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Long Duration Gamma-Ray 
Flares (LDGRF)

• Extremely long duration (hours), 
smooth exponential decay, often 
with minute(s) delay after 
impulsive phase.

•High energy π-decay produced 

(>1 GeV) photons.

•No primary electron component 

detected.
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Where do they originate and how?

• Delayed onset, relativistic ion energies, long duration—
similar to GLEs.  Maybe the coronal shock that produces 
a GLE can feed particles back to the Sun to radiate.  If 
not shocks, then where?


• Let’s examine this?  Are there counterexamples?

1. Find a shock/SEP event with no LDGRF—but maybe 

poor connection back to Sun, or

2. find a LDGRF with no corresponding shock/SEP 

event to provide particles.



2012 March 7 may be such an event
• Two X-class flares one hour apart from AR 11429 N16°E29°, X 5.4, 

00:02 UT (peak 00:24 UT) and X1.4, 01:05 UT (peak 01:14 UT). 

in EUV images from STB and SDO. The events were behind
the limb for STA. The solar, heliospheric, and magnetospheric
activity associated with these events is described in detail in
Patsourakos et al. (2016). In the following, we present only the
information relevant to this paper for completeness starting
with Table 1, whichcontains a summary of the sequence of
events during 2012 March 7.

3.2. EUV Waves, WL CMEs, and Shocks

Two EUV waves, EUV-W1 and EUV-W2hereafter, were
launched in connection with the two flares. In Figure 1 we
mark EUV-W1 at STB (195 Å; bottom left) and in SDO (195 Å;
bottom right) running-difference images. EUV-W1 was first
observed at ∼00:12 UT, while EUV-W2 was first observed
1hr later at ∼01:02UT. Both waves followed a similar
southwestern path. A detailed analysis of both EUV waves is
presented in Section 7.1.

Additionally, WL coronagraph observations recorded
CMEsCME1 and CME2. In Figure 2 we show COR2B/A
(left and right) and SOHO/LASCO (middle) observations of
CME1. It erupted off the western COR2B limb and off the
eastern LASCO limb. It was also clearly observed by COR2A.
CME1 first appeared at ∼00:16UT in COR1B and at
∼00:40UT in COR2B. The height–time measurements from
SOHO/LASCO observations of CME1 correspond to a speed
of 2684 km s−1 according to the CDAW CME catalog (Yashiro
et al. 2004). An analysis of the CME1 kinematics with
triangulation techniques by Liu et al. (2013) resulted in a
similar peak speed of about 2400 km s−1. Their analysis,

Figure 1. Top panels: EUV images during the first flare (2012 March 7 at 00:20 UT) recorded from STB (top left) at 195 Å and AIA (top right) at 193 Å. The
dashedboxes outline the location of AR 11429. Bottom panels: running-difference images. A part of the expanding EUV wave is labeled with an arrow (left panel)
and outlined with the dashed line (right panel).

Table 1
Sequence of Events during 2012 March 7

Episode Observ. Characteristic Time (UT)

Flare GOES-15 Start 00:02
Coronal
Loops AIA/211 Slowly Rising 00:07
EUV wave AIA/211 Formation 00:12
CME LASCO Lift Off (H–T extrapolation) 00:16
CME COR1B 1st Appearance 00:16
Type III RSTN Start—180 MHz 00:17
Flare GOES-15 Maximum—X5.6 00:24
CME LASCO/C2 1st Appearance 00:24
μwavesa Learmonth Maximum–5 GHz 00:26
Type II SWaves Start—16 MHz 00:30
CME COR2B 1st Appearance 00:39
CME LASCO/C3 1st Appearance 00:42
CME COR2B WLS signatures 00:54

EUV wave AIA/211 Formation 01:02
CME LASCO Lift Off (H–T extrapolation) 01:04
Flare GOES-15 Start 01:05
Type II RSTN Start—50 MHz 01:12
CME COR1B 1st Appearance 01:11
Type IV RSTN Start—180 MHz 01:11
Flare GOES-15 Maximum—X1.4 01:14
μwavesa Learmonth Maximum—5 GHz 01:14
CME COR2B 1st Appearance 01:25
CME LASCO/C3 1st Appearance 01:30

Note.
a Microwave radio emission.
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Summarizing results of Kouloumvakos et al. (2016) 
• First X5 flare/CME responsible for SEP event at Earth and STA far to the west, clear IP shock.  

