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Recently, solar gamma rays produced by cosmic rays interacting with the solar atmosphere have been
detected in the GeV to TeVenergy range, revealing that cosmic rays are significantly affected by magnetic
fields in the solar atmosphere. However, much of the observations remain unexplained by existing physical
models. Using a semianalytic model, we demonstrate that magnetic fields at and below the photosphere
with a large horizontal component could account for the approximately 1 TeV solar gamma rays observed
by HAWC. This suggests that high-energy solar gamma rays could serve as a novel probe for magnetic
fields beneath the photosphere, which in the future could help improve the understanding of solar
magnetism, the key driver of space weather.

DOI: 10.1103/l6qw-8c1h

Introduction—It has long been theorized that cosmic
rays impacting the Sun would produce high-energy gamma
rays through hadronic interactions [1]. The pioneering
work, Ref. [1], proposed that magnetic flux tubes could
significantly enhance the gamma-ray flux production by
cosmic-ray reflection. These solar atmospheric gamma rays
were first detected by EGRET [2]. Subsequently with
Fermi, Ref. [3] showed that the flux is much higher than
predicted [1] in 0.1 − 10 GeV. Later, Refs. [4–7] con-
firmed this up to 100 GeV. Furthermore, solar gamma rays
were found to exhibit a hard spectrum, large time variation
that anticorrelates with solar activity [4,5,7], a dip in the
energy spectrum [5], and time-dependent morphologies
[7,8]. Recently, solar gamma rays were detected for the first
time by HAWC [9] in the TeV range with a soft spectral
index of −3.6.
In terms of modeling efforts, Refs. [10,11] implemented

the PFSS [12–15] corona magnetic field model in particle
simulation suites to compute the solar gamma-ray flux.
While both calculations showed that corona magnetic fields
can significantly boost gamma-ray production and could
plausibly explain the ∼10 GeV flux, the flux above
100 GeV remains unexplained. References [16,17]

connected the Sun shadow data with solar emissions.
Reference [18] hypothesized that the Sun could be a
TeVatron to explain the high-energy emission. Using 3D
Magnetohydrodynamic simulations, Ref. [19] suggested a
pressure-magnetic field relation for computing the cosmic-
ray interactions in the solar atmosphere. Most recently,
Refs. [20,21] considered magnetic flux tubes and flux sheets,
showing an impressive agreement in flux and spectral
shape with data above ∼10 GeV, though the flux at TeV
falls short by a factor of a few under the chosen parameters.
References [22,23] showed that cross-field diffusion in closed
magnetic loops could also enhance the gamma-ray flux
production.
Despite these efforts, there is a lack of concrete under-

standing on solar gamma rays. Given the complexity of
solar magnetic fields and the vast energy scale involved, a
complete description of solar gamma-ray production may
seem daunting without expensive and detailed simulations.
However, as we argue in this work, given a set of
reasonable assumptions, we can identify the dominant
effect responsible for the gamma-ray production at the
high-energy limit. In particular, we show that horizontal
subphotospheric internetwork magnetic fields are likely
responsible for the observed ∼TeV solar gamma rays.
The need for strong fields—In this work we exclusively

discuss steady solar gamma-ray emission; transient emis-
sion, such as that associated with solar flares [24–28], has
only been observed up to a few GeV [29]. There are also
leptonic components, such as inverse Compton [2,30–35]
and synchrotron [36,37] emission, which have completely
different morphology and could be distinguished from the
disk component with sufficient angular resolution.
Solar atmospheric gamma rays (disk component)

are produced mainly through hadronic channels, when
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secondary particles (e.g., pions) decay into gamma rays.
Typically, the produced gamma rays carry about 10% of the
primary cosmic-ray energy, Eγ ∼ 0.1Ep. The fact that
HAWC observed TeV solar gamma rays implies that
cosmic rays up to 10 TeVare strongly affected by magnetic
fields. Considering the Larmor radius (L),

