
The series of large flares from
 2017 Septem

ber 4 to 10 were 
significant m

icrowave events with revealing m
ulti-wavelength 

im
ages of the flare environm

ent. The event on Septem
ber 10 was 

a large long-duration, gam
m

a-ray flare (LDG
RF).  The event also 

produced a G
round Level Enhancem

ent (G
LE).  Using the 

m
icrowave im

aging data from
 the Expanded O

wens Valley Solar 
Array (EO

VSA) we interpret and m
odel the behavior of the 

energetic-flare protons of Septem
ber 10 as m

easured with the 
Large Area Telescope (LAT) on the Ferm

i m
ission.  W

e do this in 
the context of stochastic acceleration in a large coronal bipolar 
structure to produce the high-energy long-duration γ-ray 
em

ission.  O
ur prelim

inary analysis suggests that the acceleration 
of the G

eV protons takes place in a large structure about 1.4 R
̥  

in length.  The requirem
ents for the m

agnetic field and turbulence 
in this structure are presented.

Are we accelerating particles?  An acceleration tim
e scale τa  (=9κ/V

A 2) 
(Schlickeiser 1986) can be com

puted.  For the acceleration tim
e scale to equal 

the diffusion tim
e scale, one needs an Alfvén speed >140 km

-s
–1, a m

odest 
requirem

ent.  G
reater speeds shorten τa .

This sim
ple analysis reveals several things:

i.W
ith unprecedented µ-wave im

aging, we can put realistic num
bers on coronal 

traps that can produce protons of sufficient energy to power an LDG
RF.

ii.Accom
panying im

ages and data from
 SDO

, RHESSI and LAT allow us to 
quantitatively exam

ine the energetic particle environm
ent.

iii.W
e see that diffusion in a static loop can successfully both im

pede the 
transport of particles and accelerate them

 to the requisite energy.
However, this new inform

ation highlights shortcom
ings of the m

odel.
i.

G
rechnev et al. (2018) concluded that a shock passage seeds the large 

loop, in which the diffusion process occurs.  This event is sim
ilar, in that, the 

reconnection site associated with the central HXR, AIA and µ-wave im
age 

gives rise to a breakout process (Karpen et al. 2018), producing a shock that 
likely accelerates particles to m

odest energy at low altitudes.  However, after 
3 hours, the region behind the blob will likely re-configure into a m

ore dipole 
like structure.  This leaves behind a large loop with seed particles, with 
those particles being unrelated to those in the im

pulsive phase, rem
iniscent 

of Hudson’s lasso picture (Hudson 2018).
ii.

The m
odel is too sim

ple as is.  For large loops we m
ust incorporate the 

inhom
ogeneity of m

agnetic field.
iii.In regions where B is too sm

all to support the necessary wave field, the 
containm

ent of the wave energy m
ust be included, perhaps sim

ilar to that 
discussed by Hollweg (1984) where waves in loops are reflected off 
gradients and discontinuities in the “index of refraction.”

iv.Investigate self-generated waves produced by the low-energy protons that 
resonate with higher energy protons, producing a non-Kolm

ogorov 
spectrum

, sim
ilar to that com

puted by Lee (1982).
v.

O
ne m

ust include a m
om

entum
-dependent diffusion coefficient that will 

produce a varying power law spectral index.

Conceptually and qualitatively, a coronal trap, with spatial and 
m

om
entum

 diffusion governing the precipitation of high-energy 
particles, can re-produce LDG

RF behavior witnessed since 1982 
(Chupp et al. 1983).  The diffusive behavior produces a “perfect” 
exponential decay, difficult to achieve by other processes.  Realistic 
num

bers obtained from
 new m

easurem
ents of an actual environm

ent 
clears the way for future m

odeling efforts.
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Long Duration G
am

m
a-Ray Flares (LDG

RF) exhibit a delayed 
onset and em

it very high energy γ rays.  It has been postulated 
from

 the first observations that the sam
e particles that produce 

ground level enhancem
ents (G

LE) also produce the γ radiation 
from

 the Sun.  However, the phenom
enon is frequent, robust and 

repeatable.  M
odeling the necessary particle transport from

 great 
distances once accelerated in an IP shock is strained.  M

agnetic 
connections to the shock front are transient and the diffusion 
through the downstream

 region to the solar surface from
 

distances as long as a fraction of an AU would seem
 to be 

unreliable, given the m
agnetic re-structuring taking place behind 

the CM
E.  Furtherm

ore, one m
ust produce a profile that is 

rem
arkably diffusive in nature, no bum

p, no wiggle—
a pure 

exponential for m
any hours.

