In this study, we tackle this problem by performing particle-interaction simulations in the solar atmosphere in

the presence of coronal magnetic fields using the potential field source surface (PFSS) model. We find that low-en-

ergy (~ GeV) gamma-ray production is significantly enhanced by the coronal magnetic fields, but the enhancement

decreases rapidly with energy. The enhancement directly correlates with the production of gamma rays with large

deviation angles relative to the input cosmic-ray direction. We conclude that coronal magnetic fields are essential for
correctly modeling solar disk gamma rays below 10 GeV, but above that, the effect of coronal magnetic fields dimin-

ishes. Other magnetic field structures are needed to explain the high-energy disk emission.
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I. INTRODUCTION

The Sun is considered a high-energy astrophysical
source owing to its interactions with cosmic rays. Cos-
mic-ray electrons undergo inverse-Compton scattering
with sunlight and produce a diffused gamma-ray halo
around the Sun [1-3]. Synchrotron radiation from the
electrons produces a disk emission from radio to X-rays
[4]. Moreover, cosmic-ray nuclei interact with the solar
atmosphere hadronically and produce secondary gamma
rays and neutrinos [5—7]. The latter component is mainly
emitted from the photosphere and is thus more concen-
trated than the inverse-Compton halo. We refer to it as
solar disk emission.

The solar disk gamma-ray emission was first detec-
ted with EGRET [8, 9] and later with Fermi-LAT with
much better precision [10]. The observed emission is
higher than early estimates by almost an order of mag-
nitude [6]. Subsequent analyses with six years [11] and
nine years of Fermi data [12, 13] have found several new

features, including the following: 1) the flux anticorrel-
ates with solar activity at low energies (~ 1 GeV) and at
the highest detected energy (~ 100 GeV) with a much lar-
ger correlation amplitude, 2) the flux exhibits a hard
spectral index (~ E~*?) and reaches up to at least 200
GeV during solar minimum, 3) a spectral dip is observed
around 30-50 GeV, and 4) the photon distribution on the
projected Sun disk (solar gamma-ray morphology) varies
strongly as a function of the solar cycle. See Ref. [14] for
a brief overview and Ref. [15] for the latest solar gamma-
ray observation covering the full solar cycle. Currently,
no theoretical model or calculation can completely ex-
plain these observational features.

The > 100 GeV gamma-ray emission, in particular, is
highly variable; six photons were observed in 1.4 years
near the solar minimum but none in the 7.8 years after-
ward [12]. The solar minimum spectrum is also much
harder than the cosmic-ray spectrum. These suggest that
very-high-energy observation of the Sun is another valu-
able avenue for probing the underlying physics. Only
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large ground-based air-shower array experiments, such as
ARGO-YBJ, HAWC, and LHAASO can observe the Sun
at TeV energies. ARGO-YBJ has provided the first set of
strong constraints on sub-TeV to 10 TeV emission dur-
ing the quiet Sun period from 2008-2010 [16]. HAWC
provided a stronger constraint [17] using data from
November 2014 to December 2017. Recently, HAWC
has detected TeV gamma rays with a soft spectrum with
six years of data [18]. The Sun was more active in that
period; therefore, the high-energy spectrum is expected to
be soft from Fermi observations. IceCube has performed
the first dedicated search of solar atmospheric neutrinos
[19], but the sensitivity is still above the predicted flux
[20, 21].

The first detailed computation of the solar disk
gamma-ray flux was performed by Seckel, Stanev, and
Gaisser [6], who proposed that charged cosmic rays en-
tering the atmosphere are reflected by concentrated mag-
netic flux tubes and thus enhance the gamma-ray produc-
tion compared to the zero-magnetic field case. Most sub-
sequent calculations on gamma rays [22, 23] and neutri-
nos [7, 20, 21] have ignored magnetic fields. In Ref. [22],
the minimum disk emission from the Sun limb was estim-
ated with zero-magnetic field calculations, and in Ref.
[12], the maximum was estimated by assuming all cos-
mic rays are reflected on the solar surface and produce
gamma rays with 100% efficiency. Most recently, Refs.
[24] and [25] have considered the effect of magnetic
fields around the Sun in the context of solar gamma-ray
production. However, none of the calculations can ex-
plain the observations, such as the flux, spectral shape,
and time variability.

In this study, we investigate solar disk emission pro-
duction using the particle simulation toolkitGeant4,
along with the observation-based PFSS magnetic-field
model, to better understand the phenomenologies behind
cosmic rays interacting with the Sun.

II. SIMULATION SETUP

A. The Geant4 Toolkit

Geant4 is a software toolkit that simulates the pas-
sage of particles through matter [26]. Due to its powerful
functionality and modeling capability, Geant4 is used in
many applications, such as high-energy physics, nuclear
physics, medical science, and space science. We base our
computation on version 10.3.3.

A typical Geant4 simulation contains many compon-
ents, such as detector designation, event generator,
particle definition, and physics models. We focused on
particles within the energy range between 100 MeV and
100 TeV, which covers the energy range of Fermi and
HAWC. Following the user's guide [27] and the Geant4
recommendation for high energy physics (HEP), we use

the FTFP-BERT physics list to model both hadronic and
electromagnetic interactions. Below 5 GeV, the Bertini
cascade model [28] is used. The Fritiof string model is
used above 4 GeV, with a transition between 4—5 GeV
[29]. When simulating particle propagation, we set the
simulation procedure to stop and kill particles below 100
MeV. Thus, the main physical processes during particle
tracking are  hadronic decay, -electron/positron
bremsstrahlung, and annihilation.