E
20 TeV

≃
L
R⊙

B
G
≃

L
103 km

B
kG

; ð1Þ

at least 1 kG field strength is needed to affect ∼10 TeV
cosmic rays with a physical scale of 103 km.
For the context of the 103 km scale, we can look at the

density distribution of the Sun [38,39]. (shown in Fig. 3)
Assuming spherical symmetry, we set our frame origin at
the north pole of the Sun. We define the quantity depth (d),
zero at the photosphere, to be −z in the Cartesian coordi-
nate of this frame. One can then estimate the gamma-ray
production efficiency by considering the vertical optical
depth toward the solar center τv ¼

R ðρ=mpÞσdðdÞ, where ρ
and mp are the matter density and proton mass, respec-
tively. In this work, we take the hadronic cross section, σ, to
be 31 mb [40], and we ignore the modest increase of the
cross section versus energy. As depth increases, it is
increasingly more difficult for the gamma rays to escape
the Sun. We can estimate the combined gamma-ray
production and escape efficiency with τve−τv (see also
the subsection “Orbit simulation and interaction efficiency”
and Fig. 3), and the peak of the efficiency can be found at
around 102–103 km depth. Incidentally, this is also approx-
imately the size of a granule, the convective cell at the solar
surface.
Sunspots are possible locations for the 1 kG fields.

However, sunspots only occupy a small fraction of the solar
surface, and are thus unlikely to account for most of the
solar gamma-ray production. Vertical kG fields can also
form in the quiet Sun in intergranular lanes and flux tubes,
which was investigated in Refs. [20,21]. By assuming that
cosmic rays follow the field lines to enter these structures
and are then reflected by the magnetic bottle effect, their
calculation could reasonably match the low-energy data,
though it falls below TeV data by a factor of a few, given
their chosen parameters. This indicates that network fields
could be important for the gamma-ray production over a
wide energy range.
In this work, we look at a completely different potential

source of kG fields: horizontal internetwork fields below
the photosphere.
The role of solar internetwork magnetic fields—The

atmosphere of the Sun (photosphere, chromosphere, and
Corona) shows a diverse range of magnetic phenomena
[41–43]. In the photosphere, it can be divided into active
and quiet regions. Active regions host strong magnetic
features such as Sunspots. The quiet regions, once thought
to be nonmagnetic, are now known to be fully magnetic

[44], and could even dominate the magnetic energy of the
Sun [45].
The magnetic fields in the quiet regions come from

network and internetwork regions (see Refs. [46,47] for
reviews). The network regions outline the shape of the
granular and supergranular cells, while the internetwork
regions represent the cell interiors. The internetwork fields,
which have typical field strength of Oð100Þ G at the solar
surface, have a large horizontal component [45,46,48–50]
and are suggested to be caused by the local dynamo from
the ubiquitous convective motion [47,51–53]. Given the
large coverage of the internetwork regions and that the
convective motions below the surface could produce
similar horizontal fields, we consider their role in
gamma-ray production.
As we limit our attention to TeV gamma rays, we can

safely ignore the processes that affect mostly lower energy
cosmic rays. In particular, we neglect cosmic-ray propa-
gation in interplanetary magnetic fields [3,54,55] and
corona magnetic fields [10,11,15].
A toy model of horizontal internetwork fields: We

consider a simplified horizontal internetwork fields model.
At the solar surface, the typical Oð100Þ G horizontal field
strength [45,46,48–50] is comparable to the kinetic energy
density of the fluid. For reference, with density 3 ×
10−7 g=cm3 and flow speed 3 km=s, the equipartition field
is around 580 G. We model the horizontal field strength
below the photosphere following this assumption,
jB⃗ðdÞj ¼ f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πρðdÞjv⃗ðdÞj2

p
, where jv⃗j is the flow speed

and f is a free parameter with f2 being the fraction of the
magnetic energy over the kinetic energy. Though we
consider f ≤ 1 as a physically reasonable representation
of the field strengths obtainable by local dynamo action (its
value was found to be approximately constant with depth,
e.g., see Ref. [56]), we also investigate some larger values
to mimic the rise of the magnetic field from lower depths of
the convection zone to inject field into the subphotospheric
region. Observations of the photosphere suggest the
strength of the quiet sun magnetic field are largely
independent of solar cycle (e.g., Refs. [57,58]), implying
f may not have a temporal variation, though the surface
fraction of the quiet Sun could vary over a cycle.
The flow speed can be estimated by convection models

