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The first self-consistent simulations of electron acceleration during magnetic reconnection in a
macroscale system are presented. Consistent with solar flare observations, the spectra of energetic
electrons take the form of power laws that extend more than two decades in energy. The drive mechanism
for these nonthermal electrons is Fermi reflection in growing and merging magnetic flux ropes. A strong
guide field suppresses the production of nonthermal electrons by weakening the Fermi drive mechanism.
For a weak guide field the total energy content of nonthermal electrons dominates that of the hot thermal
electrons even though their number density remains small. Our results are benchmarked with the hard x-ray,
radio, and extreme ultraviolet observations of the X8.2-class solar flare on September 10, 2017.
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Introduction.—Flares are explosive events in the solar
corona that convert magnetic energy into particle energy
through magnetic reconnection [1-4]. While some released
energy goes into bulk flows and thermal energy, a signifi-
cant fraction appears in nonthermal electrons, which have a
power-law tail in their distribution function [2,4,5]. This
can lead to their pressure approaching the ambient mag-
netic [6,7]. Observations by the Reuven Ramaty High
Energy Solar Spectroscopic Imager (RHESSI) and the
Atmospheric Imaging Assembly on the Solar Dynamic
Observatory, suggest that these electrons comprise a
significant fraction of the total electron density in the
above-the-loop-top sources in solar flares [8].

Magnetic reconnection creates bent field lines with
a tension that drives an Alfvénic exhaust away from the
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x-line [9,10], energizing the surrounding plasma. When
particles stream into the exhaust, they gain energy by
reflecting from bent field lines [11]. This process, Fermi
reflection, is likely responsible for producing the power-
law tails in the electron distribution function [11-14]. The
energy gain due to Fermi reflection is proportional to a
particle’s energy and therefore dominates the energy gain
of the most energetic electrons. Since Fermi reflection does
not depend on any kinetic length scale, the relevant length
is the curvature of the reconnecting magnetic field.
Electrons can continue to gain energy from Fermi reflection
even as flux ropes merge and approach the domain
size [15].

This Letter presents the first results of simulations of
particle acceleration during magnetic reconnection in a 2D

© 2021 American Physical Society
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macrosystem that includes the self-consistent feedback of
energetic particles on the dynamics while conserving the
global energy. The simulation model, kglobal [16,17],
retains Fermi reflection as the dominant drive mechanism
for energetic electrons but excludes parallel electric fields
in kinetic-scale boundary layers. The kinetic scales that
constrain PIC modeling of macroscale systems are elim-
inated. While the ordering of kglobal eliminates kinetic-
scale parallel electric fields, the model includes large-scale
parallel electric fields, important for the initial energy gain
of electrons during reconnection [18-20].

The kglobal simulations produce power-law spectra of
energetic electrons that extend nearly three decades in
energy and simultaneously produce super-hot thermal
electrons, consistent with flare observations [6,7,21]. The
total energy content of the nonthermal electrons can exceed
that of the hot thermal electrons even though the number
density is smaller. Simulations performed with differing
values of the initial ambient out-of-plane guide field, B,
reveal that its magnitude strongly impacts the energy
content of the nonthermal electrons and their power-law
index. Stronger B, suppresses production of nonthermal
electrons by weakening the Fermi drive mechanism. In
contrast, the size of the global system has relatively little
influence.

Numerical simulations setup.—The 2D simulations are
carried out with the kglobal model, which consists of a
magnetohydrodynamic (MHD) backbone with fluid ions
and electrons as well as particle electrons that are distrib-
uted as macroparticles on the MHD grid. The two electron
species combine so that charge neutrality is preserved
[16,17]. However, since the equations governing energy
gain in the electron fluid are incomplete (e.g., Fermi
reflection is not included), any change in the energy of
the electron fluid will be neglected in the analysis of the
electron energy gain. The upstream reconnection magnetic
field By, and the ion density n,, define the Alfvén speed,
Cyo = Bo/+/4mm;ny. Since no kinetic scales are resolved,
lengths are normalized to an arbitrary macroscale L. Times
are normalized to 74 = Ly/C,o and temperatures and
particle energies to m;C3,. The perpendicular electric field
follows an MHD scaling, C4yB/c. The parallel electric
field scales like m;C%/eL and is small compared with the
perpendicular component. However, the energy associated
with the parallel potential drop acting over the scale L, is of
order m;C%, which is comparable to the available magnetic
energy per particle.

