
EVIDENCE FOR A NEW COMPONENT OF 
SOLAR GAMMA-RAY EMISSION TIM LINDEN
Physics and Astronomy Colloquium 
Clemson University 
January 24, 2019



THE SUN IN THE SKY



THE SUN IN THE SKY



THE SUN IN THE SKY



THE SUN IN THE SKY



WHAT IS THE ENERGY SCALE?







CRAZY FINE TUNING

• Solar gamma-ray flux 
is approximately:

• Solar disk gamma-ray 
flux:



GAMMA-RAYS - WHY?
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GAMMA-RAYS - HOW?

How are these gamma rays produced?



GAMMA-RAYS - HOW?

Thermal production of 
gamma-rays is suppressed 

by exp[-109] = 0

THERMAL MECHANISMS



GAMMA-RAYS - HOW?

NON-THERMAL MECHANISMS



WHAT IS THE ENERGY SCALE?

Hadronic Interactions

inverse-Compton Scattering



GAMMA-RAYS - HOW?

• Solar Flares and 
Reconnection events.

Petrosian (2016; 1605.04022)







GAMMA-RAYS - HOW?

• Solar Flare gamma-rays are low energy (Emax = 4 GeV)



GAMMA-RAYS - HOW?

Exploiting the Energy of Galactic 
Cosmic-Rays







HADRONIC GAMMA-RAYS - HOW?



HADRONIC GAMMA-RAYS - HOW?



HADRONIC GAMMA-RAYS - HOW?



HADRONIC GAMMA-RAYS - HOW?



HADRONIC GAMMA-RAYS - HOW?



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.

HADRONIC GAMMA-RAYS - HOW?
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GAMMA-RAYS - HOW?

Let the observations be your guide…



GAMMA-RAYS - WHAT?



OBSERVATIONS - INTENSITY Ng et al. 2016 (1508.06276)



GAMMA-RAYS - WHAT?

Intensity                     X



OBSERVATIONS - SPECTRUM Tang et al. 2018 (1804.06846)
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Intensity                     

Spectrum                     X
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OBSERVATIONS - TIME VARIABILITY
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GAMMA-RAYS - WHAT?
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A MORPHOLOGICAL STUDY



A MORPHOLOGICAL STUDY

• Examine 9 years of gamma-ray data. 

• Re-map each photon into Helioprojective Coordinates to 
conserve solar rotation and position.  

• Examine events >10 GeV, where PSF < Θo.



A MORPHOLOGICAL STUDY

• The entire disk is luminous. 

• The limb does not appear bright.





GAMMA-RAYS - WHAT?
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SPECTRAL VARIABILITY

• The spectrum also appears to change when moving from 
solar minimum to solar maximum. 

• The polar component has a constant spectrum, the 
equatorial component does not.
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A SPECTRAL STUDY

• Examine 9 years of gamma-ray data. 

• Utilize all events more than 5o from the Galactic plane 

• Convolve each event with a best-fit energy dispersion.



GAMMA-RAYS - SPECTRAL DIP Tang et al. 2018 (1804.06846)

• Significant dip in the gamma-ray spectrum between 
30-50 GeV.



GAMMA-RAYS - SPECTRAL DIP Tang et al. 2018 (1804.06846)



GAMMA-RAYS - WHAT?
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Spectral Dip?  

X
X

X
X
X
X



Oh wait… that’s basically everything.

GAMMA-RAYS - WHAT?
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GAMMA-RAYS - WHAT?

How do we model this?



GAMMA-RAYS - HOW?

• Gamma-Ray Emission much brighter than expected
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• Gamma-Ray Emission much brighter than expected



GAMMA-RAYS - HOW?

• Gamma-Ray spectrum much harder than expected



GAMMA-RAYS - HOW?

• Gamma-Ray morphology not uniform



GAMMA-RAYS - HOW?

• Evidence for two different emission mechanisms?



GAMMA-RAYS - HOW?

• Possibilities 

• Anisotropic gamma-ray emission
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• Possibilities 

• Anisotropic gamma-ray emission



GAMMA-RAYS - HOW?

• Possibilities 

• Cosmic-Ray Storage
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• Possibilities 

• Solar Magnetic Fields                                                                         
Draw in Cosmic-Rays

Tibet Array (2013; 1306.3009)
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• Possibilities 

• Solar Magnetic Fields                                                                         
Draw in Cosmic-Rays

Tibet Array (2013; 1306.3009)
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GAMMA-RAYS - HOW?

What About this spectral dip?



GAMMA-RAYS - HOW?

?



THE SPECTRAL DIP?



THE SPECTRAL DIP?

• Possibilities: 

1. Hadronic Physics 

2. Gamma-ray Absorption 

3. Instrumental Artifacts



THE SPECTRAL DIP?

• Hadronic processes cannot produce the amplitude and 
width of the spectral dip.



THE SPECTRAL DIP?

• No clear mechanism for how energy-dependent photon 
absorption would work…



THE SPECTRAL DIP?



AN INSTRUMENTAL WORKING HYPOTHESIS

• Or maybe new physics?



HOW DO WE RESOLVE THESE ISSUES?
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TEV OBSERVATIONS OF THE SUN



TEV OBSERVATIONS OF THE SUN HAWC Collaboration (including TL) (2018; 1808.05620)



TEV OBSERVATIONS OF THE SUN HAWC Collaboration (including TL) (2018; 1808.05620)



TEV OBSERVATIONS OF THE SUN ARGO-YBJ Collaboration (2019; 1901.04201)



CONCLUSIONS

• We see - but we don’t understand (solar gamma-ray emission). 

• More work is needed: 

• Joint-Analysis of gamma-ray and magnetohydrodynamic data. 

• Detailed models of cosmic-ray propagation below the photosphere 

• Opportunity to make fundamental advancements in our 
understanding of cosmic-ray propagation and dark matter 
annihilation.