[59–61], inferred from simulations [62], or indirectly
probed through surface observation and helioseismology
[63]. For our toy magnetic field model, we obtain the flow
speed as a function of depth from Unno, Kondo, and Xiong
[59], which is consistent with that from global and local
simulations (see Fig. 4 and Fig. 4 of Ref. [64]).
Above the photosphere, the magnetic fields get weaker

and become more complicated. In the spirit of this Letter,
we consider two cases to estimate the uncertainties asso-
ciated with magnetic fields above the photosphere. One is
that we extrapolate the field strength linearly to 1 G at
−1250 km depth and cut to zero beyond that while keeping
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the field direction (labeled as jBð−1250Þj ¼ 1 G, dashed
lines in Fig. 4); these values are chosen to roughly estimate
the effect of coronal fields and have no particular signifi-
cance. The second case is that we set the field to be zero
above the photosphere (labeled as jBð< 0Þj ¼ 0). These
two models roughly bracket the two extreme effects of
magnetic fields above the photosphere: one suppresses
cosmic rays from reaching the photosphere and one has no
effect on that.
Orbit simulation and interaction efficiency: With the

specified magnetic field model, we solve for trajectories of
particles that go into the Sun to calculate the interaction
probabilities, with the following assumptions: (1) The
horizontal fields are coherent within the convection cell,
and the cell is always large enough to contain our cosmic-
ray particles; (2) particle trajectories are not affected by
interactions; and (3) the cosmic rays are made of protons
only. (The effect of nuclei on the flux is estimated below.)
The protons are injected at 1250 km above the photo-

sphere, and is assumed to be isotropic. This is justified as
Refs. [10,11] showed that corona fields have a small effect
on TeV solar gamma rays. At the injection point, a set of
downgoing trajectories are simulated. Only the hemisphere
towards the Sun is needed, as the other half will simply
escape. The anisotropy induced by the corona field may
affect the gamma-ray production when coupled to the
subphotospheric fields, however. We defer this to future
studies. With these assumptions, the particle trajectories are
obtained by solving the equation of motion ðdp⃗=dtÞ ¼
q½ðv⃗=cÞ × B⃗�, where p⃗ is the particle momentum, ðv⃗=cÞ is
the particle velocity in unit of speed of light, and q is the
particle charge. In total, we consider 51 energy bins in
equal log space between 102 and 107 GeV.
Under the above assumptions, the trajectories only

depend on the proton energy Ep and the incident direction,
labeled byΩ. They are used to compute the optical depth by
integrating along the track length (l), hence, τðEp;ΩÞ ¼R ðρ=mpÞσdl. Both the primary proton and the produced
gamma rays get attenuated as they propagate. For the track
of the produced photon, we assume they take the path that
the primary proton would have if there were no interaction.
We define the efficiency factor as T ðEp;ΩÞ ¼ τe−τ. (See
Appendix C for more details about the efficiency factor.) As
the most important photons produced are those that point at
the direction of the cosmic rays after interaction, therefore
the most important parts of the path length are those after
the cosmic rays have been reflected; only these outgoing
photons have a chance of escaping the Sun. In this case, for
the optically thin tracks, the first half of the tracks (down-
pointing) is not useful. For optically thick cases, inter-
actions would more likely to occur when the tracks are
pointing down, which would not contribute to observable
gamma rays; the exponential part of the efficiency factor
already heavily suppresses these cases. Therefore, includ-
ing the downgoing tracks could have slightly overestimated

the gamma-ray flux. Furthermore, there are several factors
that our model does not take into account, such as multiple
interactions, changes of orbits due to energy loss, and
different photon escape efficiencies depending on their
direction at production, etc. These effects can be more
precisely determined with a numerical setup in the future.
For the orbit simulation, a total of 368 down-going

