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Long Duration Gamma Ray Flares
• Multi-hour >100 MeV 
γ-ray emission.


• Spectrum often >1 
GeV.


• Starts many minutes 
after the HXR and µ-
waves.


• Continues while all 
other flare-related 
emissions have 
ceased.


• No detectable 
electronic 
component.

100 MeV Sun  
on 1991 June 11

Kanbach, G. priv. comm.8 hour exposure starting 90 
minutes after the flare
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Two Competing Scenarios
Accelerated at 
shock, then 
transported 
back to the Sun

(remote)

Trapped and 
continuously 
accelerated in large 
coronal  structure 
(local)
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Protons obey spatial and 
momentum diffusion 
(second order Fermi)



Unresolved Controversy
Problems with Remote Acceleration


• No robust model for transporting particles 
back to Sun.


• Wildly discrepant numbers of particles 
estimated in space and at Sun.


• Some events require ∼100% of IP particles 
to precipitate back to Sun.


• “Flare” spectrum significantly harder than IP 
spectrum.

Problems with Local Production


• Maintaining wave field for hours.


• Large loops quite common, but 
difficult to visualize.


✓ Little glowing gas (SXR).


• With no direct indicator of loop 
size, difficult to estimate κ from l.
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to a gradual SEP event with proton energies measured74

by the GOES spacecraft exceeding 700 MeV/n and a75

very fast CME erupting over the western limb. The first76

appearance of the CME by LASCO C2 was at 16:00:0777

UT and the initial speed was 3620 km s�1. This flare was78

also associated with the second GLE (#72) of this solar79

cycle. The GLE 72 onset was observed by several neutron80

monitors at 16:15 UT but the strongest increase in count81

rate was observed at 16:30 UT at the Dome C station,82

installed in the inner Antarctic Plateau, at Concordia83

station (Mishev et al. submitted to Solar Physics).84

EUV observations from SDO/AIA and SUVI revealed85

flare loops seen above the limb that form a flare arcade86

(for EUV images see Li et al. 2018; Seaton & Darnel87

2018; Warren et al. 2018; Yan et al. 2018). The arcade88

was seen face-on for the part of the flare closest to the89

limb, while the arcade twisted towards the south making90

it partially seen side-on for the more distant part of the91

arcade (see figure in Figure 3 in Seaton & Darnel 2018).92

The absence of STEREO B imaging for this flare unfor-93

tunately limits our knowledge of details of the flare geom-94

etry. However, the available data sets clearly indicate a95

two-ribbon flare geometry for SOL2017-09-10. RHESSI96

had good coverage of the impulsive phase with a peak97

time of the non-thermal >30 keV HXR emission around98

15:59UT. RHESSI high resolution imaging at 200 angu-99

lar resolution showed a single non-thermal hard X-ray100

source above 30 keV located about ⇠100 above the solar101

limb. Below 20 keV, RHESSI observed thermal emission102

from the flare loops (see insert in Figure 3). Compared to103

the flare loops, the non-thermal HXR source came from104

the southern flare ribbon. The corresponding emission105

from the northern ribbon appeared to be occulted from106

Earth view. Despite the fact that only one flare footpoint107

is seen in HXRs, SOL2017-09-10 has one of the highest108

fluxes at 30 keV (⇠45 photons cm�2 s�1 keV�1) com-109

pared to statistical studies of large RHESSI flares (e.g.110

Kuhar et al. 2016). The visible hard X-ray footpoint was111

observed to be co-spatial with the optical signal seen by112

SDO/HMI at 617 nm (see insert in Figure 3; for similar113

events see Krucker et al. 2015). While it remains unclear114

if the HXR footpoint occurred right above the limb or115

slightly behind or in front, we firmly conclude that no116

hard X-ray emission is detected on the visible disk indi-117

cating that no part of the flare ribbons are on disk as118

seen from Earth view.119

The >100 MeV emission detected by the LAT lasted120

for 12 hours and for that time period the Sun was the121

brightest gamma-ray source in the sky (see ATel 10721122

for further details). The onset time for the LAT was123

found to be at 15:56 UT, the peak flux occurred at 15:59124

UT remaining statistically significant until 05:11 UT of125

September 11. During the flare, the LAT detected 130126

photons with measured energy greater than 1 GeV and127

reconstructed direction less than 1� from the center of128

the solar disk.129130

In Fig. 1 we plot the light curves from GOES , and131

Fermi -LAT for the full 12 hour detection period, while in132

Fig. 2 we plot GOES , RHESSI , Fermi -GBM, and Fermi -133

LAT intensities for the impulsive phase only. The bottom134

panel of each figure reports the best proton index in each135

time interval in which the LAT detected the flare. In136

section 2.1 we describe how we obtain the protons index137

from the gamma-ray emission.138

Fig. 1.— Composite light curve for the 2017 September 10 flare
with data from GOES X-rays, Fermi-LAT >100 MeV flux and
the best proton index inferred from the LAT gamma-ray data.
The three color bands represent the time windows over which we
performed the localization of the gamma-ray emission, shown in
Figure 3.