Alternatively, we can investigate a diffusion solution to the particle 
transport and acceleration as it can take place in large coronal 
loops, distinct from

 the receding CM
E and shock.  M

odeling by 
Ryan and Lee (1991) shows that the trapping volum

es m
ust be 

large and filled with M
HD turbulence to accelerate the ions via 

second-order Ferm
i acceleration and transport them

 diffusively to 
the solar photosphere where they radiate for long periods.  
Lacking, though, is a visualization of such an active loop that 
could be the hom

e and the accelerating agent for the protons.  
The unique m

icrowave observations of the 2017 Septem
ber flares 

reveals loops of the appropriate size and location, allowing us to 
m

odel the acceleration and transport.
The 2017 Septem

ber events were bona fide LDG
RFs with 

accom
panying energetic ions detected in space.  The loops of this 

event are lum
inous in m

icrowaves through the em
ission by 

energetic electrons and positrons.  W
e can, thus, set constraints 

on the necessary em
bedded (and largely invisible) turbulence.

W
e search for a self-consistent, data-supported diffusion m

odel of 
the LDG

RF process without invoking a distant receding shock.

M
odeling

The m
odel, in its sim

plest, form
 is a 1-d leaky 

box, if one only considers the long-term
 decay, 

neglecting the early tim
e dependent aspect of 

the problem
, i.e., the initial acceleration and 

transport of the particles to the footpoints, where 
they radiate (Ryan and Lee 1991).  The initial 
acceleration and transport to the footpoints is 
present before 1900 UT, where the em

ission is 
intensifying.  The diffusion, assum

ing λ≪
l, where 

λ is the particle m
ean free path and l is the 

length of the trapping volum
e, governs the 

physical transport of the particles.  It also is 
responsible for the acceleration of the protons 
via the second-order Ferm

i process, the tim
e 

scale of the acceleration is inversely proportional 
to the spatial diffusion tim

e.  If we further assum
e 

that the spectral shape is stationary (which it is 
not, see below) then this decay in a linear box of 
length l is governed only by the m

easured spatial 
diffusion tim

e constant τd  = l 2/$
2κ, where κ is the 

inferred or m
easured spatial diffusion coefficient, 

assum
ed to be m

om
entum

 or energy 
independent.  The quantity κ, however, does not 
fully capture the observed decay of the particle 
distribution.  The value of κ should be 
considered an upper lim

it, because acceleration 
continues during the transport and the 
precipitation process.  That said, we take the 
acceleration rate with respect to the loss rate to 
be stabilized and that the spectral shape of the 
ions above the γ-ray production threshold (~300 
M

eV) is steady.  The softening of the spectrum
 

with tim
e m

easured by Ferm
i/LAT, however, 

belies this assum
ption to som

e degree, but 
probably not too m

uch, given that the spectrum
 

is still well represented by a power law.  In 
sum

m
ary, if one knows both l and τd , one can 

deduce κ, the diffusion coefficient.  In our case, 
neglecting acceleration, the gradual phase tim

e 
constant is ≲6500 s from

 which we com
pute κ.  

Q
uasi-linear theory can be used to estim

ate 
som

e plasm
a properties within the trap, such as 

δB/B, and from
 that the spectrum

-integrated 
wave-energy density (e.g., Lee, 1982).
A 6500-s precipitation of particles to the footpoint 
in a loop of length 1.4 R