trajectories are solved for each energy bin, prescribed using
the HEALPY package [65,66] with Nside = 8. This
corresponds to 368 equal-solid angle sky areas, each of
which covers a sky area of about ΔΩ ¼ ð7.3 degÞ2.
A sample of the simulated tracks are shown in
Appendix C (Figs. 5–7).
Figure 1 shows the gamma-ray efficiency factor for

both cases, color coded according to their nadir angles, θ at
the injection point, defined as the angle between the −ẑ unit
vector and the particle momentum unit vector. The
blacks lines are the nadir-weighted solid angle sumsP

cos θT ΔΩ, which are used below in Eq. (3). We can
see that the chosen number of trajectories is sufficient to
accurately compute the weighted sums, especially around
the most relevant energy at 104 GeV. Here we can see the
main differences between the twomagnetic fieldmodels. For
the jBð−1250Þj ¼ 1 G case, the efficiency is suppressed at

FIG. 1. The efficiency factor T ¼ τe−τ for downgoing trajec-
tories, color coded according to the nadir angles, for the f ¼ 1
case. Each line represents the efficiency from the discrete set of
proton energies, obtained from integrating along the entire orbit
in our simulation volume. The black (dashed, solid, dotted) lines
are the nadir-weighted sums of the efficiencies

P
Ω cos θT ΔΩ,

for f ¼ ð0.3; 1; 1.5Þ. The top and bottom panels correspond to the
two magnetic field cases in this work.
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low energies as cosmic rays can be reflected off the Sun
before reaching sufficient column density to interact. This
suppression is especially significant for particles with large
nadir angles.
The efficiency also drops off at high energies due to the

e−τ factor. The efficiency peak (1=e) occurs at higher
energies for some large-nadir trajectories, as they traverse
the shallower part of the atmosphere. At the other extreme,
some large-nadir trajectories exhibit a more rapid efficiency
drop with increasing energy. This occurs because these
trajectories inject particles in a direction opposite to the
rotation due to the Lorentz force, requiring them to travel a
longer distance before escaping. (These two extreme cases
correspond to particles injected with large þx and −x
components in Fig. 5.) For the jBð< 0Þj ¼ 0 case, since
particles only experience magnetic fields after entering the
photosphere, even low-energy particles can accumulate
sufficient column density in the high-density atmosphere.
Gamma-ray flux production—Given the orbit informa-

tion,we estimate the gamma-ray production semianalytically.
The dominant production mechanism at this energy

comes from the decay of neutral pions [11,67] produced
in inelastic hadronic interactions. The differential pion
production rate is

dṄπ ¼
ρ

mp
σΦp

dN
dEπ

dEπdEp cos θdΩdAdl; ð2Þ

where ΦpðEpÞ is the cosmic-ray intensity (in units of
cm−2 s−1 sr−1 GeV−1) taken from Ref. [68], dN=dEπ ¼
δ½Eπ − KπðEp −mpc2Þ� is the pion energy distribution per
interaction, following the delta function approximation
from Ref. [40], with Kπ ¼ 0.17 being the fraction of pion
energy (Eπ) to the proton kinetic energy, dΩ represents the
part of sky that the cosmic rays comes from, dA is the
surface area that receives the cosmic rays with the cos θ
taking into account the projection between dA and the
incident flux, and dl is the length the cosmic rays travel in
the medium. Doing the length integral yields τ, which we
augment to become the efficiency factor, τ → T ðEp;ΩÞ.
Doing the Ep integral using the delta function, and
approximating the solid angle integral with discrete sums,
we obtain an expression for dṄπ=ðdAdEπÞ. It is then
convolved with the gamma-ray spectrum from isotropic
pion decays [67] to obtain

dṄγ

dAdEγ
¼

Z
∞

Emin

2
P

cos θT ðẼ;ΩÞΔΩ
Kπ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
π −m2

πc4
p ΦpðẼÞdEπ; ð3Þ

where Emin ¼ Eγ þm2
πc4=ð4EγÞ, Ẽ ¼ mpc2 þ Eπ=Kπ , and

the factor of 2 accounts for the two photons per pion decay.
The photon flux at Earth is obtained by multiplying Eq. (3)
with the surface area, 4πR2, and divided by 4πD2, where R
is the radius of the Sun and D ¼ 1 AU. Hence,

