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Why are continual GeV-TeV gamma rays surprising?

(Because the Sun itself doesn’t emit continual GeV-TeV gamma rays)
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How does the Sun produce gamma rays?

From galactic cosmic-ray (GCR) bombardment!



Continual gamma rays from solar halo ot the focus of this taik

Inverse-Compton scattering
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Continual gamma rays from solar disk Focus of this talk

Hadronic scattering
In the solar disk
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What needs to be answered? (#1)

(a)

Credit: Cranmer et al. 2015

1. Solar magnetic field is multi-scale, how do we think
this problem? Today J

2. Spectral shape:

O Hard spectrum ~ Ey_2 below 200 GeV

O Soft spectrum ~ E},_ 30 gt ~ 1 TeV

3. Anti-correlation between gamma-ray flux and solar
cycle
4. Anisotropic emission:
1. Polar flux: relatively constant across solar cycle

2. Equatorial flux: anti-correlate with solar cycle
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What needs to be answered? (#2)
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1. Solar magnetic field is multi-scale, how do we think
this problem? Today J

2. Spectral shape:

O Hard spectrum ~ E},_ 2 below 200 GeV Today s/

O Soft spectrum ~ E},_ 30 at~ 1 TeV Today V

3. Anti-correlation between gamma-ray flux and solar
cycle
4. Anisotropic emission:
1. Polar flux: relatively constant across solar cycle

2. Equatorial flux: anti-correlate with solar cycle
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What needs to be answered? (#3)
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1. Solar magnetic field is multi-scale, how do we think
this problem? Today J

2. Spectral shape:

© Hard spectrum ~ Ey_2 below 200 GeV Today J

O Soft spectrum ~ E},_ 30 gt~ 1 TeV Today V

3. Anti-correlation between gamma-ray flux and solar
cycle Unknown
4. Anisotropic emission:
1. Polar flux: relatively constant across solar cycle

2. Equatorial flux: anti-correlate with solar cycle



What needs to be answered? (#4)
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1. Solar magnetic field is multi-scale, how do we think
this problem? Today J

2. Spectral shape:

O Hard spectrum ~ E},_2 below 200 GeV Today V

Today J

3. Anti-correlation between gamma-ray flux and solar

O Soft spectrum ~ Ey_ 30 gt ~ 1 TeV

cycle  Unknown
4. Anisotropic emission: Unknown
1. Polar flux: relatively constant across solar cycle

2. Equatorial flux: anti-correlate with solar cycle



Qualitative: At what depth is

0
p+p—n — y+y produced?
Could produce
Proton absorbed radially outward y Density too low
before reflection to produce y

* Absorption from proton-proton interaction

Jngas (2) oppdz ~ 1

O Interacting at — 1000 km to 1000 km
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Coronal-hole Network Field

& Open Field Lines

We consider proton cosmic rays following open magnetic fields, entering solar surface.
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Thin Magnetic Sheets in the Intergranular Lanes
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Main ideas of our model: flux tube + flux sheet

* One flux tube and repeating flux sheets
O Tubes builds up network element
O Sheet represents intergranular sheet

o Sheet spacing 1200 km (size of one granule)

Credit;: Cranmer et al. 2015

 GCR injection into tube at z=1600 km

o Lower-energy GCRs bounded by tube

Lower-energy

o Higher-energy GCRs pass through tube;

Some enter sheet

We numerically track 250,000 particle trajectories.

Flux tube Flux sheet
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Magneto-hydrostatic Equilibrium
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“* Magnetic turbulence not considered here.

JTL et al. 2024 (ApJ 961, 167) 14



Our Result #1: Fraction of GCR Penetrating Tube
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Our Result #2: Gamma-Ray Spectrum

Primarily tube

Primarily sheet
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Finite-sized
structure is the key!

JTL et al. 2024 (ApJ 961, 167)



Height [km]

Height [km]

Our Result #3: Average Emission Height
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Conclusions and Outlook

* A simple model consisting of one tube and one sheet in the -1000 km to 1600 km height range
O Lower-energy gamma rays from flux tube, higher-energy gamma rays from intergranular sheet
O Finite-sized flux sheet results in ineffectiveness of capturing higher-energy GCRs

O steep gamma spectrum at ~ TeV seen by HAWC.

* The anti-correlation between gamma-ray flux and solar cycle?

o Quiet vs. active regions? Magneto-convection? GCR transport?

* EXxciting opportunities ahead!
O of gamma rays to reveal small-scale magnetic fields at solar surface:

— Small-scale dynamo vs. magneto-convection
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