
TeV Gamma Rays (and Neutrinos) 
as a Probe of Solar Magnetic Fields

Shin’ichiro Ando 
University of Amsterdam

CTAO-KM3NeT Community Day

Nikhef, Amsterdam

8 September 2025

Based on: Kenny Ng, Andrew Hillier, Shin’ichiro Ando, Phys. Rev. Lett. (to appear) [arXiv:2405.17549 [astro-ph.SR]]



Multi-messenger images of the Sun



Multi-messenger images of the Sun
MeV neutrinos

©Super-Kamiokande



Multi-messenger images of the Sun
MeV neutrinos

©Super-Kamiokande

> GeV???



Multi-messenger images of the Sun
MeV neutrinos

©Super-Kamiokande

> GeV???

The Sun is not hot enough!



Cosmic rays production of solar atmospheric gamma rays
p + p → π0/π± + X

π0 → γ + γ,
π± → μ± + νμ/ν̄μ

μ± → e± + ν̄μ/νμ + νe/ν̄e

CR protons

ν
γe±, μ±, n



Observations: solar gamma rays
Aug 2008 - Jan 2010 
(solar min. 76 weeks)

2008 - 2017 (9 years)

Anti-correlated with the solar activityTang et al. Phys. Rev. D (2018)

Classic model prediction 
(Seckel, Stanev, Gaisser 1991)



Surprisingly hard spectrum
• Hard spectrum up to 

~100 GeV

• Magnetic 

enhancement works 
for protons of ~TeV


• Enhancement 
becomes increasingly 
efficient! Close to 
upper bound at high 
energies

Linden et al. (2022)

F(E) ∝ σpp × Φp(E) × ϵ(E)
∼ E−2.2 ∼ E0 ∼ E−2.7 ∼ E+0.5

Magnetic efficiency factor 



TeV solar gamma-ray spectrum

• Spectral index changes around TeV

• A sign that the magnetic field effect is decreasing?

HAWC, Phys. Rev. Lett. 131, 051201 (2023)



Theoretical interpretation

Best observational B-filed data comes from 
optical data at the photosphere

Photosphere B-field

<Rsun to Rsun

Coronal B-field

Rsun to 10Rsun

Interplatnetary B-field

10 Rsun to inteplanetary space



Simulating solar gammas with coronal fields

• Effects important for <100 GeV

• Under-prediction at TeV

Li et al. Chinese Phys. C 48, 045101 (2024)
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Solar gammas from network fields

Li et al. Astrophys. J. 961, 167 (2024)

• Significant below 50 GeV

• Effect decreases above 

100 GeV
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What do we need to explain TeV data?
• Larmor radius required to reflect 20 

TeV proton:
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What do we need to explain TeV data?
• Larmor radius required to reflect 20 

TeV proton:


E
20 TeV

≃
L

103 km
B

kG

• Opacity for protons ~ 1 at 


• 600 km below photosphere 


• At density ∼ 10−6 g cm−3

• kG field at 1000 km below photosphere 
could reflect 20 TeV protons

Ng, Hillier, Ando, arXiv:2405.17549 [astro-ph.SR]



Horizontal internetwork fields
• TeV gamma rays 

produced by ~10 TeV 
protons


• Need strong (~kG) 
magnetic fields


• Internetwork magnetic 
fields


• Assumptions:

• Horizontal below the 

photosphere 
• Cover a large part of 

the solar surface

Ng, Hillier, Ando, arXiv:2405.17549 [astro-ph.SR]



Horizontal internetwork fields
• Horizontal below the photosphere


• Infer magnetic field energy from kinetic 
energy





• Velocity amplitude from Unno et al. (1985)


• Gamma-ray production  ( : 
interaction opacity)

|B(r) | = f 4πρ(r)v2(r)

∝ τe−τ τ

Ng, Hillier, Ando, arXiv:2405.17549 [astro-ph.SR]
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696 Appendix A: Density—Figure 3 shows the density
697 [38,39] as a function of depth (d). Both τv and τve−τv
698 are shown with the right axis of Fig. 3. We can see that
699 the efficiency factor peaks at 102–103 km depth.