dF
dEγ

¼ FsurNnuc
R2

D2

dṄγ

dAdEγ
; ð4Þ

where we also includeNnuc, the nuclear enhancement factor
that takes into account the presence of nuclei (mostly
Helium) in the cosmic rays and the target [69,70], taken to
be 1.8 following Ref. [32], and Fsur, which is a free
parameter that represents the surface fraction of the
horizontal internetwork fields over the Sun.
Figure 2 shows the computed solar gamma-ray spectra

for f ¼ 0.3, 0.7, and 1.5, and Fsur ¼ 0.3. Considering the
jBð−1250Þj ¼ 1 G case, at lower energies, the gamma-ray
production is suppressed compared to the jBð< 0Þj ¼ 0
case. At higher energies, the additional magnetic fields
provide extra deflections that shift the efficiency factor
towards higher energies, thus making the jBð−1250Þj ¼
1 G case more efficient.
Conclusion and discussion—In this work, we provide a

physical model that could fully explain the HAWC TeV
solar observation. We show that horizontal subphotospheric
internetwork fields, an extension of those seen at the
photosphere, could be strong and ubiquitous enough to
reflect ∼TeV cosmic rays and generate the observed solar
gamma rays. Our model is simple and has few parameters,
as the magnetic field strength can be reasonably connected
to the kinetic energy of the fluid through the scaling
parameter f. Another parameter is the fraction of the

FIG. 2. Gamma ray flux produced by cosmic rays reflecting on
the horizontal internetwork fields, for f ¼ 0.3, 0.7, and 1.5. The
flux is directly proportional to the surface fraction Fsur [Eq. (4)].
Dotted lines and solid lines correspond to the jBð< 0Þj ¼ 0 and
jBð−1250Þj ¼ 1 G cases, respectively. The Fermi-LAT data at
the solar minimum (2008–2010) and nine-year (2008–2017)
averaged flux data [5] are shown for comparison. The recent
HAWC results [9] are shown in thick boxes, with black solid line
being the six-year (2014–2021) combined result, blue dashed line
corresponds to solar max. (2014–2017), and red dashed
line corresponds to the solar min. (2018–2021) It can be seen that
our model could reasonably explain the HAWC data, e.g., with
f ≃ 0.7 and Fsur ≃ 0.3.
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Sun that is covered by the horizontal fields, Fsur. As shown
in Fig. 2, a reasonable choice of f ≃ 0.7 (consistent with
simulation results [56]) combined with Fsur ≃ 0.3 could
explain the HAWC 6-yr observations. While there is some
degeneracy between f and Fsur, Hinode observations have
shown that there are no large-scale time dependences for
the horizontal fields in the internetwork regions from 2008
to 2013 [57,58], suggesting that f could be relatively time
independent. On the other hand, Fsur should be higher in
solar minima compared to solar minima. This would be
consistent with HAWC observation in two epochs. We
leave the detailed physical interpretation for future work.
Our model has some shortcomings that can only be

addressed with detailed numerical investigations with more
realistic setups, before a serious physical interpretation on
solar magnetism should be attempted. For instance, the
details of particle shower development in the Sun under
magnetic fields can only be tackled in a numerical setup. In
addition, we assume that the particles traverse the same
convection cell with the coherent field direction, which is
probably a good assumption for small-nadir trajectories,
but less so for large-nadir ones. Particles traveling across
cells may encounter vertical fields in cell boundaries and
different horizontal field orientations in other cells, which
would likely prolong the time the particle stays in the
photosphere, and could soften the spectrum at high
energies. A more realistic convection cell model with
different sizes and magnetic field orientations would be
needed to address this.
We focus on the TeV energy range, which allows us to

