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Long Duration Gamma-Ray Flares (LDGRFs) are characterized by delayed and long-duration

gamma-ray emission above ∼50 MeV. Despite dozens of observations in the last decade with

Fermi/LAT, the nature of this emission has been a challenge to explain. The highest energy

emission has generally been attributed to the decay of pions produced by the interaction of high-

energy protons with ambient solar material. The fact that the γ-ray emission is delayed from the

onset of the initial eruption and that the emission is, in some cases, unusually long in duration

suggests that particle acceleration occurs within large volumes extending to high altitudes, either

by stochastic acceleration within large coronal loops or by back-precipitation from CME-driven

shocks. We have tested these models by a making direct comparisons between the properties

of the accelerated ion population at the flare derived from the observations of Fermi/LAT and

those of solar energetic particles detected at Earth by PAMELA at comparable high energies. We

investigated 27 high-energy gamma ray events (from [1]), and for 14 events we compare the two

populations (SEPs in space and the interacting population at the Sun) and discuss the implications

in terms of potential sources of the LDGRFs.
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Solar flares are often complex, involving photon signatures that span a broad range in en-

ergy, large and dynamic magnetic structures, coronal mass ejections (CMEs), and solar energetic

particles (SEPs). While it is clear from X-ray and γ-ray observations that electrons and ions are ac-

celerated in flares and interact with the solar atmosphere, the origin of SEPs and their relationship

to flare-accelerated particles is still not understood. Particle transport complicates the interpreta-

tion of SEP observations, while the interacting flare particles can only be studied indirectly through

neutral radiation. Comparisons of the two populations can help to resolve the ambiguity of their

origins. Early studies took advantage of inferring the spectral shape of the interacting energetic

particle population from the γ-ray line emission (see for example [2, 3, 6, 5, 4, 20, 7]). However,

such comparisons correspond to interacting proton energies < 50 MeV. Fermi/LAT observations of

the Sun have since changed our picture of high-energy γ-rays and thus the associated population of

high-energy interacting particles.

Furthermore, solar flares exhibit complicated time evolution with the time profile of the elec-

tromagnetic emissions commonly divided into several phases [8]. The initial “precursor" phase

typically lasts 10-30 minutes and is identified by the gradual buildup of soft X-ray and EUV emis-

sion. The “impulsive" phase that follows lasts from 10-1000 s and exhibits emission in the mi-

crowaves, hard X-rays, and γ-rays. In the third “explosive" phase, the Hα flux rises to a maximum

within a few minutes. The final “gradual" phase lasts between one and several hours. A small class

of events have been identified based on their extended γ-ray and neutron emission, well beyond the

impulsive phase, and are known as “long duration γ-ray flares" (LDGRF) [9].

LDGRFs, identified with CGRO, SMM and now Fermi, radiate almost entirely in γ-rays with

energies above ∼30 MeV [10, 9, 11, 12, 13, 14, 1]. This extended emission emanates from pion

decay produced by ions above ∼300 MeV [15, 14]. The most intense and longest duration example

of an LDGRF is the 2012 March 7 event, for which >100 MeV emission was observed for nearly

twenty hours [16]. To sustain hours of high-energy emission, particle trapping and/or continuous

acceleration must take place within large magnetic loops [11, 17, 18]. CMEs may also play a role

[19, 21], through backward particle precipitation from a CME-driven shock, although several hours

of extended emission would then place the CME far from the solar surface.

In seemingly all cases, LDGRFs are accompanied by SEPs. Whether these SEPs are acceler-

ated by the same processes that produce ions responsible for the the high-energy emission or from

subsequent CME-driven shocks is still not well understood. The energetic particles responsible

for LDGRF emission share several characteristics with SEPs: both are dominated by ions rather

than electrons and both are delayed by several minutes from the associated X-ray event [9, 22],

suggesting a linkage. Several studies have explored potential connections between Ground Level

Enhancements (GLEs) and LDGRFs with inconclusive results [23, 9, 11, 14].

What is required is a direct comparison of the particle population interacting at the Sun in

the same energy interval as the highest energy SEPs. This is now possible for the first time with

the Payload for Matter-Antimatter Exploration and Light Nuclei Astrophysics (PAMELA) and the

accompanying γ-ray observations with Fermi/LAT. In particular, we determine the total number

of >500 MeV protons at 1 AU, NSEP, taking advantage of the PAMELA and the Solar Terrestrial

Relations Observatory (STEREO) data with the aid of transport simulations, and compare it with

the number of high-energy protons at the Sun, NLDGRF , as deduced from Fermi/LAT data. We

present a summary of this work, which has recently been published [36].
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1. PAMELA and Fermi Observations

PAMELA is a space experiment designed to measure the charged cosmic radiation (protons,

electrons, their antiparticles and light nuclei) in the energy range from several tens of MeV up

to several hundreds of GeV. The instrument consists of a magnetic spectrometer equipped with a

silicon tracking system, a time-of-flight system shielded by an anticoincidence system, an elec-

tromagnetic calorimeter and a neutron detector. The Resurs-DK1 satellite, carrying the apparatus,

was launched into a semi-polar 70◦ inclination, elliptical (350–610 km) orbit on 2006 June 15.

