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PARTICLE ACCELERATION IN STRESSED CORONAL MAGNETIC FIELDS
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ABSTRACT

This Letter presents an analysis of particle acceleration in a model of the complex magnetic field environment
in the flaring solar corona. A slender flux tube, initially in hydrodynamic equilibrium, is stressed by random
photospheric motions. A three-dimensional MHD code is used to follow the stochastic development of transient
current sheets. These processes generate a highly fragmented electric field, through which particles are tracked
using a relativistic test particle code. It is shown that both ions and electrons are accelerated readily to relativistic
energies in times of order 180s for electrons and 10 s for protons forming power-law distributions in energy.

Subject headings: acceleration of particles — Sun: flares

1. INTRODUCTION magnetic reconnection, or during the initial phase of an ex-
panding magnetic structure (coronal mass ejection), but very
little is known about how these processes can energize large
numbers of electrons and ions during the impulsive phase (last-
ing only several seconds).

It thus seems clear that understanding flare particle accel-
eration may require a change in our perception of the coronal

Recent observations from theamaty High-Energy Solar ; : : : .
; magnetic topology in which energy is released. The formation
Spectroscopic Imager (RHESS) spacecraft have demonstrated of many dissipation regions that operate as acceleration sites

; 5 0 .
unambiguously that between 10% and 50% of energy release Ns an interesting alternative scenario to a single monolithic site

sgléardflares Ends ur)blrt1 hlgk?-glner_gy .?Iect;olns. ?—Of this ”?“S:. beofenergy release and particle acceleration (Masuda et al. 1994).
added an unknown, but probably signiticant, level otenergization ), e, fragmented energy release processes, particles can in-

of protons and other ions (e.9., Miller etal. 19RHESS results teract with multiple acceleration sites (e.g., Anastasiadis et al.
have also demonstrated.that photon spectra have a ppvyer-la 997, 2004; Viahos et al. 2004), and in principle the accel-
eqﬁrgy spec}rum Sxtet?ldmg ove: a few dt?caggs consisting Ol a4ion at one site can influence the acceleration properties of
el_ther ?h(salrr]r?a? 0; h O(l)J eecr(’jo"cvler .gx\”. C%mt EES églg?sny Cc?sgsthe others. Recent work along these lines has considered par-
}N' a tr part. Ine c rt] lis' ith IS t'al S | t.ss ptW lr'ticle acceleration from a viewpoint that tracks “test particles”
aw spectra are more consistent with particie acceleration at muls; , statistically distributed electric field resulting from many

tzlglg?jmall sites rather than at a single large one (e.g., Lin et al'small reconnection sites using a cellular automata model (e.g.,
Thé major difficulty in accounting for these observations lies Vlahos et al. 2004; Anasta3|ad|s etal. 2004) or fully developed

in the fact that fast energy release and patrticle accelerationl\/”_”:)turbUIence (Dmitruk et al. 2003-; Arzner & Viahos 2004-)'
However, to address the acceleration problem fully, particle

occur most effectively on small spatial and temporal scales ;..o jeration needs to be considered in the context of a realistic
(subkilometer and subsecond), perhaps in the vicinity of current .., o' magnetic field model. That is the purpose of this Letter.
sheets or shocks, and are best described by a full kinetic deyy,, \;se a three-dimensional MHD model to determine the co-

39”9{“%‘ (t)f tfr|1e plasma. On the Ot?er hand, fottr)]servatlons N" ronal field structure as it responds to photospheric motions and
Icate that a flaré encompasses vast régions of the corona (mangalculate the evolution of charged particles in the electric fields

thousands of kilometers), is probably determined by the re- e
sponse of the coronal field to motions in the photosphere, andgenerated by the stressed magnetic fields.

will be governed by a magnetohydrodynamic (MHD) descrip-

Understanding how particles are accelerated in solar flares
is a major scientific challenge due to both the large number of
accelerated particles-0® electrons s') and their impulsive
nature, which implies high efficiency for the acceleration
mechanism(s).

tion. Developing a flare model that addresses both aspects is 2. MODEL DESCRIPTION
stymied by the disparate timescales associated with the two
regimes. The coronal field model used in this article is based on the

