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. .Abstract

oo wWh e s ’ . e -

Tést particles in a two dimensional,  turbulent MHD simulation are found
to undergo significant acceleration. The magnetic field Vconfiguration is a
periodic.: sheet. pinch. which- undergoes 'recomnection.. .The test .particles are
“trapped in the reconnection region for times of. order an Alfvén transit time
..dn _the 'large electric. fields. th;t <characterize . the ...'tur.bulent:..rgconnection
. 'process - at ~the- relatively. large ::magnetic ~.Reynolds - number -used -in the
-simulation.. The maximum ..speed attained by these particles is consistent with
". an analytic estimate which depends on the reconnection éléc;ric’ field, the

_Alfven speed,. and the ratio of Larmor period to the Alfven transit time.
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- _Acceleration to*iugh eenergiesjébf a small fraction of the particles in a
“plasma is familiar=in 'spai:e'physics, -astrophysics and fusidn physics. Two
‘examples ai‘e the production of energetic particles in solar flares and in
plan_etary magnetospheres during.magnetic substorms. lGiovanellil, Dungeyz,
Sweet®, Parker® and others .suggested that particles can be éccelerated to
~high--energies by strong :eleciric fields which might arise near X-type
:.a:magnetics.-,—neutral.'points_.A :.The ~question of whether strong electric fields
*#.exist mear‘ such neutrai -points has "led:.to the study of magnetohydrodynamic
(MED').-:'reconnection. Conclusions ‘about: the intensity of the self-consistent
~:electric - field--near -the X-point -and - therefore, the "raté of reconnection”
L vary- ~con'sider£bly in- 'feconnection “models®. The collisional tearing
:;‘instabilityif‘.,' -Parker—Sweet mechanism®’’: and Petschek's mode}.e predict values
of reconnection rates which decrease at high conductivity.

The- effects . of - turbulence in aﬁalytical ‘and computational models have
6fteﬁ been excluded by assuming that the background magnetic field is smooth
initially and that pertui‘bations are Asyminetric and/or infinitesimal. There
is indication®’?°’!! that finite-amplitude fluctuations can lead to
turbulence in X-point: dynamics,‘;{‘thereby elevating reconnection réte_s.
Consequently, turbulent re_.corme_c'tiox;\i'%'}"ﬂii:ght maintain strong X-point electric
fields (and the possibilify;:ﬁ::o‘??é".i%nificant p.‘article acceleration) at high
comv'luctivity.v o TR |

The question of whether a "-s'ubpopulation of plasma particles might be
effectively accelerated by the recoﬁﬂéf;tior‘l‘ zoh_e eigctpic field has also been

T17, A typical approach has been to calculate the

extensively studied12
trajectories of "test-particles” in model MHD magnetic and electric fields.

The electric field has ixsualiy been included parametrically, but there has
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been at least one studyla of test particle orbits in . the dynamic electric
fields of a symmetric, forced non—turbulent MHD simulation. IF generally has
been foundr that test particles do not spend very much time near X-type
neutral points, but can easily be trapped near O-type neutral points'?’!®,
This is a crucial point in the assessment of the importance of reconnection
aéAa particie aﬁceleratbr. In nonsteady incompressible simulations, strong
accelerating-: eleetrie- fields do not appear near O-points which are the
centers about which reconnected flux gathe;s after emerging from the
_ reconnection zone. A long residence time near this type of ~O-point is

unlike%zwﬁo produce significant particle acceleration. The short residence
times-qg;gatticlaswnear the X-point region has been viewed as a limitation on
the efgiéfencyrbfitﬁéﬁx—péinﬁ accelération mechanism.

In=thIs" I&étter, we describe an analysis of particle orbit tracing in MHD
fieidsz;ﬁﬁich evolve and reconnect in the presence of finite amplitude
fluctu;tions. We find that turbulent fluctuations appearing near the
recoﬁnggtion zone can trap test partiéles in the strong electric field.region
for long enéugh_times to produce significant -acceleration. Consequently the
turbuleﬂ;{i;ﬁofht mechanism is an efficient.accelefator.