The simulations are initialized with constant densities
and pressures in a force-free current sheet with
periodic boundary conditions. Thus, B = B tanh (y/w)%+

\/ Bjsech?(y/w) + B22. The temperatures of all three

species are uniform and isotropic with T; =T, ;o =

T, fuia = 0.0625min‘0, leading to an initial plasma f of
0.25 (based on By)). While the initial £ is higher than typical

coronal values, electron heating, and acceleration is insen-
sitive to this choice as well as to the chosen fraction of
particle electrons (25% of the total electrons). The domain
size for all simulations is L, x L, = 2zL, x n/2L. The
magnetic field evolution equation includes a hyper-
resistivity v to facilitate reconnection, while minimizing
dissipation at large scales [22]. The effective Lundquist
number S, = C,L3 /v associated with this hyperresistivity
is varied to change the effective system size (ratio of the
macro to the dissipation scale). We also include fourth and
second order viscosity terms and some electron particle
diffusion to prevent a numerical instability associated with
trapping electrons in small perpendicular electric field
fluctuations. Reconnection begins from particle noise
and proceeds to produce multiple flux ropes whose number
increases with S,. However, our late-time results are
relatively insensitive to S, and therefore the effective
system size. Unless otherwise stated we focus on simu-
lations with 100 particles per cell, time step dt = 0.00017,
S, =9.5x107, and N, x N, = 2048 x 512 grid cells. By
taking Ly, = 10* km, our grid cell is 30 km across, much
larger than any kinetic scales or PIC simulations. The mass
ratio is m;/m, = 25. The results are not sensitive to this
value. The speed of light is ¢/ Co ~ 60. We use guide fields
B,/B, = 0.1, 0.25, 0.4, 0.5, 0.6, 0.8, and 1.0.
Simulation results.—Since reconnection in our simula-
tions is triggered by particle noise, the dynamics begins
with the growth of many small islands, which subsequently
undergo mergers and eventually approach the system scale.
This behavior is seen in Fig. 1 from a simulation with
B,/By = 0.25. The energy per particle of the particle
electrons, (W) (energy density divided by number density),
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FIG. 1. (a),(b), and (c) (W) for a simulation with B,/B, = 0.25
at t/ty = 2.5, 5, and 8 with field lines overplotted. (d) The
firehose parameter at late time from a simulation with
Bg/BO - 01
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is shown in the x—y plane at three times, /74 = 2.5, 5, and
8 in panels (a),(b), and (c). Magnetic field lines are
superimposed. The particle electron energy is nearly con-
stant along field lines because of the high electron parallel
mobility.

Figure 1(d) shows the firehose parameter, 1 —4z(P) —
P, )/B? at late time from a simulation with B /B, = 0.1.
Large regions within the magnetic islands are near marginal
stability (with some unstable regions) so that the local
magnetic tension, which drives particle energy gain, is
largely suppressed there. Thus, electron feedback on the
MHD fluid is essential in regimes where electron energy
gain is significant. Models based on test particle dynamics
neglect the feedback of particles and can therefore lead to
runaway electron energy gain.

The spectrum of nonthermal electrons is calculated by
summing the number of particle electrons within a speci-
fied energy range over the entire simulation domain. This
improves the statistics by maximizing the count rate at the
highest energies. Figure 2(a) shows the differential electron
number density F(W) = dN(W)/dW versus the norma-
lized energy, W/m;C%,, on a log-log scale at several times
for the case B,/ B, = 0.25 shown in Fig. 1. F(W) takes the
form of a power law (a straight line in the log-log plot) as
time progresses. The power-law index &' reaches a constant
value at low energy early in time and later extends to higher
energy.