Magnetic fields are included in Geant4 through a sep-
arate class. In order to propagate a particle inside a mag-
netic field, Geant4 solves the Lorentz force equation of
motion of the particle. Geant4 breaks up this curved path
into linear chord segments to calculate the track's motion
in a field. Following the Geant4guide, we compute the
particle tracks using the default Runge-Kutta method. We
also adopted Geant4’s default stepper, “ClassicalRK4,”
and set the chord segment to 10 m.

We have enabled the standard physics lists with
Geant4 for hadronic and electromagnetic interactions, ex-
cept synchrotron radiation. However, the solar photon is
not included. Thus, the simulation does not include syn-
chrotron and inverse Compton energy losses. Generally,
given the short distance scales of the problem, these pro-
cesses are subdominant compared to hadronic and elec-
tromagnetic interactions in the matter, except perhaps at
much higher energies than our problem at hand [30] or
maybe at longer distance scales [4].

B. The G4SOLAR code

Based on the Geant4 toolkit, we developed G4SOLAR,
a program that handles particle propagation and particle
interactions in the solar atmosphere. In this section, we
describe the essential components of G4SOLAR.

1. Solar atmosphere

The atmosphere of the Sun consists of the photo-
sphere, chromosphere, and corona [31]. The photosphere,
with an approximate thickness of 500 km, is the layer
where the Sun becomes optically opaque. The chromo-
sphere is the region roughly a few thousand km above the
photosphere, and the corona is defined as the large re-
gion above the chromosphere, where the temperature
rises to millions of kelvin.

Figure 1 shows the density distribution of the solar at-
mosphere used in our calculation. Below the photosphere
(set at 0 km), we use the density provided by Ref. [32],
and we use Eq. (2.1) of Ref. [6] to extend it to 1600 km.
Between 1600 and 3000 km, we use the data in Ref. [33].
We configure the Sun as a sphere and divide the region
from —600 km to +3000 km into 3600 equal-thickness
layers following the density profile shown in the figure.

2. Solar magnetic fields

For magnetic fields near the Sun, we consider the po-
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Fig. 1.  (color online) Density profile of the Sun near the
photosphere [6, 32, 33].

tential field source surface (PFSS) model [34—37], which
describes the large-scale magnetic fields above the photo-
sphere, R,. Using the photospheric magnetic-field meas-
urement as a boundary condition and assuming that the
current density is zero and the fields are completely radi-
al at a distance, R, ~ O(1)R,, the magnetic fields between
R, and R,, can be computed by solving for the scalar po-
tential. Thus, for each complete Carrington cycle (~ 27
days), using the photospheric measurements by observat-
ories such as GONG [38] and SOHO/MDI [39], a PFSS
model can be obtained with only R;, as a free parameter,
which is fitted separately. Notably, the large-scale mag-
netic fields we consider differ drastically from the small-
scale magnetic flux tube used by Seckel et al. [6]; we
compare with their results in detail in Sec. III.H. The
PFSS model is easy to implement and was found to agree
reasonably well with more detailed and computationally
expensive magnetohydrodynamic models [40], thus mak-
ing it a natural choice for our simulation study.

The PFSS models are obtained using the Solar Soft-
ware (SSW) package [41]. We consider the Carrington
Rotations 2070(CR2070) (13 May 2008 to 9 Jun 2008)
for solar minimum and 2149(CR2149) (07 Apr 2014 to
04 May 2014) for solar maximum. In the PFSS model,
we use spherical harmonic coefficients with order 9 to
calculate magnetic fields. The source surface parameter is
chosen to be 1.6R, for solar minimum and 2.5R, for sol-
ar maximum. Hereafter, we denote the solar minimum
case as Quiet, the solar maximum case as Active, and
the control case with a zero magnetic field as NoField.
The magnetic field we obtained by PFSS for both Quiet
and Active are visualized in Fig. 2. For the Quiet case,
the B, is mainly distributed in two poles, and the overall
magnetic field strength is smaller than the Active case.
For the Active case, Br is mainly distributed near the
equator.

i}

hbhbrpao—snos ©

Fig. 2.
the spherical coordinates for both Quiet (above) and Active
(below) for CR2070 and CR2149, respectively. The color-bar
for B, is in the Gauss unit. The black lines indicate the mag-

(color online) Obtained magnetic field distribution in

netic field line structure at a solar radius close to the photo-
sphere surface. The dipole structure in the Quiet case can be
clearly seen. The field strength in the Active case is stronger
overall, and the dipole structure becomes unclear.

We evaluate the PFSS model in a 361 (radial) x 180
(polar) x 360 (azimuthal) grid in our simulation volume.
This resolution means that we neglect small-scale mag-
netic field variations below roughly 10* km in the tangen-
tial direction. We note that typically, the PFSS model
starts at the photosphere. For our purpose, we extrapolate
the PFSS model down to 600 km below the photosphere
by setting the fields to be the same as those at the surface.
Because we start our simulation at +3000 km, we practic-
ally ignore all the magnetic fields above this height. Dur-
ing simulation, the value of the magnetic fields at each
point in the simulation volume is then obtained by inter-
polating these grid points. In this work, we have neg-
lected the magnetic field variation below the resolution of
the magnetic field grid points [42]. These resolutions are
limited by computation power and, ultimately, by the
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PFSS model itself. These field variations could affect the
propagation of low energy particles with a Larmor radius
below the grid size (about 10*km in the tangential direc-
tion and 10km in the radial direction). We leave the mod-
eling of sub-grid effects for future work.

Table 1 and Fig. 3 show the mean values of the mag-
netic fields and their standard deviations for the two
phases of solar activity with the PFSS model. We obtain
the mean and the deviation values by sampling 100,000
points randomly at the photosphere. These values are
stable versus height. Changing the sampling point
between —600 km and +3000 km changes the values by a
few percent. In general, the mean values are close to zero
due to averaging regions with magnetic fields in opposite
directions. The standard deviation is thus more represent-
ative of the typical field strength of the model, which is
~2 G for the Quiet case. However, the standard devi-
ation is much larger for the Activecase, =~ 15 G for the
and 6 components.

