The Solar Gamma-ray Puzzle
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Cosmic rays

Energetic particles in space

Mostly proton/nuclei, some electrons
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https://www.iop.org/explore-physics/physics-around-you/understanding-surroundings/cosmic-rays




Solar Atmospheric Gamma Rays
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Seckel, Stanev, Gaisser (1991)




The Sun as a Dark Matter detector
X

thermal freeze-out (early Univ.)
indirect detection (now)
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DM SM

—
production at colliders

Press, Spergel (1985)
Krauss, Freese, Press, Spergel (1985)
Silk, Olive, Srednicki (1985)




The Sun as a Gamma and Neutrinos Source
Dark Matter detector




Solar Atmospheric Gamma Rays

Zhou, KCYN, Beacom, Peter PRD 2017
Limb contribution

VY 0.1%

Abdo et al 2011

Seckel, Stanev, Gaisser (1991) ~ 1 % Fermi data
~5-10%
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Solar gamma rays

Before us, it was a nuisance to the Fermi team
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2008-2020 Averaged Spectrum

e Linden et al 2022 PRD

Solar Disk Flux
Aug. 2008 - Feb. 2020
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FLUX(E) « o0,, X D,E) X €(FE)
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Time variation Tang ot o PRD 2018

Linden et al PRD 2022

o Clear anticorrelation with solar activity from 0.1-10 GeV

e Less clearin 10-100 GeV (less variation or insufficient statistics)

« Can not be easily explained by solar modulation Li, Beacom, Peter AP) 2022

Linden et al PRD 2022
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Not energy sensitive?

— ISES Solar Cycle Sur

2010 2012 2014 2016 2018




Morphology, surprise!

« High Energy Bin
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TeV?

KCYN et al PRD 2016

HHH Fermi2011 (1.5 yr)
HH HH Total Sun 1.5° (this work)
e+ @+ Diffuse Bkg.
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~ The HAWC Observatory

air shower

¢ 300 Water Cherenkov Detectors particle
©22,000 m2 detector area |
oSub TeV - >100 TeV Sensitivity ’qﬁ' 200,000 L of
o Wide field of view: <2 sr : - purthied water
eHigh duty cycle: >95% '
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The TeV Sun Rises:
Discovery of Gamma rays from the Quiescent Sun with HAWC

Phys.Rev.Lett. 131 (2023) 5, 051201
HAWC col. + Beacom, Linden, Ng, Peter, Zhou

Fermi-LAT (Solar Min.)
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After hadron rejection and shadow subtraction
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e Spectral index change!
« Asign that the magnetic field effect is decreasing?
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Theoretical developments
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Interplanetary B-field

10 Rsun to interstellar Space
16

Photosphere B-field Coronal B-field
<1 Rsun to Rsun Rsun to 10 Rsun




Simulating the Sun with [ etal CPC 2024
Coronal fields

Mazziotta et al PRD 2020
Dorner et al APJ 2026

1-10 GeV protons 10-100 TeV protons

Fong, Li, KCYN, soon

Kenny CY Ng CCAPP 20th Anniversary 10-6-2026



GeV time variation can be explained by
coronal fields

3 year averaged spectra

E2dF/dE (x1078 GeV cm~2 s71)

Observation 2008-2011 2014-2017 Full cycle average
B3 (Linden et al., 2020) " y2/dof=5.20 " x?/dof=10.56 ™™ y?/dof=2.10
‘ Simulation 2011-2014 2017-2020
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Fong, Li, KCYN, soon




Near the Solar surface [&wes

T. Wiegelmann et al.: The magnetic field in the solar atmosphere Page 17 of 106
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Network Supergranulation
(scale ~0.5 Mm) (scale ~30 Mm)

e
detail than anything een before. For more
information about this isit www.nso.edu
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Basic considerations

Larmor radius

e Required to “reflect” proton

20TeV ~ Ry G~ 103km kG

Interaction length for protons ~ 1 at

e 600km below photosphere
. Atdensity ~ 107%g/cm?

=> kG field ~10° km below photosphere could reflect protons
and explain the HAWC TeV measurement

pA



Whodunit

e Network flux tubes and lanes

e Plus turbulence

Li Beacom Griffith Peter APJ 2024
Li, Asgari-Targhi, Beacom, Peter APJ 2026

o Particle diffusion in turbulent fields

Puzzoni, Fraschetti, Kota, Giacalone APJ 2024
Puzzoni, Fraschetti, Kota, Giacalone APJL 2025

e Sub-surface horizontal fields?

o Ng, Hillier, Ando PRL 2025




What’s next?

« MeV telescope

e Better TeV measurement
« LHAASO/ SWGO

« Solar Inverse Compton Halo
e Neutrinos
e Sun shadow CAPP
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« More connection to other solar ‘% %
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o Dark matter implications
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What CCAPP was to me

« Great people
e Great atmosphere

» -> [nteresting scientific adventures!

e Ranjan Laha
o Eric Speckhard

e Bei Zhou
o Chris Cappiello
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CCAPP’s 20th Anniversary Conference
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" THE COSMI

Celebrating Two Decades of Discovery in Cosmology and AstroParticle Physics

JUNE 10 - 12, 2026
THE OHIO STATE UNIVERSITY
COLUMBUS, OHIO

e Congratulations and happy anniversary!
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