Thet~ffélds “in whi?h the test particles propagate are produced by a
spectral-method, incompreséible MHD simulation techniqué that has been
described in detail elsewhere®’'°’. The magnetic field B and fluid vélocity
field v lie in the x,y plané and vary in that plane, all qﬁantities being
independent of the third coordinate, z. Thus, the electric. current density,
magnetic vector potential, fluid vorticity and MHD eleétric field each have
only single components in the z direction, designated J, a, @ and E respec-

1959

tively. The familiar dimensionless units include an arbitrary length

scale L, a characteristic Alfvén speed, Va’ and transit time of unit



- .distance, T =L/V_.

a

A.1282 spectral. truncation .and:an:-explicit. timestep of 1/512 were used.

" The .xuns": lasted ~10i:Alfven:. times....:The..dimensionless..fluid -and :magnetic

Reynolds numbers (reciprocals of the dimensionless. viscosity, VvV and
resistivity, M) were each equal to 1000 in these simulations. The values of

- -+
w(k,t) and .a(k,t) for all values of 2-~d wavevectors retained were stored

-gvery AT. = .10/512 ‘Alfven times. ™ The reconnection process 'is modeled as an

unforced, .turbulent initial value problem.in which at .t = 0 magnetic..energy

" resides.-almost entirely in.a small number.of Fourier modes that describe two
..\:fnpposi:ely-..directed‘,neutral':sheets. . Turbulent ..reconnection..is. triggered by

.-adding at-t = .0.a small but.finite.level:of broad—band randomphased "noise”

perturbations.

.7 .Test -particles were ;introduced ~into - the ~simulation . fields at -t- = 0.
- -

Their position X and three dimensional velocity U were then advanced in time

.and space according. .to dX/dt = U. and
di/dt = o x B + E) (D)

where & = Qt, 2 = ZeB/mx:;@siiﬁe nomina'l'"‘t'e‘st"parti’cle“gyrofrequency, and E =
3 x 3 + uJ is the MED electric field.

‘.Eq. (1), written with particle velocity in units ‘of Alfven speed,
emphasizés the role of the constant ¢ in coupling the ﬁatural units of
particle motion to. those of MHD turbulence. Particle acceleration is
entirely due to the z—component of electric field. The implementation of the
particle~pushing algorithm ‘uses the fact that the z-component of Eq. (1)

implies



Uz + Qa3 = constant (2)

This 1is an expression of the constancy ‘of the z-component of canonical
momentum and allows the effect of the electric field to be incorporated
implicitly through the space and time dependence of the vector potentiél. To
ensure that the particles sample the fields in the detail afforded by the
high resolution MHD simulation, we employed a 2-d cubic spline interpolation
procedure to calculate field values at particle positions. The fields were
also linearly interpolated in _time,‘ hence the electric field is constant
between independent snapshots of the MHD simulation. Time integration of the
X and y components of Eq. (1) was done by a fourth-order Runge—Kutta method.
The timesteps were chosen to be much less than the time between frames of the
: MHD‘fields to give good resolution of the particle gyromotion. |

The first run we describe consists of 500 particles randomly distributed
Vin space, each moving with the unit Alfvén.speed at 45° pitch angle, but with
randomly chosen gyrophase. The value of a is 643, so that the characteristic
gyroradius is much less than the unit cell of the MHD simulation. Fig. 1
shows magnetic field line plots ig the area around the lower of the two
"current sheets at several tiqes. New magnetic islands are appearing due to
the reconnection process. Furthermore, since the same field lines are
plotted in eac@ frame (same values of a(x,y)), it is clear that. magnetic flux
is beiﬁg removed from the strong field regions above and below the current
éhéet;_ |

Figure 1 also shows the position of three of the test particles super-
imposed on the field lines at each time. These particles were selected
because of their significant energy gain, and because their trajectories were

typical of particles gaining energy along either the upper or lower sheets.
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.-~ Throughout .the run, most of the particles are undergoing relatively

- unperturbed "gyrnﬁotion -in..the strong magnetic .field regions >away from the
reconnectinﬁ zones :;:ﬁéar .the upper.;and .lower: X=points..:iHowever,.. Figure 2
shows .that the.parficle energy distribﬁtion changes considerably during the
run in that a .small_ number of particles, including the three in Fig. 1, are
accelerated to thousands of times their 4initial energy. It is apparent in

Fig. 1l that the particles were trapped within small “magnetic *bubbles™ . in

.. the .reconnection zone which are turbulent fluctuations.of the magnetic field.