Table 1. Mean values for the three components of the PFSS
magnetic fields and their standard deviations for theQuiet and
Active cases evaluated at the photosphere.

<B,>[G] <By>[G] < By >1G]
Quiet 0.03 +2.16 0.11 +222 ~1.04 + 2.45
Active -0.35 + 15.42 0.66 + 15.46 0.77 + 2.54

3. Particle sampling

The final component of G4SOLAR is the position and
direction sampling of the cosmic-ray particles. The start-
ing positions of the input particles are first sampled uni-
formly at 3000 km above the photosphere. We consider
the energy between 100 MeV and 100 TeV, which is di-
vided uniformly into six logarithmic intervals. For each
interval, the energy is sampled with a spectral index -1
(uniform in log.), and the sampling size varies owing to
computational time considerations, with the number of
particles between 10° and 10°.

The momentum vectors of the particles at the input
position also need to be sampled. We define the incident
angle, w,, as the angle between the momentum vector
and the normal direction of the spherical simulation
volume at particle position (see Sec. II.LE). The number
of particles is then sampled according to N «sinw,cosw,.
Here, sinw, is the solid angle factor, and cosw, con-
siders the geometric factor between the incoming cosmic-
ray flux and the receiving surface element. The azimuth-
al directions of the particles are sampled uniformly. In
our setup, only events with w, >90° can enter and inter-
act with the Sun. Thus, we only sample in the range
between 90° and 180°.

All the particles are tracked only when they are in the
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Fig. 3. (color online) From top to bottom, the figures show-
case the average magnetic field components B,, By, and B¢ at
distances of 600 km below and 3000 km above the photo-
sphere. Above our simulation volume at 3000 km, the field
strength is set to be zero. The solid lines and shaded bands in-
dicate the average values and deviations, respectively. "Quiet"
represents the solar minimum of CR2070, and "Active" rep-
resents the solar maximum of CR2149.
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simulation volume. Thus, for particles leaving the —600
km layer, we assume they are completely absorbed, and
for particles leaving the 3000 km layer, we assume they
have escaped. The simulation results thus consist of all
the escaped gamma-ray events.

C. Cosmic-ray spectrum and output flux

Connecting the simulation results to real world situ-
ations requires the cosmic-ray spectrum. It is well-known
that the Sun can change the cosmic-ray propagation en-
vironment in the solar system [43] and modulate the cos-
mic-ray flux as the rays propagate inward from interstel-
lar space. It is thus natural to expect that additional modu-
lations exist when cosmic rays propagate from the Earth's
orbit to the vicinity of the Sun. However, cosmic-ray
propagation in the solar system is still an open problem
[44], likely important only at low energies. For simpli-
city, we use the cosmic-ray spectrum measured at the
Earth's position as our default result. Solar modulation
suppresses low-energy cosmic rays; thus, it could sup-
press the actual gamma-ray production compared to our
default results. We discuss and further investigate the ef-
fect of solar modulations in Sec. IIL.F.

We set the composition of the Sun to be 100% pro-
tons and only consider cosmic-ray protons. Including
heavier species, such as helium, in both cosmic rays and
the atmosphere could enhance gamma-ray production.
We discuss this and estimate the effect in Sec. II1.1.

We use the 2006 proton spectrum by PAMELA [45]
from 0.1 GeV to 45 GeV, then AMS-02 [46] from 45 GeV
to 2.5 TeV, and finally CREAM [47] up to 100 TeV.

All the photon events leaving the simulation volume
are collected and re-weighted to account for the cosmic-
ray spectrum and normalized to obtain the photon lumin-
osity per unit area (at the injection radius) per unit time.
The photon flux at the Earth is then obtained by consider-
ing the scaling factor (R, +3000km)?/AU?. The y-ray flux
at the Earth, F, s, is obtained by converting the simulated
production yield,

o= WNome Fro (Ro+3000km)*
7 dE,dSdt  F,. AU2

, M

where dN,,,./dE,dSdt is the normalized y-ray yield
(event per energy per area per time) obtained at the
R>13000 km surface, F,o is the proton spectrum from
observation, and F,, is the proton spectrum we put in the
simulation.

III. SIMULATION RESULTS
A. Zero magnetic field case

We first consider the NoField case to cross check
and validate the simulation procedure. The simulation

and analysis are performed without magnetic fields; oth-
erwise all procedures are identical to the cases with mag-
netic fields.

Figure 4 shows the results for the NoField case. We
compare them with the semi-analytic calculation by Zhou
et al. [22], where they assumed that the incoming cosmic
rays and the gamma rays produced are collinear. With
this approximation, only cosmic rays pointed at the Earth
and grazing through the edge of the solar atmosphere can
produce detectable gamma rays (Sun limb). This limb
flux can be easily calculated as it is a 1D computation;
the resultant flux roughly follows the cosmic-ray spectral
index. We find that our NoField results agree well with
Zhou et al. above 10 GeV, meaning that the collinear ap-
proximation is appropriate here. Below 10 GeV, the
NoField case has much higher gamma-ray production
due to large-angle gamma-ray events. We discuss this in
more detail in Sec. III.E.1. Above a few TeV, we start to
see deviations due to the imposed cosmic-ray energy
cutoff at 100 TeV.