2800 km-s–1.  Supported by Ding et al. (2016) and Richardson et al. (2014). 
• Inferred shock (slower) from second X1 flare, just low corona phenomenon, but no IP particle 

production.  Supported by above researchers. 
• X5 active region had oor connection to Earth, producing diffusive-like SEP event.  Only STB 

has good connection to WL or EUV signatures. 
• Clear low-corona particle activity from both events (X/γ and µ waves)

with high temporal and spatial resolution of the corona by the
Atmospheric Imaging Assembly (AIA; Lemen et al. 2012),
complemented by vector magnetograms of the underlying
photosphere by the Helioseismic and Magnetic Imager (HMI;
Scherrer et al. 2012). The CME propagation from Sun to IP
space is monitored by the imagers, coronagraphs, and helio-
spheric imagers of the Sun–Earth Connection Coronal and
Heliospheric Investigation (SECCHI; Howard et al.2008)
aboard the twin Solar Terrestrial Relationship Observatory
(STEREO) spacecraft. Supplementary coronagraphic views are
provided by the Large Angle and Spectrometric
Coronagraph (LASCO) coronagraphs (Brueckner et al. 1995)
aboard the Solar and Heliospheric Observatory (SOHO)
mission. Finally, a fleet of in situ monitors either orbiting
around L1 (such as Wind measuring plasma (Ogilvie
et al. 1995) and magnetic field (Lepping et al. 1995)
parameters) or at various places in and around the magneto-
sphere (such as the five Time History of Events and Macroscale
Interactions(THEMIS) spacecraft (Angelopoulos 2008), Clus-
ter (Balogh et al. 1997; Escoubet et al. 1997), and the
Geostationary Operational Environmental Satellites GOES-13
and GOES-15) supply comprehensive views of the geospace
impact of the solar eruptions. Figure 2 provides an overview of
the configuration of the various observatories used in this
study.

In this article we present an overview of the two eruptive
flares (Section 2), use geometrical fittings of coronagraphic
observations to determine which of the associated CMEs was
Earth-directed and derive its magnetic helicity budget (Sec-
tion 3), deduce its near-Sun magnetic field, using a novel
method, and extrapolate its magnetic field and kinematics to
1 AU (Section 4), and present the observations of the
corresponding ICME at 1 AU (Section 5). We also summarize
the main magnetospheric observations and supply detailed
causal links between various magnetospheric phenomena and
activities; in addition, we use the extrapolated magnetic field,
speed, and ram pressure at 1 AU to get proxies of the
magnetospheric response in terms of magnetospheric compres-
sion and Dst index (Section 6). We discuss our results and
conclude the study in Section 7.

2. OVERVIEW OF THE ERUPTIVE FLARES
OF 2012 MARCH 7

The source of the activity was NOAA AR 11429, hereafter
11429, with heliographic coordinates (N18, E31) and a βγδ
photospheric magnetic configuration on 2012 March 7 at
00:00:00 UT (Figure 3(b)). This AR was intensely eruptive
and hosted several major events. The photospheric line-of-
sight (LOS) HMI magnetogram of the AR (Figure 3(b))
shows a complex polarity inversion line (PIL) with strong
fields and gradients. Strong shearing motions were also
observed along the PIL (Chintzoglou et al. 2015). Flux-rope
structures were detected in the overlying corona (Figure 3(c))
in the 94 and 131Å AIA channels with peak temperature
responses at ∼6.4 and 10 MK, respectively (Lemen
et al. 2012). The existence of pre-eruptive flux ropes was
confirmed by the use of nonlinear force-free magnetic field
extrapolations (Chintzoglou et al. 2015). Multiple flux ropes
can result from the continuous emergence and reconnection of
sheared field lines along the PIL in ARs undergoing
dynamical emergence of weakly twisted flux tubes from the
solar interior (Archontis et al. 2013, 2014). The pre-eruptive
flux-rope structures were also observed in several other hot
spectral lines (e.g., Ca XV (log T = 6.65), Fe XXIII