Many articles have addressed the problem of particle ac-work of Galsgaard & Nordlund (1996) and Galsgaard (2002),
celeration in flares from the viewpoint of a single reconnection who performed a series of three-dimensional MHD experiments
site, shock, or a volume filled with MHD waves (see Miller et demonstrating how small-scale coronal structure (such as cur-
al. 1997 and Miller 1998 for a discussion). All such models rent sheets) arise from a sequence of simple photospheric
are very loosely connected to the magnetic energy release proboundary motions. The coronal field is assumed to be anchored
cess(es). ltis likely that direct electric fields, MHD turbulence, in the photosphere at both ends, and is “straightened out:” i.e.,
and shocks are all present in the vicinity of current sheets duringlarge-scale magnetic field curvature is ignored. The initial mag-

netic field is uniform everywhere, while the density changes

* Space and Atmospheric Physics Group, Imperial College, Prince Consort by @ factor of 1000 between the photosphere and the corona.
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GzDepaftlmrg‘st @0;;:‘3’5;3; Ur”ii‘éﬁg%‘gslgfﬁ'o?ikir 54124 Thessaloniki, gpheric motions are then imposed at the boundaries using a
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Fic. 1.—Snapshots ofg) the inductive electric field andb) the resistive

electric field configurations within the coronal volume, as calculated from the

global MHD model. The details of the model are described in the text.

the magnetic footpoints with it and impose stress on the entire

system.
The time-dependent evolution is followed by numerically
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Fic. 2.—(@) Energy gain vs. time for a randomly chosen sample of 10
electrons. If) Parallel electric field experienced by one electron, shown in
panela as a dashed curvec)(Position of the particle given by the, y-, and
z-positions denoted as solid, dotted, and dashed curves, respectively: The

solving the three-dimensional nonideal MHD equations in Car-

tesian geometry (Nordlund & Galsgaard 1997) including heat
conduction and optically thin radiation. After a few driving
periods, the magnetic field develops a topology that is highly

structured, with strong current concentrations being scattered
around the simulation box. More details about the specific nu-
merical experiment are given in Galsgaard (2002), while a
discussion of the current sheet formation and distribution is

given in Galsgaard & Nordlund (1996).

To study particle acceleration, we chose a snhapshot of the
coronal magnetic and electric fields and ran test particles
through them by solving numerically the relativistic equations

of motion. The particle algorithm uses an adaptive time step

and z-positions are multiplied by a factor of 10.

and also requires values of both the magnetic and electric fields
at arbitrary positions. These are determined using simple linear

interpolation from the MHD solution. The electric field is fully
three-dimensional and arises from two distinct sources:

E=-VXB+y3, 1)

where the first term is the inductive field and the second is the
resistive field, which arises as a result of a finite resistivity,
andV is the plasma velocity given by the MHD equations. The

MHD code utilizes a hyperresistivity*  to localize diffusion

only to regions where it is required in order to limit steepening
of nonlinearities (for details, see Nordlund & Galsgaard 1997).
Figures A and b show a snapshot of the coronal resistive and
inductive fields, respectively, for a simulation with dimensions

2 x 10°% cm in the transversey(and z) directions andl1.5 x
10° cm along the loop axis«direction). The highly fragmented

structure of both field components is clear, and these are as-
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Fic. 3.—Same as Fig. 2, but for a randomly chosen sample of 10 protons.
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We adopt the following initial physical parameters for the

10 I I ] I MHD model. The coronap is small, and the magnetic field
is taken as 100 G in the axiak)(direction. The anomalous
100+ - resistivity n* is either zero or takes on values between'10
and 103 s. These parameters then determine the strength and
orientation of the electric field from Maxwell's equations and
Z 102} . Ohm'’s law. We use only the coronal part of the MHD model.
™~ Particles that leave the coronal region are considered lost from
z our system. Both electrons and protons are tracked. We inject
o 1074} - the particles starting from a Maxwellian distribution with a
~ temperature of1.2 x 10° K (Fig. 4a, dot-dashed curve). The
L initial positions of the particles are random, as is their pitch
o 1076F 1 angle.
10-81 i 3. RESULTS
a ] Figure 2 shows the properties of 10 arbitrarily chosen elec-
10-10 trons. Figure @ shows the energy of the particles versus time,
e EEEE— Figure D shows the parallel electric field experienced by the
10-4 10-2 109 102 104 1065 particle shown as a dashed curve in paaghnd Figure 2
E (kev) shows the position of this particle. Figure 3 shows the same
parameters as Figure 2 but for 10 arbitrarily chosen protons.
Some of the particles gain a little energy, some gain and then
————— lose energy, while a few reach high energies. The timescale
10 for energy gain is significantly less than 1 s for electrons that
T get accelerated to tens of MeV within a few times 38.
100+ i Protons reach roughly the same energy within a few times
10*' s, and both timescales are much shorter than any MHD
timescale.
< q0-2t § As they undergo acceleration, the particles move through a
~ large portion of the simulation box and so experience accel-
= eration at a number of current sheets. Some particles exit the
o 104} 4 box quickly, while others remain trapped inside for a longer
~ time. Because of the nature of the photospheric driver, the axial
W current (and hencg; ) can take on either positive or negative
10-6F 4 values, depending on the nature of the shear in the coronal
© field. As the particles interact with a current sheet, the recon-
. nection of the field there means that they can move through
10-8} . the simulation, hence sampling flux systems with different pho-
b tospheric connectivity. Note also that the parallel electric field
] is 2—3 orders of magnitude in excess of the Dreicer field.
1010 .11 Particles tend to travel along the field lines if the inductive
104 10-2 109 102 104 108 field is not included. If it is included, the electrons stay close
E (kev) to the field lines while protons tend to travel initially away

