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ABSTRACT

We investigate the Fermi acceleration of charged particles in 2D MHD anti-parallel plasmoid reconnection, finding a drastic enhancement in

energization rate ¢ over a standard Fermi model of ¢ ~ ¢. The shrinking particle orbit width around a magnetic island due to E x B drift pro-
. 141/21 . . . . - . . - .

duces a &) ~ ¢ power law with y ~ 0.75. The increase in the maximum possible energy gain of a particle within a plasmoid due to the

enhanced efficiency increases with the plasmoid size and is by multiple factors of 10 in the case of solar flares and much more for larger plas-

mas. Including the effects of the non-constant E x B drift rates leads to further variation in power law indices from =2 to =<1, decreasing

with plasmoid size at the time of injection. The implications for energetic particle spectra are discussed alongside applications to 3D plasmoid

reconnection and the effects of a guide field.
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I. INTRODUCTION

Energy conversion in magnetic reconnection is pivotal to under-
standing reconnection’s role throughout the Universe." ~ In solar
flares, estimates have found as much as half of electrons being ener-
gized to non-thermal energies.”” Moreover, within the solar wind and
the earth’s magnetotail, electron acceleration and power law energy
spectra are often found associated with plasmoids and compressing or
merging flux ropes.” '’ Recent years have seen considerable effort to
explain these observations, focusing on three leading mechanisms dur-
ing reconnection: direct acceleration by reconnection electric field'' "
or by localized instances of magnetic field-aligned electric fields,"*
betatron acceleration due to field compression while conserving parti-
cle magnetic moments,” ' and Fermi acceleration by “kicks” from
the motional electric field within islands.* *' Fermi acceleration oper-
ates primarily in multiscale, or plasmoid, reconnection which is
thought to be pervasive from solar flares to magnetospheric substorms
to accretion disks.”” > In these environments, it takes place within the
large volume of magnetic islands, which pervade plasmoid-unstable
current sheets.”” A unique characteristic of Fermi acceleration, which
makes it particularly promising for explaining power law distributions,
is that the acceleration rate is itself a power law in energy.'® This has
led to simulations finding Fermi-generated power law distributions
over a range of Lundquist numbers, Lorentz factors, guide fields,
etc.””

Analytical estimates of the first-order Fermi acceleration are fre-
quently based off of the seminal work of Drake et al., which found that
the particle acceleration rate is linear in the particle energy, ¢ ~ ¢ (in
what follows we will refer to acceleration rate power law indices with
pie, &~ el ).18 Note that we are concerned here in this work only
with the first-order Fermi acceleration, which should not be confused
with less efficient, second-order, or stochastic, Fermi acceleration.
Other approaches have described Fermi acceleration in more MHD-
like plasmoid mergers via conservation of the bounce invariant J S
Building off of these concepts, energetic particle spectral indices
over a range of values larger than 1 have been explained through a
combination of Fermi acceleration, various drifts, and particle-loss
processes.”””® Efforts have also been made to implement the kinetic
physics of Fermi acceleration without resolving small scales.”
Unfortunately, most analytical particle acceleration studies are devel-
oped to explain the results of kinetic simulations, which are computa-
tionally limited in the scale separation between large MHD magnetic
islands and the Larmor radius (p;) of accelerating particles. Yet many
astrophysical systems showing promise as a source for energetic par-
ticles are deep within the MHD regime.”” Such lack of scale separa-
tion leads to difficulty in capturing effects like the conservation of
adiabatic invariants, increasing loss rates from magnetic islands
through pitch-angle scattering.”** Additionally, for lower energy but
still weakly collisional particles, their bounce motion may not be fast

Phys. Plasmas 30, 042106 (2023); doi: 10.1063/5.0139276
Published under an exclusive license by AIP Publishing

30, 042106-1


https://doi.org/10.1063/5.0139276
https://doi.org/10.1063/5.0139276
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0139276
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0139276&domain=pdf&date_stamp=2023-04-10
https://orcid.org/0000-0002-7879-060X
https://orcid.org/0000-0001-9600-9963
mailto:smajeski@princeton.edu
https://doi.org/10.1063/5.0139276
https://scitation.org/journal/php

Physics of Plasmas ARTICLE

enough to assume conservation of Jj. We, therefore, propose a new
model of Fermi-like acceleration in 2D MHD anti-parallel reconnec-
tion, which focuses on systems with large scale separation between
thermal particle Larmor radii and plasmoid sizes. With the aid of
guiding-center test particle simulations, we find that enhanced particle
confinement to compressing magnetic field lines yields an O(1) cor-
rection to the linear Fermi power law index p = 1.