We then compare our results with Gao et al. [23], the
precursor of this work, where the cosmic-ray position
sampling step was not implemented owing to the spheric-
al symmetry of the problem when magnetic fields are not
included. We find that our results agree well with each
other. This validates our 3D position and angle sampling
procedures described in Sec. II.A, which are necessary
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7™ Zhou2017 3
— N Mazziotta ]
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Fig. 4. (color online) Simulated solar disk gamma-ray flux

without magnetic fields (NoField). For comparison, we also
show the 1D semi-analytic calculation by Zhou et al. [22],
simplified Geant4 simulation result by Gao et al. [23], and
simulation result with FLUKA by Mazziotta et al. [24]. The
blue solid line is our result but scaled with the nuclei effects.
(See Sec. IIL.I) The enhanced gamma-ray production below 10
GeV is due to large-angle events caused by kinematics. See
Sec. III.E.1 for details.
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once global solar magnetic fields are introduced.

We also compare our NoField results with those of
Mazziotta et al. [24], which performed essentially the
same calculation but with the FLUKA simulation pack-
age. Considering the contribution due to nuclei effects
(see Sec. IIL.I), our results are in excellent agreement with
each other, up to some fluctuations due to simulation.

B. Results with magnetic fields

Figure 5 shows the solar disk gamma-ray flux for
Quiet and Active together with that for NoField. We
find that the PFSS magnetic fields can dramatically
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Fig. 5. (color online) Solar disk gamma-ray flux computed

by G4SOLAR without magnetic fields (NoField), with solar
minimum PFSS magnetic fields (Quiet), and with solar max-
imum PFSS magnetic fields (Active). The magnetic fields
boost gamma-ray production by enhancing the production of
large-angle events. See Sec. II1.E.2 for details.

change gamma-ray production. At 100 MeV, all three
cases have similar flux (see Sec. lIL.LE.2 for further dis-
cussion). Between 100 MeV and 10 GeV, theQuiet and
Activecases exhibit harder spectral shapes and have a
higher flux than the NoField case. The difference in flux
is the largest at approximately 10 GeV, by almost two or-
ders of magnitude. Above 10 GeV, the spectra fall
sharply and have spectral shapes even softer than the cos-
mic-ray spectrum. At approximately 1 TeV, the Quiet
flux and Active fluxes merge with the NoField flux,
showing that the PFSS magnetic fields can no longer af-
fect the gamma-ray production. We interpret these obser-
vations using the event angular distributions in Sec.
HLE.2.

Comparing the results between Quiet and Active,
the two fluxes have similar shapes, except that the
Active flux becomes larger by about a factor of two
between 1 GeV and 1 TeV.

In the next few subsections, we explore the simula-
tion results in detail and attempt to understand the vari-
ous properties of these results.

C. Physical processes

Figure 6 shows the breakdown of the physical pro-
cesses that contribute to the solar disk gamma-ray pro-
duction. For all three cases, we find that the dominant
contribution comes from neutral pion (7°) decays. These
pions could be produced directly from the primary pro-
ton interactions or from the subsequent hadronic showers.
Due to the short lifetime of #°, they decay promptly be-
fore undergoing additional scatterings. As a result, 7° can
efficiently convert the primary proton energy into gamma
rays.

The second most important source of gamma rays, at
the ~ 10% level, comes from electron and positron
bremsstrahlung as well as positron annihilation (labeled
simply as e*e™). These electrons and positrons come from

1076 5 5

E —— NoField —— Quiet —— Active 1

— 1077 E
n E E
b £ m° ]
I 1078 o =
£ E e'e E
(%) = 3
3 10-°L others _
< F f
310710 -
- F E
P F f
g 1071 E
c E E
w F ]
10-12 = ) -

10! 10°  10® 102  10® 10 107! 10° 10! 102  10®  10* 10! 10°  10' 102 103  10%
Energy [ GeV ]
Fig. 6. (color online) Breakdown of the total flux into the physical processes responsible for gamma-ray production. The dominant

process is neutral pion decay, followed by electron/positron bremsstrahlung and annihilation, and finally, miscellaneous processes, in-

cluding the decay of heavier hadron states. See the text for details.
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the final states of many secondaries (e.g., 7*) or can be
produced from electromagnetic showers initiated by ener-
getic gamma rays or electrons.

Finally, we group the remaining gamma-ray produc-
tion channels into "others," which include the decay of
heavier hadron states (e.g., 7,Z,Q, etc.), hadron inelastic
scatterings, and muon-bremsstrahlung. These contribu-
tions are subdominant but not negligible.

D. Energy contribution

Figure 7 shows the contributions from each input pro-
ton energy interval to the total gamma-ray flux. Interest-
ingly, for proton energies ranging from 0.1 GeV to 10
GeV, we find no significant changes in the contribution
between NoField and those with magnetic fields. Most
of the flux enhancements for Quiet and Active come
from proton energies from 10 GeV to 1 TeV, where the
low energy "tails" in the NoField case change into
"bumps" in the cases with magnetic fields. While gamma-
ray production is enhanced from 1 TeV to 100 TeV, the
enhancements are mainly at low energies, buried by the
other low-proton-energy components, and have little ef-
fect on the final results.

E. Event angular distribution

We explore in detail the angular distributions of pro-
tons interacting in the solar atmosphere and those of the
outgoing gamma rays, which we find helpful in elucidat-
ing the physics behind the enhanced gamma-ray produc-
tion with magnetic fields. We consider three angles, w,,
wy, and w,,, which are illustrated schematically in Fig. 8.

Figure 9 shows the angular distribution of the outgo-
ing gamma rays. We define the angle w, as the angle
between the vector of the escaped gamma rays and the
normal direction of the spherical simulation volume,
evaluated at +3000 km above the photosphere. In other
words, cos(w,) = 1, 0 correspond to gamma rays pointing
radially outward and tangential to the simulation volume,

respectively.