PAMELA provided comprehensive observations of the galactic, solar and magnetospheric radia-

tion in the near-Earth environment [24, 25, 26, 27, 28]. The mission lifetime was extended be-

yond 2015, in part due to the promise of new PAMELA SEP science, such as that presented in

this paper. On 2016 January 24 the spacecraft lost contact with ground stations. The PAMELA

team has recently published the detailed spectra of twenty-six high-energy SEP events between

2006 December and 2014 September [29, 30]. These observations span a broad range in energy

from ∼80 MeV to a few GeV, encompassing both the low energy measurements of in-situ space-

craft and the ground-based observations of the neutron monitor network. The reported spectra are

consistent with diffusive shock acceleration with clear exponential roll-overs attributed to particle

escape from within the shock region during acceleration. The absence of qualitative differences

between the spectra of GLE and non-GLE events suggests that GLEs are not a separate class of

SEP events but they rather are the extreme end of a continuous spectral distribution. The PAMELA

observations have been used by [31] to calibrate the >80 MeV proton channels of the Energetic

Proton, Electron, and Alpha Detectors (EPEADs) and the High Energy Proton and Alpha Detectors

(HEPADs) onboard GOES-13 and -15, bringing the detected spectral intensities in-line with those

registered by PAMELA and thus enabling more reliable measurements of SEP spectra up to ∼1

GeV during periods when PAMELA was not acquiring data or after the mission termination [32].

Fermi/LAT is a pair-conversion telescope with sensitivity to γ-rays between ∼20 MeV and

300 GeV [33] and a duty cycle for solar events of only ∼15-20% due to frequent occultation of the

Sun by the Earth. However, the Fermi satellite is able to perform pointed (“target-of-opportunity”)

observations increasing the exposure to a particular part of the sky including the Sun. Dozens of

LDGRFs have been reported since the launch of the spacecraft in 2008 June 11 [12, 13, 14, 1]. To

derive the interacting proton numbers above 500 MeV, two assumptions are made: 1) the proton

distribution follows a power law, and 2) the protons have an isotropic angular distribution. All

events with photon energies above 100 MeV and directions within 12◦ of the Sun are included

in the analysis. The γ-ray background from the Earth’s atmosphere is reduced by restricting the

allowable events to zenith angles < 100◦. A solar flux is obtained using a “maximum likelihood”

analysis that compares the likelihood obtained by fitting the data with the solar source included

with the likelihood of the null hypothesis (no solar source). Details of the analysis of LAT solar

flares have been published in [34]. Estimates of the number of protons inferred from the γ-ray

emission used in this study rely on the observations of [1] based on a “light bucket” approach

which implements a less accurate but faster algorithm to identify transient intervals of excess high-

energy solar emission. It should be noted that, in contrast to the “maximum likelihood” method,

the background is not fit and the exposure is calculated with an assumed spectral model.

Figure 1 displays the heliographic distribution of solar events accompanied by LDGRFs regis-
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Figure 1: Heliographic distribution of solar flares associated with LDGRFs detected by Fermi/LAT and

SEPs measured by near-Earth spacecraft. The red stars denote the eruptions linked to both high-energy γ-ray

and SEP events, while the blue ones correspond to eruptions with no registered SEP event; for comparison,

the green diamonds indicate three eruptions associated with SEP events with a statistically significant proton

signal above 500 MeV but not linked to >100 MeV γ-ray emission.