A. Linear Fermi acceleration

Consider a plasmoid embedded in a current sheet undergoing
2D anti-parallel MHD reconnection with electric and magnetic fields
E and B, respectively. Away from the x-point, the dominant electric
field component is the motional field, which drives the “E cross B”
drift iy = cE x B /B?, which, along with all other electric field com-
ponents, is out-of-plane in this setup.” If a magnetized particle within
a plasmoid is to gain energy, it must experience net motion along this
electric field, in this case via guiding center drift. The only drift in this
circumstance satisfying this constraint is the curvature drift ¥¢. Note
that we have assumed drifts arising from explicit time dependence can
be neglected, unlike those resulting from particle motion along gra-
dients in b. This is due to the slow nature of the MHD background
compared to the relatively fast motional time derivatives experienced
by high energy (and importantly super-Alfvénic) particles. Figure 1
shows the process of Fermi acceleration in such a setup.

As a magnetized, i = muv? /2B conserving particle travels along
a field line within the plasmoid (with m the particle mass and v, the
particle velocity perpendicular to B), it enters a narrow region (with
respect to the orbit’s vertical height /) near the neighboring x-point of
thickness A, which is defined by a large value of the curvature of the
magnetic field. This region is generally somewhat larger than the cur-
rent sheet thickness ¢, but approaches that value with increasing prox-
imity to the x-point. The magnetic tension in this high curvature
region drives the magnetic field to rapidly straighten out; therefore,
within A the E x B drift velocity is also large. In 2D anti-parallel
reconnection, the E x B associated electric field and the curvature
drift are aligned; therefore, the parallel energy of the particle is
increased according to & = 2qE - Uc/m, where g = vﬁ, and

oI~ R A 2me
e =" x (b-Vb) ~ —

4B " AqB z. (1)

Note we have assumed here that the gradient scale of b is approxi-
mately A/2. The increase in & gained by the particle during its transit

FIG. 1. Diagram of the Fermi acceleration process. Blue lines represent the mag-
netic field (separatrix dashed), and the curvature drift is given for a positively
charged particle.
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of A is then estimated as £|A/, /8] ~ 4(ug), /2], with () represent-
ing the average over the narrow layer A. We have also used |ug]
= |E/B| and assumed that v > |ug| in keeping with Drake et al.'®
This process occurs each time the particle transits the island width w,
which takes a time dt,, = w/,/Z], yielding the linear Fermi accelera-

tion rate,
Cl8||> g

This expression is identical in appearance to that of Drake et al., with
key differences in meaning.'® The assumptions under which this equa-
tion was derived are MHD without a guide field, not kinetic, meaning
no E; or Hall magnetic field component is present. Equation (2) has
the appearance of being linear in energy; however, we will show that
during a particle’s acceleration, (ug), and w are not constant, leading
to deviation from the linear dependence.

Il. TEST PARTICLE SIMULATIONS

To investigate possible variation in (ug), and w in Eq. (2), we
performed guiding center simulations of test particles in a plasmoid
reconnection scenario. To be precise, we solved the following set of
simplified non-relativistic guiding-center equations:****

dR .
E:UHb-f—uE, (3a)

dy _qp .5 AN A,
S =3 v [(wb+as) Vb -Lb.vB, Gb)
by an adaptive time step of the second-order accurate midpoint
method,” using time-evolving background data from a 2D MHD sim-
ulation.”™”” The code that provided the background fields solves the
fully compressible resistive MHD equations via finite differences with
a five point spatial stencil and second-order trapezoidal leapfrog time
stepping.”® These guiding center equations have been simplified
assuming that the time dependent drifts are weak due to the slow
nature of the MHD background compared to the motional time
dependence of super-Alfvénic particles. Out-of-plane motion of the
guiding center (but not out-of-plane acceleration) is ignored given
the 2D symmetry, and in the MHD simulation data used, E;=0.
An example snapshot of ug from the simulation is shown in Fig. 2.