from the field lines and then bend and join the trajectory of a

Fic. 4. —Distribution function obtained by running 40,000 electrons in a field line. This is similar to the familiar “ion pickup” phenom-
Cc_gor,‘a' ‘;O'U"?e Witth =15 Xol(z t%gﬁnghe ti_mtﬁ e"O'U“Ot” of _thet dis't enon. This is due to the fact that for a proton and an electron
e e bt ot o e, St 2 with the Same intial energy, electrons have a higher velocity,
t, = 0.05s (solid curve). (b) The final distribution function at = 0.1 from  Which makes contribution from the drift velocity negligible
the above model when we consider only the resistive component of the electriccompared to their initial one.
fiel(_j (_solid curve) c_ompa_red to that of a similar model _tha_t considers both the Figure & shows the time evolution of the distribution func-
resistive and the inductive components on the electric figdttéd curve). tions obtained from running 40,000 electrons inside a box for

a time long enough to allow all free particles to leave the box

sociated with magnetic field turbulence with a magnitude of (0.1 s). The dot-dashed curve shows the initial distribution at
5%-10% of the ambient field. t = 0, whereas the dotted, dashed, and solid curves show the

One would expect the first term in equation (1) to be im- distribution function att, = 0.0125 s,t, = 0.025 s, and
portant outside current sheets, where it will lead to predomi- t, = 0.05 s, respectively. The final distribution function is
nately (but not solelye x B drifts, and the second in the shown as the solid curve in Figuréb4nd is obtained by
vicinity of reconnection sites, where it will lead to acceleration considering all the particles, including those that left the box
parallel to the ambient magnetic field (see also Dmitruk et al. before the end of the run. Figura 4éhows that while a certain
2003). We focus predominately on cases using the resistivepopulation of the particles maintain their initial Maxwellian
field only, since that is where one expects the predominantdistribution below 1 keV, a tail develops gradually toward the
energy gain to come from. However, we compare these resultsMeV region ending with a cutoff at high energies. In Fig-
to models including both electric field components. ure 4, the final distribution function shows a pronounced
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power-law component between 1 keV and 10 MeV, whereas dimensional MHD code. The stochastic development of current
the distribution after the cutoff extends toward 0.5 GeV. sheets that are associated with a distribution of strong electric
The dotted curve in Figurébshows the distribution function  fields inside the stressed magnetic topology provide the elec-
resulting from a run that uses both the resistive and inductive tromagnetic environment in which particles are accelerated.
electric field components. It shows that the inductive field plays Using a relativistic test particle code, we follow the evolution
a very small role in the overall acceleration. This is mainly of an ensemble of electrons and ions. Our main finding is that
because the parallel component of this field must be zero, andthe electrons and ions are accelerated fast and efficiently along
the energy gain in the perpendicular direction is very small the entire length of the magnetic structure. In relatively short
compared to that from the parallel resistive field component. times, particles reach relativistic energies and form power-law
However, this perpendicular contribution does show an effect distributions in energy. We also found that the inductive electric
in the region below 1 keV. Particles that remain within this field plays a very small role in accelerating particles.
range are mainly those injected in regions where the parallel We conclude that the stochastic formation of current sheets
resistive field is zero. They therefore maintain their thermal in magnetic topologies that are complex and stressed by the
distribution but gain some energy when the inductive field is photosphere can provide an alternative to the existing models
included. for solar flares.
We have examined the scaling of the results with the length
of the box. The maximum energy scales up with the length of
the domain. A temporal scaling also arises here as particles This work was funded by the European Commission under

need more time to travel through a longer domain. research training network HPRN-CT-2001-00310. K. G. ac-
knowledges funding by PPARC in the form of an Advanced
4. DISCUSSION AND CONCLUSIONS Fellowship and Carlsbergfondet in the form of a scholarship

over various periods of the project. P. J. C. acknowledges the
In this Letter, we study for the first time the acceleration of support of a PPARC senior fellowship. The numerical MHD
electrons and ions inside a coronal magnetic flux tube stressedxperiments were carried out on the UK Astrophysical Fluids
by the random motions of the photosphere using a three-Facility.
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