(log T = 7.15), Fe XXIV (log T = 7.25)) by the Extreme
Ultraviolet Imaging Spectrometer (EIS; Culhane et al. 2007)
onboard the Hinode mission (Kosugi et al. 2007). Using EIS
spectroscopic observations, which offer much better tempera-
ture resolution than the AIA narrow-band images, Syntelis
et al. (2015) showed that the flux-rope structures indeed
contain hot (∼6–12 MK) plasmas.
The two flares occurred on 2012 March 7 (panel (B) of

Figure 1). The first one was a GOESX5.4 flare with onset
and peak times at 00:02 UT and 00:24 UT respectively. The
flare originated from the eastern part of 11429 at heliographic
coordinates (N18, E31). The second flare was a GOESX1.3
with onset and peak times of 01:05 UT and 01:14 UT,
respectively. It originated from the western part of 11429 at
heliographic coordinates (N15, E26). The two flares were
associated with two ultra-fast CMEs launched from 11429.
The CME associated with the first flare, hereafter CME1, was
directed along the NE (Figure 3(d)). This can be seen from

Figure 2. Left panel: observing configuration on 2012 March 7 00:00 UT showing the location of STEREO B (blue circle), STEREO A (red circle),Messenger(orange
circle) and Earth (green circle). Right panel: locations of THEMIS A, C, D, and E, GOES-13 ACE, Wind and Cluster spacecraft on 2012 March 8 10:00 UT, shortly
before the arrival of the pressure pulse associated with the solar eruptions of 2012 March 7. The light-blue bow-shaped structure corresponds to the bow shock with its
axes in the GSE system.
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Fig. 2.— Long lasting emission. Top panel: soft X-rays (red: 1.5–12 keV, blue: 3–25 keV) from the GOES 15 satellite. On the right
axis, 5-minute averaged proton flux (green: 30–50 MeV, yellow: 50–100 MeV, magenta: >100 MeV). We display the average of detectors
A and B. Bottom panel: high energy gamma ray flux above 100 MeV measured by the Fermi LAT. The Blue/red circles represent the
flux and the derived proton spectral index obatined with the LLE analysis (covering the initial period, when the instrumental performance
was a↵ected by pileup of hard-X-rays in the ACD tiles). Blue/red empty circles/squares represent the flux and the derived proton spectral
index obtained by standard likelihood analysis. Green diamonds are the GOES proton spectral indexes derived from the hardness ratio, as
described in the text.

tral index s correlates better with the GBM flux than
with the high-energy flux measured by the LAT. For the
interpretation of these results, see §4.

3.2. Temporally extended emission

Following the first 90 m of Fermi -LAT observation up
to the end of the flaring episode we perform our study us-
ing the standard likelihood analysis implemented in the
Fermi -LAT ScienceTools64 with P7SOURCE V6 IRFs, se-
lecting a 12� radius ROI and selecting only photons that
arrive at the LAT within 100 degrees of the zenith to
reduce contamination from the Earth’s limb. We include
the azimuthal dependence of the e↵ective area.
To study the temporally extended emission, we per-

form time resolved spectral analysis in Sun-centered co-
ordinates by transforming the reference system from ce-
lestial coordinates to ecliptic Sun-centered coordinates.
This is necessary in order to compensate for the e↵ect
of the apparent motion of the Sun during the long du-
ration of the flare. We select intervals when the Sun
was in the field of view (angular distance from the LAT
boresight < 70�) and use the unbinned maximum likeli-