|ugl
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FIG. 2. Plot of the full reconnecting current sheet in the simulation used, at
t =2.9L/va. |ug| = E/B is shown with streamlines of the magnetic field overlaid.
The recgnnection layer is formed by vertically merging two large initial magnetic
islands.
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Note that when interpreting the magnitude of ug, the density and
magnetic field away from the current sheet in this simulation approach
po = By = 1 in dimensionless numerical units. The spatial grid size is
2000 (x) x 4000 (), and time outputs are available at intervals of one-
tenth of the primary current sheet Alfvén time (for context, the snap-
shot in Fig. 2 shows a zoomed-in portion of the grid which is
1000 x 100 cells). As a result, linear interpolation from the MHD grid
to the particle’s time and position is used. The background plasma
beta is f = 1, with a uniform Lundquist number of S = 10°. The
adaptive particle time step is calculated as a fraction (CFL number) of
the simulation grid cell-crossing time for the particle’s velocity, includ-
ing the E x B drift. In all calculations shown, the CFL number is set to
0.1. In the MHD simulation, two plasmoids form, which eventually
begin to merge at t = 3.6L/v4, where L is the x-extent of the simu-
lation domain.”” As a result, we limit our study to pre-merger times
in the simulation to avoid the further complication of acceleration
at the secondary current sheet. The initial particle velocity is set to
v| = 20v, for the purpose of ensuring that the small Ag| approxi-
mations hold; however, no significant difference was noticed in
runs where the initial velocity was 10v4 or 5v4. How the particles
are initially energized relates to the problem of injection, which is a
very active area of study but beyond the scope of this work.”>*”~*' The
perpendicular velocity of particles was set to v, = v4 and generally
plays little role unless v, ~ v), which leads to particle trapping at the
island edge.

An example test particle orbit is shown in Fig. 3 with the initial
ug field that it experienced, for a total evolution time of t = 0.1L/v,4.
i is seen to be limited to a narrow central section, which is approxi-
mately uniform in width and peaks in magnitude at the reconnection
outflow. In the following, we will refer to the effective plasmoid
width w;, as the distance between the two maxima of ug. The particle
orbit shows a steady decrease in width w, also visible in the plot of
€| vs x-position. Conversely, there is no comparable change in h
(given in Fig. 1). This particle was injected with an initial orbit width

lug|
0.05 0.1 0.15
| ! ]
x1073
5
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480 | ~ ]
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© 440 | < > ]
4200 — =
400 - =
-0.04 -0.02 0 002 004 0.06

T

FIG. 3. Particle orbit path for injection at t = 2.7L/v,, overlaid on initial magnitude
of Ug. Total time of integration is t = 0.1L/va.
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wy = 3w,/4 at t = 2.7L/v,, roughly 0.5L/v, after the plasmoid
became nonlinear (which we consider here as the point when the plas-
moid’s vertical extent h, exceeds the current sheet thickness, i.e.,
hy, = 0). From these data, we fit a power law to the bounce average of
& /(ug) 5, finding an exponent of 1.77, rather than the predicted value
of 1 from linear Fermi acceleration. Alternatively, fitting a power law
to & w/(ug), yields a power law index of 1.08. This suggests that the
non-constancy of w may account for the disagreement with the linear
Fermi prediction. In Sec. IT A, we will, therefore, attempt to describe
the nature of the &j-w relationship to more generally predict the
energy dependence of & /(ug),.