SEP event Flare CME

No Onset >80 MeV >300 MeV >500 MeV Location Class Speed

1 2011 03/07, 21:30 5.4×102,∗ 4.1×10−2,∗ 3.4×10−4,∗ N30W48 M3.7 2223

2 2011 06/07, 07:00 (1.5±0.1)×105 (3.9±0.2)×103 (4.9±0.8)×102 S21W54 M2.5 1321

3 2011 08/04, 08:05 (4.9±1.4)×104 2.5×102,∗ 1.0×101,∗ N15W39 M9.3 1477

4 2011 08/09, 08:05 (2.8±0.5)×104 (5.1±2.0)×102 (4.5±4.3)×101 N17W69 X6.9 1640

5 2011 09/06, 23:35 (1.9±0.1)×104 (7.0±1.0)×102 (1.0±0.3)×102 N14W18 X2.1 830

6 2012 01/23, 04:20 (1.5±0.2)×105 (1.3±0.2)×102 (6.1±3.1)×100 N28W21 M8.8 2511

7 2012 01/27, 18:40 (5.6±0.4)×105 (1.1±0.1)×104 (2.0±0.2)×103 N27W71 X1.8 2541

8 2012 03/07, 01:40 (5.2±1.1)×106 (8.7±3.0)×104 (1.1±0.4)×104

N17E27 X5.4 3146

N22E12 X1.3 2160

N16W02 M6.3 1229

N18W26 M8.4 1638

9 2012 05/17, 01:50 (2.9±0.1)×105 (2.0±0.1)×104 (5.3±0.4)×103 N11W76 M5.1 1596

10 2012 07/07, 00:05 (1.5±0.1)×104 (2.0±0.8)×102 (1.6±1.4)×101 S13W59 X1.1 1907

11 2013 04/11, 08:00 (1.0±0.1)×105 (1.4±0.2)×103 (8.9±3.1)×101 N09E12 M6.5 1369

12 2013 10/28, 17:55 (1.7±0.1)×104 (5.4±0.9)×102 (7.4±2.5)×101 S06E28 M4.4 1098

13 2014 02/25, 03:00 (1.3±0.1)×105 (4.2±0.2)×103 (8.1±1.0)×102 S12E82 X5.0 2153

14 2014 09/01, 17:00 (2.1±0.1)×105 (9.7±0.7)×103 (1.5±0.6)×103 N14E127 ∼X2.4 2017

(∗) Upper limit.

Table 1: List of SEP events with a proton signal in excess of 500 MeV, associated with LDGRF detected

by Fermi/LAT above 100 MeV between 2008 August and 2014 September. The first five columns report the

SEP event number, onset time (UT) and the event-integrated intensities (sr−1cm−2) above 80, 300 and 500

MeV. For the four eruptions occurring on 2012 March 7 (no. 8), a single SEP intensity value is provided. The

remaining three columns show the parent flare location and class along with the linked CME space speed

(from the SOHO/LASCO catalog, https://cdaw.gsfc.nasa.gov/CME_list/halo/).
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tered by Fermi/LAT. Seventeen events (red stars) were found to be in common between PAMELA

and Fermi/LAT, but only fourteen of them were associated with SEP events with a statistically

significant proton signal in excess of 500 MeV (see Table 1). These events are associated with

≥M-class flares with hard X-ray emission extending above 100 keV [1], and with full halo CMEs

in the CDAW catalog. In addition, these events are linked to long-duration type-II and type-III

radio bursts, indicating the presence of a shock and of open field lines, respectively. In particular,

the measured type-II emission ranges from metric to decameter-hectometric wavelengths for most

events, suggesting that the shocks accelerating particles formed close to the Sun [35]. Three erup-

tions (green diamonds) with >500 MeV protons in SEPs – including a backside eruption – are not

associated with high-energy γ-ray emission, possibly due to the limited duty cycle of Fermi/LAT,

while there are many more LDGRFs (blue stars) that are not associated with high-energy SEPs,

most resulting from poor connectivity.

2. Comparing Total Proton Numbers from SEPs and Interacting Protons at the Sun

The total number of protons escaping the Sun as SEPs is determined by estimating the spatial

distribution at 1 AU and the mean free path during transport. Details of the calculations can be

found in [36]. The spatial distribution is determined using multi-point observations of SEPs from

PAMELA/GOES and STEREO A/B. Intensities are determined for fluences >80 MeV, correspond-

ing to the PAMELA threshold. Since we expect the distributions to be narrower at higher energies

(>500 MeV) from GLE observations, we compute upper limits derived from spatial distributions

determined above 80 MeV. While the spatial distributions are affected by several factors particu-

larly relating to contributions from preceding events and particles being over-counted because of

multiple crossings of 1 AU due to scattering, the distributions are well described by a periodic

Gaussian function with average σ of ∼ 41◦. Comparison of the decay times of the time-intensity

profiles with test particle models of diffusion for the 2012 May 17 SEP event suggests a mean free

path at 1 AU in the range λ0 = 0.1−0.3 AU. Given that our goal is to compute upper limits for the

proton numbers in space, we conservatively assume λ0 = 0.5 AU, corresponding to > 10 crossings

at 1 AU.