The inset in Fig. 2 shows the late-time F(W) for several
values of B, corresponding to times when approximately
the same amount of magnetic flux has reconnected. As B,
decreases, & decreases so the spectrum becomes harder and
more high-energy electrons are produced. In Fig. 2(b) we
plot the late time spectrum of F(W) for several values of S,.
Larger values of S, correspond to larger systems. Thus,
Fig. 2(b) demonstrates that the slope of the power law is
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FIG. 2. (a) A log-log plot of F(W) versus energy at multiple

times for the B,/B, = 0.25 simulation. Inset in (a): the late time
F(W) for several guide fields. (b) The late time F(W) for

B,/B, = 0.25 with various values of S, (effective system size).
The dashed line in both (a) and (b) is a power-law with §' = 3.3.

relatively insensitive to the size of the system. However, the
total energy contained in the nonthermal electrons increases
with reconnected flux so that larger systems produce more
extended power laws.

The dependence of &' on B, is plotted by the black curve
in Fig. 3(a). Strong B, produces a soft nonthermal
spectrum. The solid red curve is from the theoretical model
discussed below. Plotted in Fig. 3(b) is the time dependence
of the energy of a typical electron from the power-law tail
versus its x position from a simulation with B,/B, = 0.25.
Early in time the electron makes several passes through the
system with little change in energy. Once reconnection
produces flux ropes, the electron is captured and undergoes
Fermi reflection, gaining energy with each bounce, as the
flux rope contracts and merges with others. Figure 3(c) is a
schematic of the island-merging process that leads to the
power-law tail (discussed in the following section).

In exploring the power-law distribution, we averaged
over the entire domain to improve the statistics. However,
an important question in understanding particle energy gain
concerns the relative numbers and energy content of
nonthermals (those in the power-law tail) versus those that
display a thermal or nearly thermal distribution. The
observations suggest that the nonthermals often contain
more energy than the thermals in large flares [4,23,24]. To
explore these questions we analyzed data from more
limited spatial domains that include both hot thermal
and nonthermal electrons but exclude electrons that have
not yet gained energy from reconnection. We focus,
therefore, on the interior of magnetic islands where the
electron temperature has increased and where there are
significant numbers of nonthermal electrons. The goals are
to establish the fraction of electrons that can be categorized
as thermal versus nonthermal and whether a characteristic
effective temperature is associated with the thermal
population.
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FIG. 3. (a) & (black) versus B, and the theoretical fit (red).
(b) Energy versus x position of a nonthermal electron. (c) A
schematic depicting the flux rope merging mechanism that leads
to electron power-law distributions.
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FIG. 4. (a) F(W) (black) along with the fit (red) described in

Ref. [25] versus energy on a log-log scale. (b) The same data on a
linear-linear scale, zoomed in to low energies to reveal the
thermal electrons. (c) The percentage of energy (black) and
density (red) of nonthermals versus guide field. (d) the average
energy per particle of particle electrons (black) and thermals (red)
versus By, The dotted line is the energy from the initial
Maxwellian distribution of particle electrons.

Specifically, we explore the region between the two
white ellipses within the middle flux rope in Fig. 1(c). In
Fig. 4(a) we show F(W) (black). The high-energy electrons
form a power-law distribution even in this localized region
within a single flux rope. In Fig. 4(b) we display the same
data, but on a linear-linear scale focused on the lower
energies. These two plots reveal that localized regions
within magnetic islands contain a mixture of electrons with
a range of energies so that characteristics of the thermals
and nonthermals can be explored.