A. Orbit width correction

The electric field that does work on curvature-drifting particles in
our linear Fermi acceleration calculation results from the field line
motion that compresses plasmoids. Naturally then, as particles gain
energy from the Fermi acceleration process, the closed field lines they
are bound to shrink in width (also see Fig. 3),

d
di: = —2{ug) - (4)

Here, (ug), is the peak value (not A-averaged) of uy, experienced by
the particle as it transits both sides of the island (averaged between the
left and right). This distinction is due to the fact that generally <uE>pk
occurs in the locations of highest curvature, ie., at the extreme edges
of the island. Therefore, the rate at which these extremes contract sets
the rate of change of w. This peak value is generally slightly larger than
(uE) o> and we will assume that the ratio (ug)  /(ug) . = 7 is approxi-
mately constant over the period during which a particle is accelerated.
Qualitatively, this is an assumption that as long as the outflow ug
remains somewhat laminar, it will maintain a similar functional form
as it expands into the plasmoid. (This will be checked via the con-
stancy of y within Fig. 4.) We then substitute for (ug), in Eq. (2)
allowing for the determination of w(g) ),

dw 1w g —1/2

— ==, W=w(— ; 5)

dey  2xg (Suo)

leading to an enhanced power law acceleration rate

2.2

right / left‘ plasmoid
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FIG. 4. Power law fits to test particle data for 0.3L/vs of evolution time with the
super-Fermi exponent assuming y = 0.75.
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<ﬂ) z4x£|ﬁ<u5> a IH/ZZ. (6)
dt / sr Wo Pk €llo

The subscript “SF” has been added for “super-Fermi,” because the
orbit-width correction exclusively leads to stronger energization over
the linear expression. Additionally, although y is assumed to be con-
stant, it can vary somewhat due to minute details of the plasmoid
structure. We will, therefore, make use of simulation data to provide a
reasonable estimate. For ultra-relativistic particles that have v ~ ¢ (or
7 > 1), the super-Fermi acceleration rate is

dEH) o g\
— ~2y—(u — , 7
(dt SR wg (ue)pi (‘G‘Ho) @

where the change & ~ ymgc?® is made, but all other variables carry the
same meaning.”’ The missing factor of 2 is a result of the ultra-
relativistic particle velocity remaining approximately constant. In the
non-relativistic ~case, d;¢| = 2v|d;v), while ultra-relativistically
drg) = di(pc) = vjd;p, with no additional factor of two. Equation (7)
indicates that the ultra-relativistic orbit-width power law correction is
twice that of the non-relativistic version.

To complete Eq. (6), a suitable estimate for y is needed. Being the
result of a plasmoid’s internal structure, its precise value will be unique
to each plasmoid, although many plasmoids within a given current
sheet may possess similar internal structures given their shared origin.
To obtain this estimate, a single test particle was evolved inside a plas-
moid for a time of L/va, and (ug),/(ug), was calculated for 627
transits of the acceleration regions. An acceleration region is detected
numerically as the time frame during which a particle experiences a
Ag) per time step of at least 25% of the maximum value during the
same kick. This yielded a mean y of 0.75 (p = 1.67 non-relativistically,
p=2.33 ultra-relativistically), which will serve as our fiducial value
henceforth. This inferred power law of p = 1.67 agrees with the value
of 1.77 from the particle in Fig. 3 to within 6%.

To test Eq. (6) more broadly, we performed a survey of simula-
tions to calculate the particle acceleration rate power law with varying
injection times and locations, as shown in Fig. 4.

Test particles were injected into both plasmoids, at three different
initial orbit widths (3w,/4, 2w, /3, andw,/2), and nine different
time steps in the MHD simulation (each separated by 0.1L/v4). A
total of 53 orbit-width corrected power law indices were calculated
after 0.3L/v, of evolution time for each particle, excluding one parti-
cle that reached the center of its respective plasmoid before the end of
the simulation. This interval was chosen to maximize the evolution
time that a power law could be fit to, while also providing sufficient
data points to determine whether p varies significantly with time (as
it is limited by the eventual merger of the right and left plasmoids).
To remove the effect of the varying up, power laws are fit to
&)/ (ug) . (t, w) to determine the index p, rather than just &. Both
plasmoids are similar in size at each time step; therefore, their power
law indices are counted together, yet they can be distinguished by the
color of their data points’ markers. The fiducial power law p=1.67
predicted y = 0.75 is shown as a black dashed line, while the linear
Fermi prediction is shown as a black dotted line. The average mea-
sured power law agrees with the fiducial index to within 9% at all
times, with a time-averaged p =1.66. They also demonstrate impor-
tantly that there is no net trend in the orbit-width corrected index
p with the size of the plasmoid, suggesting that our assumption of
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constant y is suitable. We will, however, show that the implied power
law does not remain constant when including the variation in (ug) .
Regardless of our choice of fiducial i, the expected lower limit on pos-
sible power law indices is 1.5, which is obeyed reasonably well, with a
maximum p of 2 suggesting that y is generally at least 0.5. The fluctua-
tions seen in our measured power law indices may be the result of
weakly time dependent y, and/or variations in calculated (u) o When
removing its dependence from & numerically.