64We used ScienceTools version 09-28-00

hood algorithm gtlike. We include the isotropic tem-
plate model that is used to describe the extragalactic
gamma-ray emission and the residual CR contamination
(iso p7v6source.txt), leaving its normalization as the
free parameter. Over short time scales, the di↵use Galac-
tic emissions produced by cosmic rays interacting with
the interstellar medium are not spatially resolved and are
hence included in the isotropic template. We also add the
gamma-ray emission from the quiescent Sun modeled as
a point source located at the center of the disk, with a
spectrum described with a simple power-law with a spec-
tral index of 2.11 and an integrated flux (> 100 MeV) of
4.6⇥10�7 ph cm�2 s�1 (Abdo et al. 2011). We did not
include the extended IC component described in Abdo
et al. (2011) because it is too faint to be detected during
these time scales. We fit the data with the same two
phenomenological functions used for the impulsive phase
of the flare and use the Likelihood Ratio Test to estimate
whether the addition of the exponential cut-o↵ is statis-
tically significant. The Test Statistic TS= �2� log(L)
is twice the increment of the logarithm of the likelihood
value L obtained by fitting the data adding the source
to the background. Because the null hypothesis is the
same for the two cases, the increment of the Test Statistic

Dubbed “impulsive phase” by Ajello et al. (2014)

*Irradiance plotted, 
not photon intensity
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Fig. 5.— Location of the gamma ray emission above 100 MeV for the time-integrated (left) and the time resolved (right) analysis. The
images on the background are from SDO (AIA 171Å) and are taken at the time of the flaring episode. Active regions are flagged with their
respective NOAA numbers. The region associated with the X-class flares is indicated with a red label, located at N16E30 (X,Y=-471,37300).
The green circles are the 68% source location uncertainty regions (+systematic error added in quadrature). The grid on the background is
the coordinate grid of equatorial coordinates, while the yellow sphere is the heliocentric coordinate grid (with the projected solar rotation
axis parallel to the Y-axis, the Z-axis is the line of sight (from the Sun to the observer) and the X-axis in the cartesian projection complete
the normal basis.

TABLE 4
High Energy Events

Arrival Time Energy Distance ✓ Event Class Conversion PSFa
68%

2012/03/07 UT GeV (deg) (deg) (deg)

0:49 2.8 0.2 49 SOURCE FRONT 0.3
1:18 4 0.6 66 ULTRACLEAN BACK 0.5
2:35 2.9 0.6 62 SOURCE BACK 0.6
4:12 2.9 0.5 36 ULTRACLEAN BACK 0.6
7:30 4.5 0.8 44 ULTRACLEAN FRONT 0.2

a PSF68% corresponds to the 68% containment radius calculated from the PSF of the instrument for an energy and direction equal to the energy
and direction of the event.

The sensitivity of the Fermi -LAT enables the inves-
tigation of several aspects of solar flares that were not
previously accessible, in particular the spectral evolution
during the impulsive phase and throughout the tempo-
rally extended phase, as well as the localization of the
> 100 MeV emission. The data for the exceptionally
bright solar flares of 2012 March 7 represent an excellent
opportunity to study the details of these characteristics.
Here we focus on the possibility of constraining the emis-
sion and acceleration processes.
For the initial four time intervals the projected loca-

tion of the gamma-ray emission is consistent with the
position of the active region #11429. While in the last
two time intervals the localizations are slightly displaced
with respect to this region, but still consistent with the
solar disk.
GOES fluxes began to rise at about 00:05:00 UT, and

continued to increase for over an hour, while Fermi sun-
rise started roughly six minutes after the peak of the first
flare at 00:30:00 UT. This coincided with the gradual de-
cay phase during which the hard X-ray (HXR) emission
is relatively soft. The GBM detected only weak emis-
sion above 100 keV during the first flare. On the other
hand, the second flare had a large flux in the 100-300
keV range and a significant flux above 1 MeV, which

