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Credit: ESO

* 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




m INTRO
GAMMA-RAYS PRODUCTION

Credit: Scott Wiessinger



THE EXISTING THEORETICAL MODEL

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

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

|

y-ray flux is greatly enhanced!

Credit: NASA

2013 Jun 2

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

* Fermi Gamma-ray Space Telescope
« High-Altitude Water Cherenkov Gamma-ray Observatory (HAWC)
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m INTRO
MODEL VS OBASERVATIONS
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Credits: HAWC Collaboration (2022)
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MIN MAX
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2 MODEL

| L—

PREVIOUS WORK

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

Credits: Puzzoni et al. 2024



2 MODEL
SYNTHETIC MAGNETIC FIELD

[ B(x,y,z) = Bok + V x [f(2)S(x,y,2)] ]

VA
Bo = 5 Gauss f(z) = e_(K) A ~1072%Rg
Credits: Giacalone 2021
S&xy,z) = Zpliit Bn (sin ax) + i cos ay, yh) elknzntiBn

6B(x,y,z) = VX S(X,V,2)

Credits: Giacalone & Jokipii 1999

6B(x,y,z) = Zg;nl A, (cos o, Xh + isin oy ﬂ) elknZn+iBn

Credits: Puzzoni et al. 2025 (submitted to ApJL)
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TEST-PARTICLES INITIALIZATION
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&1 RESULTS

INTERACTING GCR PROTONS

J ’
]

dt

Ly
m = O'ppUL Tl[Z(t)]dt > 1

i

int. 100 GeV, zyp , 100 GeV, zyp
, 100 GeV, Zgown , 100 GeV, Zgown
, 10 TeV, zyp » 10 TeV, zyp
, 10 TeV, Zgown , 10 TeV, Zgown

Focus: protons escaping from the
v, > 0 |Sun as they can produce
gamma-—rays observed at Earth

Credits: Puzzoni et al. 2025 (submitted to ApJL)
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&1 RESULTS

Y-RAYS EMISSION DIRECTION ... cccomeom

E, =100 GeV, 02 =10 - E,=10TeV, 02 =10

* 0O range broadens to = 40° e 70° < 6 <£90°

N /

Anisotropic gamma-ray emission pattern




&1 RESULTS
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Credits: Arsioli & Orlando 2024
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y-RAYS FLUX

0 E
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Fermi data with cuts (Linden et al. 2022)
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Synthetic model reproduces overall trend
and order of magnitude of y-ray flux both
in Fermi-LAT and HAWC energy range
Flatness of y-ray flux in the spectral dip
region increases with o

Effect of interchange reconnection on y- LA

ray flux
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- MODEL EQUATIONS

Nm n
oB(x, y, z) = ZIA(kn)ﬁn exp (ik, z, + i) ,

Credits: Giacalone and Jokipii 1999

f,, = CoS &, X, + i sin o, y,,
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- P — P INELASTIC CROSS SECTION

Credits: Kafexhiu et al. 2014
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- FERMI DATA

Fernﬂ2011

Fermi 2011
Fermi solar minimum 2008-2010

Fermi 9 years 2008-2017

55G1997

Theoretical maximum gamma-
1 ray flux the Sun can produce
SAy flux (solar min. |b| >5°) e . .

with cosmic rays
SAy flux (9 yr |b| >30°)
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"~ DENSITY PROFILE

Credits: Morton et al. 2023
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