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

703 Appendix C: Orbit simulations and the efficiency
704 factor—Orbit simulation samples: Figure 5 shows a
705 sample of simulated particle trajectories obtained. The
706 jBð−1250Þj ¼ 1 G model is used with f ¼ 1 and the
707 particles have an energy of 10 TeV.
708 The efficiency factor: As discussed in the main text, we
709 take the approximation that the trajectories are determined
710 by the magnetic fields alone and neglect the effects of
711 interactions. We can then approximate the interaction
712 efficiency by the combination of three factors. The first
713 one is the proton interaction probability, which is
714 τ ¼

R
L nσppdl, where σpp is the hadron cross section

715 and L here is the total path length the proton travels. The
716 second factor is the proton attenuation, which is

F3:1 FIG. 3. Solar density model from Refs. [38,39] (in agreement
F3:2 with Ref. [59] below the photosphere). In orange lines, we show
F3:3 the vertical optical depths, showing that a few hundred km below
F3:4 the photosphere is the most optimal depth for producing solar
F3:5 gamma rays.

F4:1FIG. 4. (Left axis) Magnetic field models used in this calcu-
F4:2lation. The photosphere is located at depth ¼ 0: Above the
F4:3photosphere, the jBð−1250Þj ¼ 1 G case (dashed lines) extrap-
F4:4olates the field to 1 G, while the jBð< 0Þj ¼ 0 case sets the field
F4:5to be zero. (Right axis) The flow speed model used in this work
F4:6from Ref. [59].

F5:1FIG. 5. An example of the orbit simulation, showing 15 of the
F5:2368 tracks used for the calculation for the jBð−1250Þj ¼ 1 G case
F5:3with f ¼ 1 and 10 TeV proton energy. The field lines are pointed
F5:4at the þy direction. The dashed lines are the tracks projected to
F5:5the xy and yz planes, respectively.
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Horizontal internetwork fields
• The horizontal internetwork fields could 

explain HAWC with reasonable choice 
of parameters: 


• Change of these parameters might 
explain time variation


• In the quiet solar phase, are the fields 
mostly horizontal?


• Solar gamma rays as a new way for 
studying solar magnetism

f = 0.7, Fsur = 0.3

Ng, Hillier, Ando, arXiv:2405.17549 [astro-ph.SR]

260 off the Sun before reaching sufficient column density to
261 interact. This suppression is especially significant for
262 particles with large nadir angles.
263 The efficiency also drops off at high energies due to the
264 e−τ factor. The efficiency peak (1=e) occurs at higher
265 energies for some large-nadir trajectories, as they traverse
266 the shallower part of the atmosphere. At the other extreme,
267 some large-nadir trajectories exhibit a more rapid efficiency
268 drop with increasing energy. This occurs because these
269 trajectories inject particles in a direction opposite to the
270 rotation due to the Lorentz force, requiring them to travel a
271 longer distance before escaping. (These two extreme cases
272 correspond to particles injected with large þx and −x
273 components in Fig. 5.) For the jBð< 0Þj ¼ 0 case, since
274 particles only experience magnetic fields after entering the
275 photosphere, even low-energy particles can accumulate
276 sufficient column density in the high-density atmosphere.
277 Gamma-ray flux production—Given the orbit informa-
278 tion,we estimate the gamma-ray production semianalytically.
279 The dominant production mechanism at this energy
280 comes from the decay of neutral pions [11,67] produced
281 in inelastic hadronic interactions. The differential pion
282 production rate is