Similarly, Fig. 10 shows the angular distribution for
the incoming protons, where the angle w, is defined by
the angle between the proton vector and the normal direc-
tion at +3000 km. Here, we only consider protons that
have successfully produced at least one escaped photon;
protons that are completely absorbed or escaped without
producing gamma rays are not included.

Finally, Fig. 11 shows the distribution for w,,,
defined as the angles between the outgoing gamma rays
and the incoming protons that produce gamma rays. Each
proton could contribute multiple outgoing photons; all
these pairs are considered in the distribution.

We note that for high proton energies, many lower-
energy gamma rays are produced, which are not import-
ant to the problem at hand, as shown in Sec. III.D. There-
fore, to highlight the angular distribution for the relevant
photons, we apply gamma-ray energy cuts E, >1 GeV,
E,>10 GeV, and E, > 100 GeV for the three proton en-
ergy intervals above 100 GeV, respectively.

1. Distribution without magnetic fields

It is instructive to first consider the NoField case. At
high energies (E, > 100 GeV), we find that the distribu-
tions tend towards w, =~ 90°, w, ~90°, and w,, ~0°. This
peaked angular distribution appears naturally due to the
large Lorentz factor (except for the low-energy second-
ary photons that are cut from the figures). This corres-
ponds to the Sun-limb scenarios, as discussed in Ref.
[22].

However, for lower energy protons with energy less
than roughly 100 GeV, we find that the distribution be-
comes significantly broader. Because there are no mag-
netic fields to change the trajectories of the particles, the
broader distribution must be due to the scattering angular
distribution itself. This is expected to be caused by large
transverse momentum distribution for the pion produced
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Proton
Ry +3000km

Ry — 600 km

Fig. 8.
sidered in Sec.IIl.E. Schematically, the gray region highlights

(color online) The definitions of the angles con-

the simulation volume. The black arrow is the normal direc-
tion from the center of the Sun, and the dark red (blue) arrow
is the proton (gamma-ray) velocity vector.

after scattering [48, 49].

The broader angular distribution can also explain the
difference between the calculations by Zhou et al. [22]
and the simulation results from this work and Gao ef al.
[23]. With the 1D approximation used by Zhou et al.,
gamma rays produced by protons with steep incident
angles are all absorbed. However, as shown in our 3D
calculation, e.g., the w,distribution of 1-100 GeV, the
distribution is broad, and even down-going protons
(w, ~ 180°) can produce observable gamma rays. This is

also precisely the proton energy range responsible for the
enhanced gamma-ray flux (E, ~1 GeV)in our simula-
tion compared to that by Zhou et al. Therefore, we con-
clude that, by kinematic effects alone, proton-proton scat-
tering can produce large-angle events responsible for en-
hancing gamma-ray production around 1 GeV. At higher
energies, as gamma rays and protons become more collin-
ear, the 3D and 1D calculations produce similar results.

2. Distribution with magnetic fields

Comparing the angular distributions of NoField with
that from Quiet and Active, we see that the PFSS mag-
netic fields significantly impact the distribution. This is
expected as both the directions of the primary protons and
the charged secondaries (7*, e*, etc.) are bent as they
propagate in the simulation volume. The bending effect is
evidently shown in the w, distribution. Importantly, as
the NoField distribution becomes more peaked for
E, >100 GeV, the distribution with magnetic fields re-
mains broad until E, > 10 TeV. Following the observa-
tions from the previous section, the broader distribution is
responsible for the enhanced gamma-ray production com-
pared with the NoField case. We conclude that the
broadening of the angular distributions due to magnetic
fields bending the cosmic-ray primaries and secondaries
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Fig. 9. (color online) Angular distribution of the gamma rays produced in NoField, Quiet, and Active. cos(wy) =1 corresponds to the

radially outward direction, and cos(w,) =0 corresponds to the tangential direction. Each panel corresponds to an interval of the input
proton energies, and the distributions are all renormalized to have the same area. For display purposes, gamma-ray energy cuts are ap-
plied in the bottom three panels. At high energies, all three distributions peak at cos(w,) =~ 0, which corresponds to the Sun-limb scen-
ario [22]. However, the cases with magnetic fields have broader distributions at all energies, especially at medium energies. These
large-angle contributions are responsible for the enhanced solar gamma-ray production compared to the NoField case. Notably, the
NoField distribution is also broadened at low energies (with the gamma-ray flux enhanced), likely due to kinematic effects.
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angular distributions, which are responsible for the enhanced gamma-ray production. Note that the higher Active flux compared to the

Quiet flux from E, > 100 GeV (Fig. 7) is reflected here by the broader angular distributions.
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bution for the NoFieldcase is also broad at low energies, likely due to kinematic effects. This is responsible for the

enhancedNoFieldflux compared to the flux in the limb case. We also note that all three cases have similarly broad angular distribu-

tions at the lowest energy bin, showing that the enhancement saturates, as shown in the lowest energy bins in Fig. 7.
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can enhance the solar gamma-ray production.

We note that our results with and without magnetic
fields all have roughly the same flux at 100 MeV. We be-
lieve this is somewhat accidental. On the one hand, the
magnetic fields broaden the angular distribution and en-
hance gamma-ray flux production. On the other hand,
magnetic fields can also deflect the cosmic rays and re-
duce the overall production rate. This calculation may not
fully reflect the latter effect, as we consider consider a
propagation space of 3000 km above the photosphere. We
leave a more thorough investigation of this for future
works.

Finally, comparing between the Quiet and Active
results, we find that the Active angular distribution has
more large-angle contributions than that for Quiet. This
also explains why our simulation results find that the
Active flux is larger than the Quiet flux around 10
GeV—1 TeV. This follows from Table 1, where Active
has typically higher magnetic fields than Quiet, thus
leading to more magnetic bendings. On the other hand,
the Quiet result is similar to the Active result around 1
GeV. This suggests that below 1 GeV, larger magnetic
fields do not further enhance gamma-ray production,
which is also shown by the similar w,, distribution for
proton energies between 1 GeV and 100 GeV. In other
words, the magnetic-field enhancement effect saturates.