B. Space- and time-varying E x B

The effects of variation in (ug),, are, unlike the orbit-width cor-
rection, highly dependent on the time of injection through the evolu-
tion of the plasmoid structure. Such effects have been studied in
turbulence, highlighting the relationship between iy gradients and
stochastic Fermi acceleration.”” Similarly, previous reconnection-
focused work has addressed this issue in the more circular pressure-
balanced cores of large plasmoids;" however, we are concerned with
the highly elongated outer region of a plasmoid. Without knowledge
of the internal plasmoid structure, we have no analytical means by
which to determine the modification to the acceleration rate power
law by ug. However, a trend in the behavior is identifiable through a
survey of particle injection times when plasmoids possess a variety of
sizes/fluxes. Here, we will investigate these effects specifically within
the left plasmoid.

In Fig. 5, particles were injected with wy = 2w, /3, and all were
evolved for at least 0.5L/v4. The trend in & demonstrates that as par-
ticles are injected later and later into a plasmoid, the effective power
law index of their acceleration decreases. For nearly linear plasmoids,
the power law index can be larger than 2, while for large nonlinear
plasmoids, the power law index is able to drop below the linear Fermi
rate. This variation occurs due to both the spatial and temporal depen-
dence of (ug) ;. The evolution of an x-slice of |ug| within the recon-
nection layer for the left plasmoid is shown in Fig. 6.”” Strong negative
gradients are visible in the magnitude of 1 as one moves inward from
the edges of the plasmoid. These spatial gradients relate to ¢ through
Eq. (5), and as a particle drifts inwards, the field uy, that it experiences

x10°
3b[——¢t=24 ]
. t=26 ////
2 t=28 e
—t=30 _ -

FIG. 5. Acceleration rates of test particles injected at various times throughout a
plasmoid’s life. Initial orbit width is wy = 2w, /3 for each time.
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FIG. 6. Diagram of the evolution of the left plasmoid's |ug| at y=1 x 10> with
(Ug) 5 and w, vs time highlighted below.

decreases, reducing the effective power law of the acceleration. These
gradients become more pronounced as the plasmoid grows, further
reducing the power law index of acceleration. The modeling of these
gradients is a complex problem of nonlinear plasmoid structure; how-
ever, qualitatively they may be expected to appear through the conser-
vation of particle flux, or via the buildup of magnetic flux within the
plasmoid. While the reconnection outflow expands into the plasmoid
from the x-point, the cross-sectional area that the flow penetrates
increases, causing the flow velocity to decrease. As a plasmoid grows,
the area the outflow expands into becomes increasingly large, and,
therefore, the inward gradient becomes more severe. In terms of flux
buildup, as a plasmoid grows, the magnetic pressure within the island
increases and larger values of the magnetic field’s strength push closer
to the x-points. Given that ug ~ 1/B, this creates negative gradients in
ug which grow in time as the magnetic flux builds up within the island.
Concurrently, the peak value of |ug| grows with the size of the plas-
moid. However, this is strictly limited to the neighborhood of the
outflow.