dṄπ ¼
ρ
mp

σΦp
dN
dEπ

dEπdEp cos θdΩdAdl; ð2Þ

283284 where ΦpðEpÞ is the cosmic-ray intensity (in units of
285 cm−2 s−1 sr−1 GeV−1) taken from Ref. [68], dN=dEπ ¼
286 δ½Eπ − KπðEp −mpc2Þ& is the pion energy distribution per
287 interaction, following the delta function approximation
288 from Ref. [40], with Kπ ¼ 0.17 being the fraction of pion
289 energy (Eπ) to the proton kinetic energy, dΩ represents the
290 part of sky that the cosmic rays comes from, dA is the
291 surface area that receives the cosmic rays with the cos θ
292 taking into account the projection between dA and the
293 incident flux, and dl is the length the cosmic rays travel in
294 the medium. Doing the length integral yields τ, which we
295 augment to become the efficiency factor, τ → T ðEp;ΩÞ.
296 Doing the Ep integral using the delta function, and
297 approximating the solid angle integral with discrete sums,
298 we obtain an expression for dṄπ=ðdAdEπÞ. It is then
299 convolved with the gamma-ray spectrum from isotropic
300 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

301302 where Emin ¼ Eγ þm2
πc4=ð4EγÞ, Ẽ ¼ mpc2 þ Eπ=Kπ , and

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

dF
dEγ

¼ FsurNnuc
R2

D2

dṄγ

dAdEγ
; ð4Þ

307308where we also includeNnuc, the nuclear enhancement factor
309that takes into account the presence of nuclei (mostly
310Helium) in the cosmic rays and the target [69,70], taken to
311be 1.8 following Ref. [32], and Fsur, which is a free
312parameter that represents the surface fraction of the
313horizontal internetwork fields over the Sun.
314Figure 2 shows the computed solar gamma-ray spectra
315for f ¼ 0.3, 0.7, and 1.5, and Fsur ¼ 0.3. Considering the
316jBð−1250Þj ¼ 1 G case, at lower energies, the gamma-ray
317production is suppressed compared to the jBð< 0Þj ¼ 0
318case. At higher energies, the additional magnetic fields
319provide extra deflections that shift the efficiency factor
320towards higher energies, thus making the jBð−1250Þj ¼
3211 G case more efficient.
322Conclusion and discussion—In this work, we provide a
323physical model that could fully explain the HAWC TeV
324solar observation. We show that horizontal subphotospheric
325internetwork fields, an extension of those seen at the
326photosphere, could be strong and ubiquitous enough to
327reflect ∼TeV cosmic rays and generate the observed solar

F2:1FIG. 2. Gamma ray flux produced by cosmic rays reflecting on
F2:2the horizontal internetwork fields, for f ¼ 0.3, 0.7, and 1.5. The
F2:3flux is directly proportional to the surface fraction Fsur [Eq. (4)].
F2:4Dotted lines and solid lines correspond to the jBð< 0Þj ¼ 0 and
F2:5jBð−1250Þj ¼ 1 G cases, respectively. The Fermi-LAT data at
F2:6the solar minimum (2008–2010) and nine-year (2008–2017)
F2:7averaged flux data [5] are shown for comparison. The recent
F2:8HAWC results [9] are shown in thick boxes, with black solid line
F2:9being the six-year (2014–2021) combined result, blue dashed line

F2:10corresponds to solar max. (2014–2017), and red dashed line
F2:11corresponds to the solar min. (2018–2021) It can be seen that our
F2:12model could reasonably explain the HAWC data, e.g., with f ≃
F2:130.7 and Fsur ≃ 0.3.Q6
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Summary and outlook
• Sun is a bright source of >GeV gamma rays, detected by both Fermi-LAT and 

HAWC


• Both coronal and network magnetic fields can explain low-energy (<100 GeV) 
gamma rays, but underpredicts >TeV data


• Horizontal internetwork fields (strength ~1 kG, length ~1000 km) could explain the 
HAWC data


• Promising possibility for future gamma-ray and neutrino telescopes to probe 
internal conditions of the Sun


• Sun is also an important calibration source for neutrino telescopes through its 
cosmic ray shadow (and so is Moon)