3. Estimating the Gyroradius

It is instructive to estimate the gyroradius, which puts
the length and energy scales into perspective. The
shortest length scale of our simulation is in the radial dir-
ection, 3600 km. Setting this as the gyroradius and con-
sidering 10 G as a typical field strength (Sec. 11.B.2), the
critical energy is

r B
E=1TeV (0] (m) : )

This means that protons with energies below E, could
undergo a complete reversal in their pointing direction in
the simulation volume. Above E., one would then expect
the effect of magnetic fields to decrease and approach the
collinear limit. Indeed, this is consistent with observa-
tions from Figs. 10 and 11, showing that the angular dis-
tributions undergo a qualitative change below and above
TeV.

F. Solar modulation

We have considered a fixed cosmic-ray spectrum
measured at the Earth for the incoming cosmic rays, ig-
noring the effect of solar modulation and additional mod-
ulation from the Earth to the Sun. The latter, in particular,
has substantial theoretical uncertainties.

To estimate the effect of solar modulation, we use the

simple yet effective force field approach [43]. We follow
Ref. [10] to compute the cosmic-ray spectrum near the
solar surface. The local interstellar spectrum, F(E), is
taken from Ref. [50]. The cosmic-ray spectrum at differ-
ent solar radii is then given by

2 _ 2 4
E*—myc

(E+®(r))* —m3c*’

F,,(E,r) = Fy;(E) (3)

where ®(r) is the modulation potential. We adopt the
modulation potentials that are first derived in Ref. [2]
based on the results from Ref. [51]. Two modulation po-
tentials are considered. Model-1, suitable for solar cycles
20/22, is given as

() = @, P04 — 04, r> o, W
1 1.88 | 0.24+8(r 1 =1, r<ny

and Model-2, suitable for solar cycle 21, is
Dy (r) = @o(r*' =1,/ =1, "), ®)

Here, @, is the modulation potential at 1 AU, r, = 10 AU,
and r, =100 AU (we note that Model-3 in Ref. [10] as-
sumes no additional solar modulation inside the Earth ra-
dius, which corresponds to our default assumption).

Our default results (as in Fig. 5) correspond to having
a force field potential at Earth position, @, to be around
600 MV. To estimate the effect of modulation, we con-
sider ®; =300 MV and ®, = 1000 MV for solar minim-
um and solar maximum, respectively. We re-weigh our
simulation result using these modulated spectra and ob-
tain the corresponding output gamma-ray flux. Notably,
the models and the parameters chosen here do not corres-
pond to the same periods as the measured Fermi data.
Thus, this only served as a qualitative estimate of the ef-
fect of solar modulation.

Figure 12 shows the modulated gamma-ray flux. The
red (blue) band shows the Quiet (Active) case, where
the solar minimum (maximum) force field potential is
used. The upper edge of the band corresponds to Model-
2, and the lower edge corresponds to Model-1.

As expected, the effect of solar modulation is mostly
at low energies, with stronger suppression at lower ener-
gies. Due to the modulation, the Active flux is now
lower than the Quiet flux below a few GeV. Qualitat-
ively, the solar modulation effect could be responsible for
some and possibly all of the time variation seen in the
low-energy Fermi data [13, 15]. We leave a detailed time-
variation comparison with data for future works.

Notably, the effect of solar modulation diminishes
above 10 GeV. Therefore, the large time variation seen
above 100 GeV [12, 13] cannot be solely explained by
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Fig. 12. (color online) The bands show the effect of consid-
ering solar modulation on solar gamma-ray production. The
upper edge of the band corresponds to Model-2 from Ref.
[10], while the lower edge corresponds to Model-1. The force
field potential for the modulated Quiet (Active) case is
chosen to be 300 (1000) MV. For comparison, the un-modu-
lated results from Fig. 5 are also shown. As shown, solar mod-
ulation could affect the final gamma-ray flux substantially at
low energy but negligibly for gamma rays above 10 GeV.
Simulation results, including the four magnetic field models
CR2152, CR2138, CR2125, and CR2111 from Ref. [24], are
also displayed. A detailed comparison is provided in
Sec.IIL.H.
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the cosmic-ray solar modulation models. This, yet again,
provides evidence that other magnetic structures are
needed to explain these events. It is also quite possible
that they could affect the production of low-energy
gamma-ray events.

G. Comparison with observations

Figure 13 shows our simulated solar disk emission to-
gether with observational results and constraints. Results
with solar modulation are shown in colored bands, and
those without solar modulation are shown in solar lines
with error bars corresponding to uncertainties due to
Monte Carlo simulations. The green solid line corres-
ponds to the case without considering any magnetic
fields. For observation results, we show the =~ 1.5-year
result (Aug. 2008 — Feb. 2010) obtained by the Fermi col-
laboration [10] and the =~ 1.5-year result (Aug. 2008 —
Jan. 2010) obtained by Tang et al. [13] that extended the
analysis to higher energy. During these periods, the Sun
is dominantly in quiet states, which we simply denote as
solar minimum. We also show the 9-year analysis (Aug.
2008 — Jul. 2017) by Tang et al. covering both low and
high solar activity periods.