11l. DISCUSSION

To quantify the difference between linear and super-Fermi accel-
eration, Fig. 7 shows the ratio of the energy gain possible between the
super- and linear Fermi models for a plasmoid of a given size, assum-
ing that (ug), is constant for simplicity. Within each model, the total
gain in energy Ae=¢) /¢ o is calculated for a particle that is allowed
to drift inward until the island orbit width is w = 100p, , where guid-
ing center assumptions may weaken. In the linear Fermi calculation,
w is fixed to Wps while for super-Fermi, Eq. (5) is used. The ratio of the
total gain between the models I'=A¢g:/ Agp is, then, shown as a func-
tion of the plasmoid size, here equivalent to the initial orbit width w.
Consider an active region of the solar corona where p; , ~ 0.1 — 1 cm,
alongside the relevant length scales of a solar flare."”"* The length of
the current sheet itself is ~10%p;,, meaning that the limiting
“monster” plasmoid size is still w, ~ 10’ ®p, ,.”*"” Even for some of
the much smaller more populous plasmoids, the Larmor scale separa-
tion present may allow I > 10, and accordingly a notable increase in
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FIG. 7. Ratio of super-Fermi to linear Fermi maximum possible total energy gain
for a single plasmoid given w,, assuming a particle can only drift inward until
roughly w = 100p,.

energy gain over the linear Fermi model. In fact, given the asymptotic
scalings I' ~ (w,/p,)* and 'z ~ (w,/p,)", numerous more recon-
nection conditions, such as active galactic nuclei disks and magnetars
may also support similar increases in the maximum possible energy
gain.” It should be stressed, however, that these are maximum possible
energy enhancements that we consider here. Many of the aforemen-
tioned examples with large Larmor scale separations are expected to
possess a guide field, which is known to suppress Fermi accelera-
tion.”>"” Therefore, realistic gains in energy will likely not be as high.
Additionally, these plasmoids would in practice have spatially depen-
dent ug; therefore, the effective power law index of their acceleration
could either be increased (likely for smaller populous plasmoids) or
decreased (likely for the few monster plasmoids).

Although we only simulate test particles in anti-parallel recon-
nection here, we can at least make some predictions about the manner
in which guide fields affect super-Fermi acceleration. In this model,
guide fields are likely to play a role through the extension of various
lengths out of the reconnection plane. The increase in radius of curva-
ture, and thus weakening of the curvature drift, is countered exactly by
an increase in path length in the acceleration region and hence energi-
zation time during a Fermi kick, leading to no change in Agj. On the
other hand, the path length between Fermi kicks is extended to

w— wy/1+ (B, /B,)?, modifying the denominator of Eq. (2) accord-
ingly. If B,/B, were roughly constant or varied slowly, the super-

Fermi power law becomes p =1+ 4/1 + (B, / B,)*/2y. This, along-

side the longer transit time between Fermi kicks, would cause steepen-
ing of power laws and weakening of acceleration, mirroring
expectations that Fermi acceleration is suppressed as described by
Arnold et al.*® and Dahlin et al.*” Perhaps in most cases, however, it
may be required to consider B, (w)/B,(w) and integrate Eq. (5) exactly.
The modification discussed above also does not consider the inherent
change in plasmoid structure that may result from a guide field, such as
a change to their pressure balance.>*’ Any changes to the plasmoid
structure will likely carry over to the spatial/temporal dependence of ug
and hence the effective observed power law of acceleration.
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While Fig. 4 exhibits the constancy of y in these nonlinear plas-
moids, it is important to mention that there are circumstances where
the constant-y assumption does not appear to hold, like early on dur-
ing the linear phase of plasmoid growth or during mergers. In these
situations, i in the left (differential) equation [Eq. (5)] will need to be
considered more generally as y(w), and the equation is integrated
accordingly to yield a different solution on the right. For linear plas-
moids, the average curvature rises rapidly as field lines move away
from the x-point. This results in a knee-like feature in & with small
but steeply rising initial acceleration that rapidly levels off. This also
occurs near x-points in nonlinear plasmoids, but only represents a
transient compared to the power law phase.