2.1. Spectral analysis139

We performed an unbinned likelihood analysis of the140

Fermi -LAT data with the gtlike program distributed141

with the Fermi ScienceTools1. In order to avoid pos-142

sible e↵ects from pile-up in the anti-coincidence detector143

of the LAT during the brightest phase of the flare, from144

15:54 to 16:28 UT, we selected the Pass 8 Solar flare145

Transient class (S15)2 to perform our spectral analysis.146

This new transient class was developed to be insensitive147

to the high flux of X-rays often present during bright148

solar flares. For the remainder of the observation time149

(from 17:33 to the end of the detection), we used Pass 8150

Source class events. For the entire detection time we used151

selected photons from a 10� circular region centered on152

the Sun and within 100� from the local zenith (to reduce153

contamination from the Earth limb).154

Following the same approach as Ajello et al. (2014),155

Pesce-Rollins et al. (2015), and Ackermann et al.156

(2017) we fit three models to the Fermi -LAT gamma-157

ray spectral data. The first two, a pure power law158

(PL) and a power-law with an exponential cut-o↵159

(PLEXP) are phenomenological functions that may de-160

scribe bremsstrahlung emission from relativistic elec-161

trons. The third model uses templates based on a de-162

tailed study of the gamma rays produced from the de-163

cay of pions originating from accelerated protons with164

1We used the version 11-05-03 available from the Fermi Science
Support Center http://fermi.gsfc.nasa.gov/ssc/

2TRANSIENT015s available in the extended photon data
through the Fermi Science Support Center
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This event is the best yet in terms of 
revealing  the coronal environment.

GeV Protons

SDO/UV images

Full Sun and reduced FoV ☞

☜ At Sun

☞At Earth



The Model

1.Ions from impulsive phase or shock injected 
into large (length l) magnetic bipolar 
structure.


2.MHD turbulent plasma traps particles (λ≪l).

3.Particles diffuse to dense atmosphere.

4.Ions accelerated by Fermi process to high 

energies (>300 MeV)

☞ Prolonged high energy emission 
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• No other losses

• Constant coefficients, but coupled 

diffusion in momentum/real space, 
i.e.,  τpτx=const.


• Free parameters: length, injection 
point, Alfvén speed
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The Process
p + 4He ➜ X +π±

p + p  ➜ X + π±

or π0  

Doppler Broadened 
69 MeV γ

➜
Bremsstrahlung 
and annihilation 

radiation
}
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But first, we have see if we are in the 
ballpark:

• Focus on the exponential decay 

(drives the diffusion coefficient),

• Estimate structure dimensions from 

new EOVSA imaging data.


Simple model the precipitation of high 
energy protons (> 300-MeV) π threshold.



Event Integrated Image at 3.4 GHz 
• Reveals a complete inner region 

associated with the lower half of a 
reconnection event (beneath a CME).


• Reveals footpoints of a larger loop 
with height of 0.4 R☉ and length 1.4 
R☉.

100 MeV γ Photometric Curve

• Smooth exponential decay after 1900 UT, 3 hours 

after CME liftoff.

• J ∝ exp –(t/6500 s) ±20%

• 95% confidence γ “imaging” centroid location 

encompasses all features on the µ-wave image 
(on right) during this phase.


• Parent proton spectrum softens from  
–4.3 to –6.0.
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So how does this stack up?
• The 6500-s decay and l = 1.4 R☉ (τx = l2/π2κ) ➜ λ (= 3κ/v) of 200 km (✓),

• 200 km λ implies a k–5/3 integrated wave intensity of 0.7 ergs-cm–3 (Lee,

1983),

• 1 G B field of at loop top ➜ δB/B of ∼10 (×) at top and 0.4 at base (✓),

• Acceleration time τa (= 9κ/VA2) requires only VA 〜140 km-s–1 (✓).

Things to note 
• κ is a lower limit, because the spectrum softens, i.e., λ will be greater,

• Fewer demands on wave intensity (δB/B),

• Is B truly dipolar? Check against B-field calculation and

• More realistic model including other loss mechanisms, energy dependent κ, 

∇∥B, and realistic wave dynamics.