̥  requires a diffusion 
coefficient of 1.4×10

17 cm
2-s

–1, corresponding to 
λ~200 km

, consistent with the diffusion 
approxim

ation.
To see how m

uch wave intensity we need, we 
norm

alize the wave power spectrum
 to the 

intensity at the resonant wave num
ber in a 1-G

 
field.  From

 there we extend the k
–5/3 

Kolm
ogorov form

 to a k value representative of 
the loop cross section diam

eter that we take to 
be l/10, where it is flat to the origin.  This in turn 
im

plies a wave field energy of 0.7 ergs-cm
–3, 

which exceeds the am
bient m

agnetic field 
energy at 1 G

 (0.04 ergs-cm
–3), what we m

ight 
expect at an altitude of 0.4 R

̥ .  However, no 
such problem

 exists farther down the legs of the 
loop, where B is m

uch greater.  For exam
ple, 

when B~10 G
, only 18%

 of the am
bient B energy 

need be in the form
 of waves.  The situation 

im
proves rapidly with increasing B in a dipolar 

field.
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M
odeling the 2017 Septem

ber 10 LD
G

R
F

The 2017 Septem
ber 10 event was an unusually powerful LDG

RF, em
itting >100 M

eV γ rays for several 
hours.  Perhaps due to connectivity, it was a som

ewhat less im
pressive G

LE and solar energetic particle 
(SEP) event at Earth (Bruno et al. 2018).  Being on the west lim

b with coronal loop structures oriented with 
a significant north-south orientation, the event was seen in profile by EO

VSA (G
ary et al. 2018), allowing 

an exam
ination of the dim

ensions of the affected volum
es in the corona.  Shown below left is the entire-

event γ-ray photom
etry curve >100 M

eV.  Below right is a snapshot of the 3.4-G
Hz m

icrowave em
ission 

early in the event.  It shows, in the red curves, the legs of a loop we believe contains the energetic particles 
necessary for the LDG

RF.

W
e focus on the period after 1900 UT on Septem

ber 10 that exhibits a sm
ooth photom

etric 
exponential decay (±20%

) with a tim
e constant of ~6500 s, for >10 hours, while the spectral index 

softens from
 3.7 to 6 (O

m
odei et al. 2018).  This period was also chosen because it is well after any 

disturbance produced by reconnections in and around the sm
aller loop and well after any CM

E.  
There is other activity leading up to the decay, including an im

pulsive phase and an interm
ediate 

recovery and fall (hidden by Earth occultation) that gives way to the gradual feature.  The onset of the 
long duration phase appears to have started som

e tim
e earlier than 1900 UT.  That corresponding 

im
age at 1800 UT, prior to the sm

ooth decay phase, is shown below.  The figure is the AIA (171 Å) 
superposed on that of the EO

VSA 3.9-G
Hz im

age near the peak of the gradual phase.  It is im
portant 

to note that acceleration after 1900 UT is still necessary.  No form
 of passive trapping can support a 

population for 10 hours without enorm
ous (m

any AU) scattering m
ean free paths.

The 3.4-G
Hz im

age at 1600 UT above defines the relevant structures and their dim
ensions.  There is 

an inner reconnection structure that can be seen below at 1800 UT.  The red curves in the 3.4-G
Hz 

im
age above are indicated as likely legs of a single larger loop.  In particular, the separation of the 

m
ost northern and southern lobes of this larger loop is of order 175″ or 0.2 R

̥  in the plane norm
al to 

the observer.  W
e take these to be the feet of a larger loop-like structure.  W

e estim
ate that the loop 

reaches a height of 0.4 R
̥  with a circular length of 1.4 R

̥ . At 1800 UT, and thereafter, the µ-wave 
and HXR activity is confined to the sm

aller central loop and is therm
al in nature (20 M

K), as is the x-
ray em

ission (O
m

odei et al. 2018).
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After 1800 UT no m
easurable non-therm

al 
em

ission is detectable in the field of view of the 
observing instrum

ents, other than the 100-M
eV 

γ-ray em
ission.  This behavior is sim

ilar to 
earlier non-im

aging observations. Unfortunately, 
little inform

ation com
es from

 the γ-ray im
age 

produced by Ferm
i/LAT at the tim

e of the green 
bar in the Ferm

i/LAT photom
etric plot (O

m
odei 

et al. 2018).  The error circle of the 100 M
eV 

em
ission from

 LAT is large enough late in the 
event to capture the large loops, but this m

ay 
only reflect the poorer statistics late, rather than 
true extended em

ission.