Of paramount interest in any study of the acceleration of plasma
particles is the energetic distribution such an acceleration mechanism
would produce. Without any loss mechanisms and given a sufficiently
low energy source, a constant acceleration rate of & ~ &’ yields an
energetic particle distribution of f(¢) ~ ¢ ?. MHD plasmoids are
often considered to be the end of the road for energetic particles, sug-
gesting that once trapped, the particles have no means for exit.
However, in a dynamic current sheet, such trapping is unlikely to last
for the lifetime of a plasmoid including advection from the current
sheet. Most plasmoids in a high Lundquist number current sheet will
encounter multiple others with which they merge. A particle at the
center of one plasmoid will, upon merger with a higher flux plasmoid,
no longer be in the center and therefore experience continued acceler-
ation.”” Furthermore, a realistic 3D flux rope embedded in a current
sheet is highly dynamic, with axial instabilities providing a prospect
for inter-plasmoid transport of energetic particles.”’ Finally and most
easily accounted for in this model is the fact that plasmoids are finite
in the out of plane direction, either due to instability or a finite current
sheet. Every Ag)| in our model is accompanied by an axial step in the z
direction, which becomes larger as particles gain energy.” In fact, for
reconnection rates E much less than one, a particle may experience a
larger relative change in its axial position than in its energy, meaning
that axial transport is competitive with both trapping and energization.
The loss of particles out of the ends of plasmoids and the rate of their
re-injection would, then, serve as a cutoff in the particle energy for a
single plasmoid, dependent on the reconnection rate.

IV. CONCLUSIONS

We have proposed that an enhanced Fermi acceleration process
exists in 2D multiscale MHD reconnection. The results from the ana-
Iytical theory and test particle simulations suggest that a correction
arises from changing magnetic island orbit widths for particles. This
yields an acceleration rate power law relationship &) ~ 8‘1'67 on aver-
age with the precise index varying somewhat due to island geometry,
but generally remaining ~1.5 or larger. We additionally discussed the
effects of the temporally and spatially varying E x B drift on the effec-
tive power law index, revealing a trend from high (= 2) to low (<1)
power law indices as plasmoids get larger. In particular, this result pla-
ces importance on the distribution of plasmoids in size and flux when
investigating global particle energization in a multiscale current
Sheetliﬁ(),"lS,'lS,Sl

Further generalization of this model would be most immediate
with the development of a detailed understanding of the field and
structure of plasmoid interiors as they grow.’” Evolution of u introdu-
ces a time dependence that would lead to a separable O.D.E. for the
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energy as a function of time, and hence a way to refine the power law
of &(g). With knowledge of the spatial structure of these fields,
Eq. (5) can once again be leveraged in directly modifying the power
law. This would connect particle distributions to plasmoid distribu-
tions, possibly creating a route toward an analytical description of
multiscale reconnection energetic particle spectra.”®*’ Additionally,
we assume that particles are pre-energized by some injection mecha-
nism, which is likely beyond the scope of guiding center simula-
tions.”””*' Knowledge of the appropriate injection mechanisms for
the current sheet we study would fix ideas about the efficiency of the
combined processes of injection and Fermi acceleration and produce a
more complete model of particle acceleration in 2D multiscale MHD
reconnection. Finally, the equations used to evolve particles in this
study only include terms up to first order in normalized Larmor radius
(p./L).”" Energization and cross field transport resulting from higher-
order finite Larmor radius effects can be captured by gyrokinetic mod-
els when Larmor scale separation is weak for the thermal plasma,” or
particles have large initial v, (perhaps resulting from re-acceleration
after escaping from another plasmoid and scattering off of an x-
point'®). Such effects will not be captured by the simplified guiding
center system [Eq. (3)].

Certain reconnection conditions will require non-trivial adjust-
ments to this model in order to appropriately be described by it. In
kinetic plasmas with smaller scale separation between Larmor radii and
plasmoid widths, the original model of Drake et al. may be more suited
as particle motion is not so restricted to magnetic field lines, often due
to u being poorly conserved. The lack of u conservation leads to both
¢ and ¢, increasing during energization events.”’ Additionally, if a
Hall-effect field is present, then the curvature drift will have a projec-
tion in the plane of reconnection. Given that the curvature drift is
charge dependent, this means that it will be directed out of the plas-
moid for either positive or negatively charged particles,'*”*** but not
neither. This could impede the inward motion of the gyro-center due
to the E x B drift or even entirely reverse it as seen in Fig. 2(b) of
Drake et al.'® yielding an opposite-sign correction to the Fermi rate
power law. Whether this results in eventual escape from the island is
uncertain however and likely depends on details of the plasmoid struc-
ture and chaotic particle orbits that can occur near the x-points.
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