To model the distributions in Fig. 4 we use the sum of a
Maxwellian and a kappa distribution. The kappa distribution
fits the power-law tail of nonthermal electrons and the
Maxwellian supplements the Maxwellian component of the
kappa distribution at low energies, producing a good fit to the
thermal electrons. The fitting procedure is discussed in detail
in the Supplemental Material [25]. The outputs of the fit are
the spectral index of the nonthermals, and the number density
and total energy content of the nonthermals and thermals.

The fitting results for all B, appear in Figs. 4(c) and 4(d).
Shown in 4(c) is the percentage of the total density (red)
and energy (black) of the nonthermals as defined in
Ref. [25] as a function of the guide field. Each distribution
came from a region within an island similar to the one
shown in Fig. 1(c). For small B, the energy content of the
nonthermals is ~80% of the total particle electron energy
and ~20% of the total electron particle density. As B,
increases, the number of nonthermals and their energy
content becomes small. In 4(d) is the total energy per
particle of the particle electrons (black) and the correspond-
ing energy per particle, or (3/2)T,, of the thermals (red),
with the initial energy shown as a dotted line. This is further

evidence that the nonthermals dominate the total electron
energy at low B, where the Fermi drive is strong. On the
other hand, the energy of the thermals is relatively
insensitive to B, and is likely controlled by slow shocks
(see Ref. [25]) rather than by Fermi reflection.

An  analytic model for nonthermal electron
acceleration.—We present a model for electron acceler-
ation in a current layer with merging magnetic flux ropes
that captures the essential results of the simulations,
including an expression for the power-law index of the
nonthermals and its dependence on the ambient guide
field. The model includes the convective loss of electrons
injected into large, inactive flux ropes.

The model is based on electron energy gain during the
merging of flux ropes. The dominant heating, parallel to the
local magnetic field [27,28], results from the shortening of
field lines during mergers [12] as shown in Fig. 3(c):
merging field lines contract from the figure-eight configu-
ration on the left to the circle on the right. Parallel heating
results from the invariance of the parallel action ¢ v|dl.
Thus, the change in the energy can be calculated by
evaluating the geometry of the magnetic field before and
after the merger. The calculation presented in the
Supplemental Material [25], results in the rate of energy
gain

W_dtW_Wr,’ (1)
with 7, ~ r;/Rc,, the merger time of a flux rope of initial
radius r;, where R ~ 0.1 is the normalized merger rate, and
ca, 1s the Alfvén speed based on the reconnecting magnetic
field B,. The factor g = (1 + 2B2/B2)™" arises from the
dependence of the curvature of the reconnecting field on B,
[11,27,29]. With the energy gain in Eq. (1), an equation can
be derived for the number density F(x, W, 1) of electrons
per unit energy undergoing reconnection-driven acceler-
ation in a one-dimensional current layer while experiencing
convective loss,

0 0 a . 0? 1

8tF+ axvx(x)F—i— W WF_Dé?sz “ Fyp (2)
where v,(x) describes the convective loss of electrons
ejected at the Alfvén speed out of the current layer. We also
include a simple constant diffusion within the current layer.
The electrons are injected with an initial distribution F,
which is taken as a low-temperature Maxwellian. Although
the simulations are periodic and particles are therefore not
lost, the large flux ropes that emerge at late time and no
longer participate in reconnection act as sinks for
energetic electrons [14,30]. For a low upstream tempera-
ture and strong diffusion D, the steady state solution to
Eq. (2) is

1
Fy W W—Caxt/9L  W—(1+ri/gRL) (3)
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The energetic electron spectrum is a power law with a
spectral index dependent on the rate of reconnection R, the
ratio of the characteristic radius r; to the half-width L of the
current layer and the strength of B,. A strong guide field for
which g~ (2B;/B3)~" produces a very soft spectrum.
This scaling relation is compared with data from our
simulations in Fig. 3(a). The best fit to the data has
r;/L = 0.22, consistent with the typical scale of islands
in the simulations.