At low energies, between 0.1 GeV and 10 GeV, our
results with magnetic fields are comparable to the solar
minimum flux up to a factor of a few. Interestingly, the
Fermi observation suggests that the flux at this energy
range anti-correlates with solar activities [11, 13]. This is
consistent with our results with solar modulation. In

ARGO-YBJ
- ¥
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10 —+— Quiet
—— Active
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Fig. 13. (color online) Our simulation results (NoField, Quiet, Active, Quiet Modulated, and Active Modulated) compared with sol-
ar disk observations from the 1.5-year analysis by the Fermi collaboration [10], follow-up analysis with a similar period by Tang et al.
[13], and their 9-year averaged results. The comparison of the model with the Fermi-LAT data refers to different time intervals. The
solar minimum case of Fermi-LAT is from 2008-8-7 to 2010-1-21, while the “Quiet” case in our model refers to a solar magnetic con-
figuration before the launch of the Fermi satellite from 2008-5-9 to 2008-6-9. The simulated gamma-ray spectrum affected by solar
modulation for the maximum and minimum activity models is also displayed. We also show the prediction from Seckel et al. [6]
(SSG1991) and the theoretical upper bound from Linden et al. [12]. The upper limits at high energies come from ARGO-YBJ [16] and

detection by HAWC [18].
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short, PFSS magnetic fields with solar modulation could
qualitatively explain the low-energy Fermi data.
However, as explained below, this picture may not be
complete due to the discrepancy at high energies.

At higher energies, our results fall below the data
quickly. At 100 GeV, both the Quiet and Activeresults
are approximately one order of magnitude less than the
observation. In particular, the spectrum of the solar min-
imum observation was found to be hard until at least 200
GeV with no signs of cutoff, making the disagreement
with our results even larger. For the 9-year averaged
spectrum, which is dominated by periods of higher solar
activity, the spectrum softens rapidly above 100 GeV and
could potentially align with our calculations. However,
the measurement quality is not sufficient to draw conclus-
ive statements yet. Lastly, we also do not see the extreme
time variability for the > 100 GeV photon flux and the
spectral dip around 30—50 GeV [12, 13]. Thus, new mag-
netic fields or new physics ingredients are required, in ad-
dition to coronal fields, to explain the high-energy photon
flux. Approximately 1 TeV cosmic rays are needed to
produce 100 GeV photons; therefore, modulating cosmic
rays alone cannot explain the extreme time variability ob-
served at 100 GeV.

Above the Fermi-LAT energy range, only large
ground-based air shower gamma-ray observatories can
potentially detect high-energy gamma rays from the Sun.
We show the upper limits from ARGO-YBJ [52] and the
detection by HAWC [18], both of which are orders of
magnitude higher than our calculation. For reference, we
also show the theoretical upper limit from cosmic rays in-
teracting with the atmosphere [12]. Given that the solar
minimum flux measurement by Fermi did not exhibit a
cutoff, a detection could be possible with HAWC or
LHAASO. TeV detection or constraint will be essential
for identifying the mechanism responsible for the high-
energy flux.

H. Comparison with other calculations with
magnetic fields

For many years, the only solar disk gamma-ray calcu-
lation that took into account magnetic fields was the pion-
eer work by Seckel, Stanev, and Gaisser (SSG1991 [6]).
In SSG1991, cosmic-ray propagation in the solar system
was considered, and more importantly, cosmic rays enter-
ing the solar atmosphere were assumed to be funneled in-
to magnetic flux tubes and then reflected in the flux tubes
due to the large field gradient. As a result, the gamma-ray
production is enhanced by the possibility of cosmic rays
interacting after being reflected. However, despite such
an enhancement, the SSG1991 model prediction is still
much lower than the observation. Interestingly, in this
work, we find that at low energies, scattering kinematics
and coronal magnetic fields can provide more than

enough boost to gamma-ray production. Thus, we find
that the SSG1991 flux-tube reflection may be a subdom-
inant mechanism for enhancing gamma-ray production.
However, flux tubes could still be important for bringing
the 0.1-10 GeV flux to quantitatively match the observa-
tional data.

Compared to existing solar gamma-ray calculations
with magnetic fields, Mazziotta et al. [24] have independ-
ently published a work that used another particle interac-
tion simulation package, FLUKA [53] to simulate the solar
disk gamma-ray production with PFSS magnetic fields.
Compared to our results, Mazziotta et al. considered cos-
mic-ray propagation in the solar system using a custom
propagation code called HelioProp instead of the force
field model; they also employed a larger simulation
volume filled with the PFSS magnetic fields. They con-
sider the PFSS fields from four Carrington rotations from
2011 to 2014, roughly in the middle between a solar min-
imum and maximum. Despite all the differences, our res-
ults agree with Mazziotta et al. qualitatively in the sense
that with PFSS magnetic fields, the ~ 1 GeV gamma-ray
production is boosted to close to the level of Fermi data.
Quantitatively, our results are a factor of a few higher
than Mazziotta et al. when comparing more similar solar
activity periods. This difference could be due to differ-
ences in the chosen simulation volume, magnetic field
resolution, and solar modulation models. Our results
reach good agreement with each other, approximately
above 100 GeV. Mazziotta et al. also showed that
gamma-ray production at higher energies can be further
enhanced with an enhanced magnetic field profile near
the photosphere (the BIFROST profile). This is in good
agreement with our physical interpretation of the nature
of the boost mechanism in Sec.III.E.2. However, with or
without the boosted magnetic field profile, the Fermi
gamma-ray data above 100 GeV during solar minimum
still cannot be explained. This agrees with our conclu-
sion that coronal magnetic fields can not explain the high-
energy disk emission.

In the study by Hudson et al. [25], an overview of the
solar surface magnetic field configuration from inside the
convection zone to the corona was provided in the con-
text of charged particle propagation. This includes both
cosmic rays and energetic particles accelerated by the
Sun. The discussion mostly focused on lower energy
particles that follow the field lines closely, e.g., as in Ref.
[54, 55]. Nevertheless, the magnetic field structure dis-
cussed in this work will likely be an important addition to
fully calculating solar particle propagation in the Sun.