3. Results & Discussion

The comparison between proton numbers derived from the >100 MeV γ-ray emission (NLDGRF )

and SEPs at 1 AU (NSEP) is shown in Figure 2 (see also [36]). The color code indicates a precip-

itation fraction (assuming SEPs are back-precipitating from the CME-driven shock), defined as

NLDGRF /(NLDGRF +NSEP). The solid and the dashed curves mark the one-to-one and the one-to-

hundred correspondences, respectively. Fermi/LAT proton numbers are from [1], and are corrected

for anisotropic effects characterized by the downward proton distribution [18]. The vertical error

bars include the uncertainties on LDGRF proton numbers from [1]. For the quantity NSEP, we show

upper limits accounting for the assumptions made in the spatial distribution estimate, as discussed

earlier. The NSEP/NLDGRF ratio exhibits a large scatter, spanning more than five orders of magnitude

from ∼7.8×10−4 to ∼5.0×102, with a mean value of ∼78.
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Figure 2: Number of protons deduced from Fermi/LAT [1] compared with number of protons determined

from PAMELA and STEREO-A/B. The color code shows the precipitation fraction NLDGRF/(NLDGRF +

NSEP). The solid and the dashed lines mark the 1-to-1 and the 1-to-100 correspondences, respectively. The

Kendall’s τ and the Spearman rank (Rs) correlation coefficients, along with their p-values, are also reported.

The scatter in the NSEP/NLDGRF ratio can be explained in the context of the CME model for con-

tinuous back precipitation of energetic protons in which the magnetic connection is likely sporadic

and unpredictable between the shock front, in particular the nose where acceleration is expected to

be most efficient, and the Sun. However, in such a scenario one would expect the intensity-time

profile in any given LDGRF to be erractic, atypical of the smooth profiles of most well-measured

LDGRFs observed by Fermi/LAT. Even more problematic are the events (in the left of Figure 2)

where the particle number at the flare exceeds, in some cases considerably, the particle number in

space. If the particles above 500 MeV in space were from the same population as those responsible

for the γ-ray emission at the Sun, it would imply that in some cases, more than ∼80% of this popu-

lation must be extracted from the acceleration process to produce the radiation. This loss from the

shock acceleration process is in addition to other processes that reduce shock efficiency such as the

finite extent of the shock and proximity to the strong magnetic fields close to the Sun. Finally, two

Fermi/LAT detections on 2012 October 23 and 2012 November 27, which were not linked to CME

eruptions, suggest that a fast CME is not a necessary requirement for LDGRFs.

An alternate to back precipitation is the scenario where particles are continuously accelerated

within extended coronal loops and diffuse to the denser photosphere [17]. Large quasi-static loops

have been associated with LDGRF emission [37, 38]. The typically smooth exponential decay of

LDGRF emission is also consistent with coronal trapping, with spatial and momentum diffusion

governing the precipitation of high-energy particles [39]. To accelerate protons, magnetic turbu-
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lence or Alfvén waves with δB/B only ∼ 10% is necessary [40]. New radio observations can help

place constraints on coronal loop size and the ambient conditions within the loop that will improve

the modeling of LDRGFs within the continuous acceleration and trapping scenario (see [41]; [40];

[39]).

4. SUMMARY

Direct comparison of the number of interacting protons at the Sun during LDGRFs and the

number of SEP protons in the energy range above the ∼300 MeV pion-production threshold pro-

vides valuable insight into the origin of the γ-ray emission. An important factor in the analysis is

obtaining SEP energy spectra up to a few GeV [29] that lead to estimates of the total number of

>500 MeV protons at 1 AU, by combining PAMELA and STEREO data with the aid of transport

simulations, that can be compared with the number of high-energy protons at the Sun deduced from

Fermi/LAT data [1]. The results of our analysis show that the two proton numbers are uncorrelated

such that their ratio spans more than five orders of magnitude. The lack of correlation, and several

extreme cases where the number of protons required to account for LDGRFs far exceeds the num-

ber of SEP protons, suggests that the LDGRF emission is probably not due to the back precipitation

of particles accelerated at CME-driven shocks. Moreover, two LDGRF events (2012 October 23

and November 27) demonstrate that an association with fast CMEs does not appear to be a nec-

essary requirement for high-energy γ-ray emission. In addition, while bright flares and impulsive

>100 keV hard X-rays are not sufficient conditions for LDGRFs, there are also several counter-

examples of fast halo CMEs that were not accompanied by >100 MeV γ-ray emission, though the

limited exposure of the LAT instrument complicates this interpretation. An alternative explanation

for LDGRFs based on continuous particle acceleration and trapping within large coronal structures

that are not causally connected to the CME shock is suggested, and new remote observations of

these loops [38] may help to constrain the role of such acceleration in producing LDGRF emission.
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