indicates acceleration of electrons up to several MeVs.
The derivative of the GOES flux has a pulse shape with
a similar structure to that of the lowest energy GBM
channel. These pulses show the usual soft-hard-soft spec-
tral evolution in the HXR regime. However, the LAT
> 100 MeV emission has a monotonically decreasing flux
that is approximately exponential with a ⇠ 30 m decay
period. There is no significant evidence for an upturn in
flux during the X1.3 flare, while the derived proton index
does show some variation. The pion-decay model, which
fits well, requires a relatively hard proton spectrum with
the power-law index, s, ranging between ⇠3.0 and ⇠3.5.
The spectrum is initially soft, but then exhibits evidence
of spectral hardening during the second flare, as also ap-
pears to be the case in the HXR regime (Figure 1). The
hardening seems to start ⇠20 minutes before the start
of the X1.3 flare. However, the significance of this early
hardening is less than 3�. If this is real, explanations for
spectral hardening during the decay phase can be an in-
tensification of the acceleration rate or, alternatively, to
trapping of accelerated particles in a coronal loop with a
converging magnetic field configuration (see below).
The temporally extended emission is characterized by

a slight increase of the gamma ray flux starting at ap-
proximately 2:15:00 UT; the flux reaches its maximum at

Significant and large 
scale displacement of 
centroid over hours—

basically first vs. 
second flare

2012 March 7 “Impulsive 
Phase”

X1.4
X5.4



Alternative Continuous Acceleration 
Process in Static Structure

• Leakage from ends of rarified large loop (109 cm–3, 
>105 km) 

• Long lasting MHD turbulence resonant with ~100 MeV 
protons. 

• Inject monoenergetic protons (20 MeV) 

• Diffusion in x and p. τ = L2/π2κ 

• Delay comes from transport and pion threshold.
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  Possible Complications

• Energy loss from collisions with electrons.  OK if density is low—
large loop. 

• Curvature and gradient drifts.  Could be an issue for the 20-h 
2012 March 7 event.  Could be path for getting particles into IP 
space. 

• Maintenance of turbulence to both trap and accelerate the ions.  
Easy to initiate, and may have been detected (De Moortel et al., 
2014).  Turbulence itself could be trapped. 

• We also take the spatial diffusion coefficient κ to be independent 
of energy and position, making the momentum diffusion ∝ p2.



Continuous Acceleration model for 1st Flare (X5)

Requires loop length > 1 R⊙◉☉



CME at 0.5 AU at time of centroid displacement

Both Events
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Fig. 5.— Location of the gamma ray emission above 100 MeV for the time-integrated (left) and the time resolved (right) analysis. The
images on the background are from SDO (AIA 171Å) and are taken at the time of the flaring episode. Active regions are flagged with their
respective NOAA numbers. The region associated with the X-class flares is indicated with a red label, located at N16E30 (X,Y=-471,37300).
The green circles are the 68% source location uncertainty regions (+systematic error added in quadrature). The grid on the background is
the coordinate grid of equatorial coordinates, while the yellow sphere is the heliocentric coordinate grid (with the projected solar rotation
axis parallel to the Y-axis, the Z-axis is the line of sight (from the Sun to the observer) and the X-axis in the cartesian projection complete
the normal basis.

TABLE 4
High Energy Events

Arrival Time Energy Distance ✓ Event Class Conversion PSFa
68%

2012/03/07 UT GeV (deg) (deg) (deg)

0:49 2.8 0.2 49 SOURCE FRONT 0.3
1:18 4 0.6 66 ULTRACLEAN BACK 0.5
2:35 2.9 0.6 62 SOURCE BACK 0.6
4:12 2.9 0.5 36 ULTRACLEAN BACK 0.6
7:30 4.5 0.8 44 ULTRACLEAN FRONT 0.2

a PSF68% corresponds to the 68% containment radius calculated from the PSF of the instrument for an energy and direction equal to the energy
and direction of the event.

