
The Very High-Energy Sun
TIM LINDEN CfA High Energy Seminar — 9 March 2022



Fermi-LAT Collaboration (2017; 1611.03184)Dwarf Spheroidal Galaxies - Constraints



Fermi-LAT Collaboration (2017; 1611.03184)Dwarf Spheroidal Galaxies - Constraints



Fermi-LAT Collaboration (2017; 1611.03184)Dwarf Spheroidal Galaxies - Constraints



Thermal emission is very tightly 
peaked around a specific peak

OPTICAL EMISSION FROM THE SUN



HIGH-ENERGY EMISSION FROM THE SUN



Thermal Gamma-Ray Emission 
Suppressed by exp[-109]

OPTICAL EMISSION FROM THE SUN
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Fermi-LAT Telescope

Pair Conversion Gamma-Ray Telescope



Fermi-LAT Telescope

Gamma-Ray Detection 
• Gamma-Ray Enters Instrument 

• Passes Anti-Coincidence Detector 

• Pair Converts in Tungsten Layers 

• Tracked Through Silicon Layers

Statistics: 
• 100 MeV — 1 TeV 

• Angular Resolution: 0.1 - 10 degrees 

• Energy Resolution: 10% 



Fermi-LAT Telescope



Fermi-LAT Telescope
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•Solar gamma-ray flux:

CRAZY FINE TUNING

•1018 times dimmer than the Crab 
pulsar, but 2 x 1017 times closer. 



WHY CARE ABOUT GAMMA RAYS?

Optical:  photons per second hit your eye.1016

Gamma-Rays: ~10000 photons over 15 years hit the Fermi-LAT 
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HILLAS PLOT - NOT JUST FOR ULTRAHIGH ENERGY COSMIC RAYS!

The maximum energy of a 
cosmic ray depends on 
how well they can be 
contained while they are 
accelerated: 
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GAMMA-RAYS - HOW?

Solar Flare gamma-rays are low energy (Emax ~ 1 GeV)



Exploiting the Energy of  

Galactic Cosmic-Rays





HILLAS PLOT - NOT JUST FOR ULTRAHIGH ENERGY COSMIC RAYS!

The maximum energy of a 
cosmic ray depends on 
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contained while they are 
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But these cosmic rays  

need to get to the Sun





THE AFFECTS THE COSMIC RAY FLUX THAT REACHES THE EARTH
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SIGNAL 2: THE DISK
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SIGNAL 2: THE DISK

Photosphere Magnetic Field:        1-10 G 

Gyroradius (100 GeV):                 3300 km

• Cosmic rays encounter a grammage of 
330 g cm-2 

• Cosmic rays die before reflecting 
within the solar surface.





Analyzing the Fermi-LAT Data



A Completely Data Driven Background Model
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Solar Modulation



Solar Modulation



TL et al. (2505.04625)A Perfect Theoretical and Observational Match

Extremely well measured 
inverse-Compton spectrum 
and morphology. 

• 30 MeV-100 GeV in energy 

• 0-45 degrees in radius



TL et al. (2505.04625)Matches with No Degrees of Freedom!

Extremely well measured 
inverse-Compton spectrum 
and morphology. 

• 30 MeV-100 GeV in energy 

• 0-45 degrees in radius



AMS-02 Collaboration (PRL, 121 051102)A Perfect Theoretical and Observational Match



TL et al. (2505.04625)A Perfect Theoretical and Observational Match



Conclusion - Part 1

Our models of cosmic-ray propagation                              
work up to the solar surface.
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Our Limited Knowledge

XIntensity                     

Ng et al. (1508.06276)
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Spectrum

Even Higher Precision!

TL et al. (2012.04654)



HAWC Observations HAWC Collaboration (incl. TL) 2212.00815

Water-Cherenkov telescopes can 
observe solar gamma rays up to 
even higher energies! 



Spectrum

Gamma-Rays Continue up to 3 TeV during Solar Minimum!

HAWC Collaboration (incl. TL) 2212.00815
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Our Limited Knowledge HAWC Collaboration, incl. TL (1808.05620)
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Time Variability  

Morphology 

Spectral Dip 
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Our Limited Knowledge Tang et al. (1804.06846)



So basically everything is wrong…. 

How do we model this?



Gamma-Ray Emission much brighter than expected



Gamma-Ray Spectrum Harder than Expected



Gamma-Ray Emission Not Uniform



Two Different Emission Mechanisms?



Conclusions

We see, but we don’t understand. 

Help? 

Solar disk gamma-rays provide a new handle into 
fundamental questions in solar magnetohydrodynamics. 

Huge Potential For Cross-Correlations with other 
wavelengths



First Theoretical Attempts



First Theoretical Attempts

Echo the idea of an infinite 
magnetic mirror 

• Large flux tube at top of the 
photosphere directs CRs 
towards footprint, with kG 
magnetic fields. 

• Small scale canopies ensure 
CRs directed towards the 
footprints.



First Theoretical Attempts

Magnetic field at the base 
of the footprints can be 
huge. 

Means that cosmic rays get 
reflected at similar 
positions at many different 
energies.
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First Theoretical Attempts

Current Issues: 

• Underproduces flux by a 
factor of 5.  

• Low-energies are an issue 
(though backsplash not yet 
included). 

• Cannot explain modulation at 
high-energies.



Electrons and Positrons are modulated by the solar wind and 
magnetic field: 

Solar Modulation

Valdes-Galicia & Gonzalez (2016)
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