. Detailed : analysis . of :~the MHD -simulation’’ . has suggested ~that these

...fluctuations- are .characteristic. of reconnection triggered by.finite amplitude
.. turbulence.. - . The .bubbles . produce .multiple A.X-points»i‘within' .the -reconnection -

. zone - which .remains .centered. about :a single .filament of electric current

density. - Once formed, these bubbles move outward from the reconnection:zone
with the exhaust velocity of the fluid jets (‘-"0.85\7&).'

The . trapped particies move w;th .the bubbles, cross the strong.electric
field region where they are accelerated, and enter the recomnected isiand
region around an' O-point. Within the large island the particles experience
less acceleration because the reconnection electric field is weak there.
Somre parg-?cles lose ~energy in':"f'the--_'O;point region, . presumably due to
encounters‘;wii:h:;- field lines;,;?whitch;_.;lﬂ'ece“tie_.»::a:s‘:t'hel""reconnected '*island grows.
This behavior. is iJ..lustrated"i;;}f;}‘F‘i‘g. 3 by th; time history of the kinetic
energy of the particles identified in Figure 1. '

_The physics of the particle trapping and acceleration is. easily under-
stood. Each small mag-n»eticfv;-_bub‘ble is a trapping center for test particles.
In this simulation, partiéleé in the reconnection zone experience a fluctuat-
ing electric field 'with average magnitude of € = 0.1 (in units of BoVa).

Particles trapped in-a_ bubble are entrained in the high-E region for about



one Alfven transit time.

From the conservation law (Eq. 2) it follows that if a particle spends a
unit time in a reconnection electric field, €, its velocity will change by
.AVz = ea. With @ = 643, the upper limit to the velocity is about 64. Nofe
that in Fig. 3, particle no. 382 reaches a speed of about 60. This is the
highest spéed that we have found for particles in this simulation. A
preliminary test of this scaling was performed using a second set of 500
partic}gé with a = 321.5. The highest speed attained was about 30.

Assuming thé validity of this scaling and neglecting the initial speed of
the test particles, the maximum kinetic energy is € ax = m(sz)‘/z = e?a?n/2
where € is in units of Vaz. This is equivalent to

fmax " 0-5 W, [E(L6 /) (2/2,) (my/m)] )

where wp, Zo and L arg‘the plasma freQuencY,'charge state and ion mass of
~the background plasma. Eq. (3) assumes that particle motion in the
z=direction is unbounded. If the acceleratioﬁ_acts only until the particles
have traveled a distance L in the z-direction, then the estimated duration of

the acceleration process becomes T* = vY(2/(€a)), and the maximum energy is

emax W [e(pr/C) (Z/Zo)(mo/m)]
Note that this is proportional to the charge of the test particles, but
independent of their mass.

These simulations indicate that turbulen; fluctuations in a reconnecting
magnetofluid can trap test particles in the strong electric field region and

accelerate them to speeds of order eﬂTVa. In a future publication, several
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the z~direction. ‘ -

-9

issues will be studied including the range of & for which trapping oécurs,

‘the dependence of the magnitude of -the acceleration on Reynolds number and

initial:parxicle;speeds;fand;thelinflhence of a uniform DC magnetic field in

-
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Figure Captions

Figure 1. Magnetic field line plots in the area of the lower current sheet
at several times.. The positions of three particles are indicated by the

‘symbols: the triangle is particle number 382, fhe circle is particle 358,

and the square is particle 28l1. The contours label the same vector potential

values in each panel.

Figure 2. Particle energy distribution at. t = 9, indicating’ that most
particles have gained little energy; but a small high energy population has

been formed.

Figure 3. The time history of the kinetic energy of particles 382, 358, 281

(cf. Figure 1).
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