The sensitivity of the Fermi -LAT enables the inves-
tigation of several aspects of solar flares that were not
previously accessible, in particular the spectral evolution
during the impulsive phase and throughout the tempo-
rally extended phase, as well as the localization of the
> 100 MeV emission. The data for the exceptionally
bright solar flares of 2012 March 7 represent an excellent
opportunity to study the details of these characteristics.
Here we focus on the possibility of constraining the emis-
sion and acceleration processes.
For the initial four time intervals the projected loca-

tion of the gamma-ray emission is consistent with the
position of the active region #11429. While in the last
two time intervals the localizations are slightly displaced
with respect to this region, but still consistent with the
solar disk.
GOES fluxes began to rise at about 00:05:00 UT, and

continued to increase for over an hour, while Fermi sun-
rise started roughly six minutes after the peak of the first
flare at 00:30:00 UT. This coincided with the gradual de-
cay phase during which the hard X-ray (HXR) emission
is relatively soft. The GBM detected only weak emis-
sion above 100 keV during the first flare. On the other
hand, the second flare had a large flux in the 100-300
keV range and a significant flux above 1 MeV, which

indicates acceleration of electrons up to several MeVs.
The derivative of the GOES flux has a pulse shape with
a similar structure to that of the lowest energy GBM
channel. These pulses show the usual soft-hard-soft spec-
tral evolution in the HXR regime. However, the LAT
> 100 MeV emission has a monotonically decreasing flux
that is approximately exponential with a ⇠ 30 m decay
period. There is no significant evidence for an upturn in
flux during the X1.3 flare, while the derived proton index
does show some variation. The pion-decay model, which
fits well, requires a relatively hard proton spectrum with
the power-law index, s, ranging between ⇠3.0 and ⇠3.5.
The spectrum is initially soft, but then exhibits evidence
of spectral hardening during the second flare, as also ap-
pears to be the case in the HXR regime (Figure 1). The
hardening seems to start ⇠20 minutes before the start
of the X1.3 flare. However, the significance of this early
hardening is less than 3�. If this is real, explanations for
spectral hardening during the decay phase can be an in-
tensification of the acceleration rate or, alternatively, to
trapping of accelerated particles in a coronal loop with a
converging magnetic field configuration (see below).
The temporally extended emission is characterized by

a slight increase of the gamma ray flux starting at ap-
proximately 2:15:00 UT; the flux reaches its maximum at

CME at 0.5 AU



Summary
• Two LDGRFs occurred on 2012 March 7, separated by about one hour.


• Both produced similar HXR/γ and µ wave intensities but differing by 5× 
in SXR.


• Earlier flare produced LDGRF with a ~1 R⊙◉☉	 loop.	 

• Having the second IP shock produce 20-h emission at the Sun is 
unattractive from other observations.	 

• Second flare produced the 20-h LDGRF with no contribution from IP 
space.  


• Compatible with trapping and acceleration in a magnetic structure 
between AR11429 and AR11423, but needs further study.


• No particle in space registered > 1 GeV (PAMELA collab., priv. comm.)


• Particles in space >500 MeV roughly comparable to or less than those 
deduced from γ data (de Nolfo et al., 20 minutes ago)



Future Work for Loop 
Modeling

• Investigate possibilities of losing coronal loop particles into 
space, e.g., curvature and gradients drifts and how that affects 
fits.


• Must investigate other parts of parameter space, e.g., length 
scales, and other acceptable parameters for good fits.


• Interpret fit parameters in the context of other data.


• Study other LDGRFs to search for patterns and similarities.



ARGOMoon 
Italy’s Eye on the Moon

https://www.google.com/url?
sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiPpeHE8tHaAhXCMd8KHZTtBJYQ3ywIKTAA&url=https%3A%2F

%2Fwww.youtube.com%2Fwatch%3Fv%3DJsfHuSqLIEw&usg=AOvVaw1cPRNsqAfWty5Po2uNhKlO

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiPpeHE8tHaAhXCMd8KHZTtBJYQ3ywIKTAA&url=https://www.youtube.com/watch?v=JsfHuSqLIEw&usg=AOvVaw1cPRNsqAfWty5Po2uNhKlO