ignore effects from weaker magnetic fields. To fully explain
the solar gamma-ray observation from TeV down to the
GeVenergy range, a time-dependent comprehensive model
that includes solar modulations, corona magnetic fields,
and network magnetic fields is likely necessary. Notably,
Sun shadow observations might be used to isolate the effect
of corona magnetic fields [71–75]. With such a compre-
hensive model, it may be possible to address other
observables, such as time dependence [4,5,7,9] and surface
morphology [6,8].
The understanding of TeV solar gamma rays is also

important for predicting solar atmospheric neutrino flux
[76–79], which could be detectable in neutrino telescopes
[80,81] and has strong implications for new physics
searches (e.g., see Refs. [82–84]).
In summary, we show that TeV gamma rays could be a

novel probe for the magnetic fields and the fluid dynamics
just under the photosphere, which are difficult to probe with
traditional observational methods. This will be enabled by
continued monitoring of the Sun by HAWC, LHAASO,
and SWGO [85], as well as closer theory-data connection
with future numerical work on the solar gamma-ray
production.
Some of the results in this Letter have been derived using

the HEALPY [66] and HEALPix [65] package [86].
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End Matter

Appendix A: Density—Figure 3 shows the density
[38,39] as a function of depth (d). Both τv and τve−τv
are shown with the right axis of Fig. 3. We can see that
the efficiency factor peaks at 102–103 km depth.

Appendix B: Magnetic field models—Figure 4 shows
the magnitude of the magnetic fields used in our
horizontal field model, as well as the flow speed model.

Appendix C: Orbit simulations and the efficiency
factor—Orbit simulation samples: Figure 5 shows a
sample of simulated particle trajectories obtained. The
jBð−1250Þj ¼ 1 G model is used with f ¼ 1 and the
particles have an energy of 10 TeV.
The efficiency factor: As discussed in the main text, we

take the approximation that the trajectories are determined
by the magnetic fields alone and neglect the effects of
interactions. We can then approximate the interaction
efficiency by the combination of three factors. The first
one is the proton interaction probability, which is
τ ¼ R

L nσppdl, where σpp is the hadron cross section

FIG. 3. Solar density model from Refs. [38,39] (in agreement
with Ref. [59] below the photosphere). In orange lines, we show
the vertical optical depths, showing that a few hundred km below
the photosphere is the most optimal depth for producing solar
gamma rays.

FIG. 4. (Left axis) Magnetic field models used in this calcu-
lation. The photosphere is located at depth ¼ 0: Above the
photosphere, the jBð−1250Þj ¼ 1 G case (dashed lines) extrap-
olates the field to 1 G, while the jBð< 0Þj ¼ 0 case sets the field
to be zero. (Right axis) The flow speed model used in this work
from Ref. [59].

FIG. 5. An example of the orbit simulation, showing 15 of the
368 tracks used for the calculation for the jBð−1250Þj ¼ 1 G case
with f ¼ 1 and 10 TeV proton energy. The field lines are pointed
at the þy direction. The dashed lines are the tracks projected to
the xy and yz planes, respectively.
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and L here is the total path length the proton travels. The
second factor is the proton attenuation, which is
exp

�
−
R
L1
nσppdl

�
, where L1 is the proton track before

it interacts and produces a photon. The third factor is the
photon attenuation, which is exp

�
−
R
L2
nσpγdl

�
, where

σpγ is the photon attenuation cross section, and L2

is the photon track from the production point to
escape, which we approximate as the remaining track of
the proton.

The total efficiency factor is then

T ¼ τ×exp

�
−
Z
L1

nσppdl
�
exp

�
−
Z
L2

nσpγdl
�
≃ τe−τ:

ðC1Þ

The “≃” follows from the photon track assumption, as
L ¼ L1 þ L2, and that hadron cross section is comparable
to the photon attenuation cross section.

FIG. 7. Same as Fig. 5, but for the f ¼ 1.5 case. Note that the
scale of the plot remained the same for easy comparison.

FIG. 6. Same as Fig. 5, but for the f ¼ 0.3 case. Note that the
scale of the plot remained the same for easy comparison.
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