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INTRO



• Inverse-Compton scattering: cosmic-ray electrons 
interacting with solar photons (solar halo)

• Bombardment by hadronic cosmic rays (mostly protons) 
interacting with solar gas (solar disk) 

• Solar flares and coronal mass ejections 

Credit: NASA

Credit: ESO
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SOLAR EMISSION MECHANISMS



INTRO

Credit: Scott Wiessinger 2

GAMMA-RAYS PRODUCTION



Seckel, Stanev, and Gaisser model (1991) 
Magnetic fields are crucial!

Magnetic flux tubes can reverse incoming protons 
deep within the solar atmosphere, where they have an 
appreciable probability of producing outgoing γ-rays. 

“Current technology is improving to the point that such a flux of GeV γ-rays should be detectable by the 
EGRET instrument of the Gamma Ray Observatory (GRO)”

Credit: NASA

γ-ray flux is greatly enhanced!

• Fermi Gamma-ray Space Telescope
• High-Altitude Water Cherenkov Gamma-ray Observatory (HAWC)
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THE EXISTING THEORETICAL MODEL



Credits: Tang et al. 2018

Cutoff?
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MODEL VS OBASERVATIONS



Credits: HAWC Collaboration (2022) 
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MODEL VS OBASERVATIONS



Credits: Linden et al. 2018

Credits: Priest 2012

MIN MAX
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SOLAR CYCLE DEPENDENCE
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MODEL



MODEL

Credits: Puzzoni et al. 2024

“Role of Magnetic Arcades in Explaining the Puzzle 
of the Gamma-Ray Emission from the Solar Disk”

PREVIOUS WORK
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MODEL
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Credits: Giacalone 2021

Credits: Giacalone & Jokipii 1999

Credits: Puzzoni et al. 2025 (submitted to ApJL)

SYNTHETIC MAGNETIC FIELD
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MODEL

L1 = 0.003	R⊙	~	2	Mm Lmin = 10"3R⊙ Lmax = 0.06	R⊙

σ% =
σ-%

B!%
= 0.1, 1.0, 10

Credits: Puzzoni et al. 2025 (submitted to ApJL)
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MODEL

Credits: Puzzoni et al. 2025 (submitted to ApJL)
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MODEL

𝑧 = 𝑧&' = 0.05	𝑅⊙

𝑁')*+ = 10,

𝑧 = 𝑧-./0 = 0.005	𝑅⊙

• Test-particle protons at 2 different injection altitudes (along the z-direction)• Initialized with an isotropic velocity distribution 

• Magnetic field configuration reshuffled every 100 particles

TEST-PARTICLES INITIALIZATION
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RESULTS



RESULTS
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Focus: protons escaping from the 
Sun as they can produce 
gamma−rays observed at Earth

Credits: Puzzoni et al. 2025 (submitted to ApJL)

INTERACTING GCR PROTONS
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RESULTS

Credits: Puzzoni et al. 2025 (submitted to ApJL)

• 70°	 ≲ 	𝜃	 ≲ 90°• 𝜃 range	broadens	to ≈ 40°

Anisotropic gamma-ray emission pattern

𝜸-RAYS EMISSION DIRECTION

13



RESULTS

Credits: Linden et al. 2018

Credits: Arsioli & Orlando 2024

Anisotropic gamma-ray emission pattern
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RESULTS
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• The results of our simulations enter in <"#$
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Credits: Puzzoni et al. 2025 (submitted to ApJL)

𝜸-RAYS FLUX
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Conclusions and future works

• Synthetic model reproduces overall trend 
and order of magnitude of 𝛾-ray flux both 
in Fermi-LAT and HAWC energy range 

• Flatness of 𝛾-ray flux in the spectral dip 
region increases with 𝝈𝟐

• Effect of interchange reconnection on 𝛾-
ray flux

Credit: NASA
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BACKUP SLIDES

Credits: Giacalone and Jokipii 1999𝐌𝐎𝐃𝐄𝐋	𝐄𝐐𝐔𝐀𝐓𝐈𝐎𝐍𝐒
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Credits: Kafexhiu et al. 2014

Credits: Tanabashi et al. 2018

𝑇: proton kinetic 
energy in
the laboratory 
frame

𝑇+= =	0.2797 GeV: 
threshold kinetic 
energy for the 
production of neutral 
and charged pions

𝐏 − 𝐏	𝐈𝐍𝐄𝐋𝐀𝐒𝐓𝐈𝐂	𝐂𝐑𝐎𝐒𝐒	𝐒𝐄𝐂𝐓𝐈𝐎𝐍

BACKUP SLIDES



Credits: Tang et al. 2018

• Fermi 2011
• Fermi solar minimum 2008-2010
• Fermi 9 years 2008-2017 

Theoretical maximum gamma-
ray flux the Sun can produce 
with cosmic rays

FERMI DATA

BACKUP SLIDES



Credits: Morton et al. 2023 

DENSITY PROFILE

BACKUP SLIDES