I. Nuclei effects

We have only considered protons in cosmic rays and
the solar atmosphere. Adding the nuclei species would
slightly enhance the gamma-ray production. This is often
taken into account by considering the so-called nuclear
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enhancement factor. Following Ref. [56], we compute the
enhancement factor due to p-He, He-p, and He-He inter-
actions. Considering the He/p number abundance ratio in
the photosphere to be about 8% [57] and the He/p ratio in
the cosmic rays to be about 8%—10%, the combined en-
hancement factor due to helium increases the gamma-ray
flux production by about a factor of 1.6 to 1.8. The ef-
fects from other species are substantially smaller.

The effect of nuclear species, though not exactly tiny,
is subdominant to uncertainties associated with the com-
plicated solar magnetic fields. Also, this small factor does
not change our conclusions. Thus, we leave the full im-
plementation of nuclear effects to future works.

IV. CONCLUSIONS AND OUTLOOK

A. Conclusion

In this study, we present our Geant4 based code,
G4SOLAR, which simulates cosmic-ray interactions with
magnetic fields in the solar atmosphere. Using G4SOLAR,
we compute the solar disk gamma-ray flux in three: scen-
arios without magnetic fields (NoField), with coronal
magnetic fields during low solar activity (Quiet), and
with magnetic fields during peak solar activity (Active).
We use the PFSS coronal magnetic field model and only
focus on the volume from 600 km below the photosphere
to 3000 km above, where interactions are expected to
happen. It is clear that the inclusion of magnetic fields en-
hances gamma-ray production compared to the NoField
case [25].

From the simulated gamma-ray flux spectrum and by
studying their underlying composition and angular distri-
butions, we have these main findings:

e Without magnetic fields, the solar disk flux produc-
tion below 10 GeV can be significantly enhanced due to
photons produced with large scattering angles relative to
the primary proton direction purely due to particle scat-
tering kinematics.

e With the PFSS magnetic fields, the solar disk flux
production is further enhanced up to 1 TeV. This is due to
a much wider angular distribution for the escaped gamma
rays caused by magnetic fields bending the trajectories of
primary protons and charged secondaries.

While significant quantitative disagreements exist
between our result and the observations [10—13], we be-
lieve this work has elucidated at least one pathway that
could lead to a complete model for explaining the solar
disk gamma-ray flux.

B. Outlook

In this study, we find that coronal fields cannot ex-
plain the observed gamma rays above 100 GeV, espe-

cially during solar minimum. This suggests that features
with stronger magnetic fields, e.g., sunspots or active re-
gions, could be responsible for producing high-energy
gamma rays. However, this contradicts the observed time
variation [12, 13], where more high-energy photons were
observed from the Sun during solar minimum when the
sunspots are few. We leave these investigations for fu-
ture works.

One of the main simplifications in our simulation is
taking the simulation space boundary to be 3000 km
above the photosphere. However, PFSS fields could af-
fect the cosmic-ray propagation up to O(1) solar radii
above the photosphere. Then, at a distance further than
that, solar modulation of cosmic rays should be the dom-
inant effect. Thus, in our setup, the effect of the PFSS
magnetic fields could be underestimated at low energies.
We leave further investigation of this for future works.

Our results between 0.1 and 10 GeV seem to agree
with the observed data up to a factor of a few. However,
the data at approximately 100 GeV differs from the calcu-
lation by roughly an order of magnitude, suggesting that
additional physics inputs are needed for qualitative ex-
planations at high energies. Naturally, one would expect
that strong magnetic field sources responsible for the
high-energy gamma rays could also affect the production
of low-energy gamma rays. Therefore, without a model
for the whole energy range, we believe it is too early to
state that PFSS fields and solar modulation are solely re-
sponsible for the ~GeV solar gamma-ray observation.
However, PFSS fields certainly play an integral part in
producing ~GeV solar gamma rays.

The gamma-ray data by Fermi-LAT [10—13] provide
arich set of phenomena that is neither mentioned nor ex-
plained in this work, including time variations, spectral
features, and gamma-ray morphology. Furthermore, cos-
mic-ray Sun shadows [58—62] should be intimately re-
lated to the production of the disk gamma rays [63]. We
anticipate that, once the relevant magnetic fields are iden-
tified or included in the calculation, these features and
observations will be important for verifying or differenti-
ating competing models.

In the very-high-energy regime, HAWC and
LHAASO could provide valuable information for under-
standing the production of solar gamma rays. Recent res-
ults by HAWC [18] have shown that the Sun continues to
emit gamma rays at the TeV energy range but with a
much softer spectrum. LHAASO, with a larger collecting
area, is expected to produce more precise measurements.
It is clear from this work (also Ref. [24]) that PFSS mag-
netic fields could not account for the TeV solar emission.
New magnetic-field structures or ideas, e.g., Ref [64], are
needed to explain these TeV solar gamma-ray fluxes.

High-energy neutrinos are inevitably produced with
the solar disk gamma-ray flux [5—7, 20, 21, 24, 65, 66]
and could be detected by neutrino telescopes [19]. At the
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same time, the Sun is an important target for dark matter
searches, where the signal could be anomalous neutrinos
[67—74] and gamma rays [75—77]. Searches of these sig-
nals have yielded some of the strongest dark matter con-
straints in the literature [24, 78—82]. Having a robust
model of cosmic rays interacting with the Sun is import-
ant for getting an accurate background estimate for these
dark matter searches [20, 21, 83].

Ultimately, a precise understanding of how cosmic
rays interact with the Sun could allow high-energy

gamma rays and neutrinos to be new windows for prob-
ing solar magnetic fields [44, 84—89] and offer new per-
spectives in solar physics.
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