Comparison with observations.—The standard model for
a solar flare comes from Ref. [31]. It includes an erupting flux
rope that produces a large reconnecting current sheet above a
cusp-shaped flare arcade. As reconnection proceeds, more
small flux ropes are produced in the current sheet and flow up
toward the erupting flux rope, or down toward the arcade. The
solar flare of September 10, 2017, was observed by several
instruments [32-35]. The gyrosynchrotron spectrum revealed
relativistic electrons throughout the reconnecting current
sheet, with an increase in intensity where the current sheet
met the arcade. The observed power-law indices 6° for this
region fell in the range 3.5-6.5, depending on the position.
RHESSI observations for this event revealed both a footpoint
and an extended coronal source [32]. The coronal source had a
photon spectral index near 4.4, which for thin target emission
corresponds to a particle spectral index § = 3.9. Late in the
flare the temperature of the hot thermal electrons in the current
sheet was analyzed with the EIS Fe XXIV/Fe XXIII ratio [33]
and found to have a broad peak near 2.5 keV.

Our simulations reveal that the spectral index of
nonthermal electrons and the number of the nonthermals
depend strongly on the ambient guide field. Comparisons
of MHD simulations of the September 10, 2017, flare with
gyrosynchrotron emission of energetic electrons revealed
that the guide field was 30% of the reconnecting magnetic
field [34]. Based on the data from Fig. 2, our simulations
predict a power-law index near 3.5, within the range
measured from gyrosynchrotron emission and close to
the RHESSI measurement.

We can also compare the temperature jump of the hot
thermal electrons in our simulation with the measured
2.5 keV data from EIS. The simulation data in Fig. 4(d)
suggest that the hot thermal electrons should have a
temperature jump near 0.04m;C3, The Alfvén speed
was estimated as 6000 to 10000 km/s [34], which yields
a temperature of 15-42 keV, well above the observations.
However, such high flow speeds were not measured. At the
time of the EIS observations the measured outflow speed
was ~800 km/s [36], which is likely a lower bound due to
projection effects. In situ measurements of reconnecting
current sheets at 1 AU indicate that the outflow speed is
around 2/3 of the upstream Alfvén speed [37]. Using
1200 km/s for Cy, we calculate a hot electron temperature
of 0.6 keV, which is smaller than the EIS measurement.
More precise measurements of the outflow speed are
needed.

Observations of large numbers of flares have revealed
that the energy in nonthermal electrons exceeds that of the
thermal electrons in ~80% of events, suggesting that solar
flares are extremely efficient accelerators [23]. The effi-
ciency of nonthermal electron acceleration was greatest in
large flares [24] although recent evidence from NuSTAR
suggests that such results might extend to smaller
flares [38]. Such results are consistent with Fig. 4(c) if
B,/B < 0.4. The simulations [Fig. 2(b)] further suggest
that even small flares might be efficient sources of non-
thermal electrons.

An important question is why conventional PIC mod-
eling has been unable to produce the extended power-law
spectra that develop in kglobal. Some groups, e.g.,
Refs. [39] and [14], have produced modest power laws
that extend at most a decade in energy and do not establish
the dependence on B,. We suggest that these short power
laws are due to inadequate separation between kinetic
scales and the macrosystem scale. As electrons gain
energy from Fermi reflection in the PIC model, their
Larmor radii become comparable to the reconnecting flux
ropes and they become unmagnetized [14]. This sup-
presses energy gain associated with Fermi reflection [12].
In PIC simulations the problem is extreme because the
macroscale in flares is of the order of 10* km while the
simulation domains are of the order of 10> m. The
artificially large electron masses in PIC models further
exacerbate the problem. In a real system the Larmor radii
of electrons with energies of tens of MeV remain small so
demagnetization in flux ropes is likely unimportant. In
kglobal the reconnecting flux ropes are at the macroscale
and the electron dynamics is guiding center and therefore
fully magnetized.
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