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Electron acceleration and heating during collisionless magnetic reconnection is discussed by using
the results of implicit kinetic simulations of Harris current sheets. Simulations up to the physical
mass ratio are performed to study and compare electron dynamics in plasmas with different
values. The attention is focused on the typical trajectory of electrons passing through the
reconnection region, on the electron velocity, in particular on the out-of-plane velocity, and on the
electron heating along the in-plane and out-of-plane direction®0@3 American Institute of
Physics. [DOI: 10.1063/1.1598207

I. INTRODUCTION theory?8=33 self-consistent fluid simulatior8, and kinetic
simulations®® 3’

Collisionless magnetic reconnection plays an important  The aim of the present paper is to study the electron
role in energetically active processes in plasfifablagnetic  dynamics near the reconnection region with self-consistent
reconnection takes place in plasmas characterized by diffekinetic simulations of high and loy8 plasmas. The plasma
ent values ofs. Theoretical, observational, and experimentalis varied from very largés>1) to small(8<1) values and
results show that reconnection is present in the geomagnetiystems are simulated with an ion/electron mass ratio up
tail,> where local@>1; in the Earth’s magnetopau$eyhere  to the physical value rfi /m,=1836). We consider two-
B~1; in laboratory, *®in the solar corona plasmaand in  dimensional reconnection in Harris current sheet config-
astrophysical plasmas, such as extragalacticjeéfsand  yrations® triggered by an initial perturbatioli. We intro-
flares in Active Galactic NuclefAGN),"> where 8<1. duce a guide field to reduce the plaspand eliminate the

During magnetic reconnection, magnetic energy is conny|| field region at the current sheet. To perform kinetic
verted into kinetic and thermal energy of electrons and ionsgimulations, we use CELESTE3;*?an implicit particle-

In fact, electron heating and acceleration are signatures Gf-cell (PIC) code, which models both kinetic ions and elec-
magnetic reconnection. In the magnetotail, bursts of enefrons while allowing simulations with higher mass ratios.
getic electrons have been attributed to reconnettidfiand We show that both the plasma and the mass ratio
there have been recent direct measurements of electron agirongly affect the electron dynamics. In Ig8vplasmas, the
celeration during magnetic reconnectiSnProduction of electron meandering orbits present in higfplasmas disap-
runaway electrons during sawtooth instabilities and disruppear_ We focus on the out-of-plane electron velocity, which
tions is associated with magnetic reconnection in tokayemains localized in the high-case, and which is sizable
maks? In solar flares, x-ray observations indicate that 8also far from the reconnection region in lg8vplasmas® A
large fraction of the total energy is released in acceleratedirong influence of the mass ratio on the out-of-plane veloc-
electrons’’~>* The observed synchroton radiation in extra-ity is shown by the simulations and the relevant scaling law
galatic jets is thought to be generated by reacceleration qg geduced. We show that the heating process is nonisotropic
in-situ acceleration of electrons due to magnetic recony, presence of a guide field; in particular, the particles are
nection***It has been proposed that the detection of hard Xpreferably heated in the out-of-plane direction. This anisot-
ray andy ray from AGN is due to the presence of electronsyopy contributes to the break-up of the frozen-in condition
accelerated by magnetic reconnection. for electrons and allows reconnection to happen.

Electron dynamics in the reconnection region have  The paper is organized as follows. Section Il describes
been studied using analytical argumeHts test particle e physical system and the simulations. Section Ill presents
the results of the simulations, focusing on the typical trajec-
tory of the electrons that pass through the reconnection re-

dE|ectronic mail: ricci@lanl.gov

bElectronic mail: lapenta@lanl.gov gion and the evolution of the electron fluid velocity and tem-
®Electronic mail: jub@lanl.gov perature during reconnection.
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II. PHYSICAL SYSTEM a

35

We consider a two-dimensional Harris current sheet in  °
the (x,z) plane®® with an initial magnetic field given by 28

> 2

<
15
1

BO(Z):BO tanr(Z/)\)ex‘i‘ Byoey (1)

05

and plasma particle distribution functions for the spedes
(s=e,i) by

0

M 3/2 FIG. 1. (From Ref. 45, Reconnected fluxnormalized toByc/w,;), for
m; /me=25 (&), m; /m,=180 (b), andm; /m.= 1836 (c), andB,,=0 (solid
ZquBTS

fos(Z,V)=ng secﬁ(z/)\)(
line), Byo=B, (dashed ling B,o=5B, (dotted ling.

Xexp[—%[v§+(vy—vso)2+v§] _ . o - .
s one cell iny and applying periodic boundary conditionsyin
m, |32 mev? The particle velocityz the electric field, and the magnetic field
m) ex;{ T okaT ) (2 have all _three velocity compor_1ents. _

B's B's Previous work on magnetic reconnection performed by

We use the same physical parameters as the Geospa@@LESTBD have proved that_r(_asults from 0L_1r_im|_olicit code
Environmental Modeling (GEM) magnetic reconnection Match well the resuilts of explicit codé&Implicit simula-
challenge®® The temperature ratio i$;/T.=5, the current tions allow one to model physical mass ratios, with which it
sheet thickness i =0.5d;, the background density is, IS Possible to distinguish scaling laws associated with differ-
—0.2n,, and the ion drift velocity in the direction isV;, €Nt break-up mechanisfiSCELESTESD has also been em-
—1.6,, whereV, is the Alfven velocity, andV,,/V;, Ployed in acomprehensive study of the physics of fast mag-
= —Teo/Tio. The ion inertial lengthd, =c/w,;, is defined netic rfsconnectlon, in plasmas characterized by diffefent
using the densityr,. We apply periodic boundary conditions Values:
in the x direction and perfect conductors in thalirection.

The standard GEM challenge parameters model recoritl. RESULTS

nection in highg plasmas. To model loys plasmas, it is We have performed a set of simulations, using different

possible to consider either a entirely different equilibritin, . A _ : . :
or one may introduce a guide field in the standard Harrig" 2SS ratiosry /m,=25,180,1836) and introducing different

sheet equilibrium. Herein, we follow the second a roachqmde fields:Byo=0, with = at the center of the current
q ' N, We 101K : PPrOACT  eetB, o= B,, with B=1.2; andB.,,=5B,, with 8=0.048,

and we introduce a guide fielB,=B,, with a spatially Y L Y . .
_ . , .. We note that a guide field changes drastically the magnetic

constant value at=0. The simulations are performed with configuration of the system as the X point is no longer a null

different mass ratios, ranging fromn,/m.,=25 (standard ointgas it is in theBy—O case P 9

GEM mass ratipto the physical mass ratio for hydrogen, P T,he dynamics ofy?n; netic r.econnection in plasmas with

m; /me=1836. FollowingBirn et al,*® the Harris equilib- y 9 P

rium is modified by introducing an initial flux perturbation in _dlfferent yalues oflé‘r?a\_/e been pointed out and summarized
the form in a previous paper. Figure 1 shows the reconnected flux,

AWV, defined as the flux difference between the X and the O
A,=—Ayocod 2mx/L,)cog 7z/L,) (3  points for all the simulations consideré’ﬁEven though an
initial perturbation is applied, reconnection proceeds slowly
with Ayo=0.1Boc/w,;, Which puts the system in the nonlin- during an initial transient phasgehich lasts approximatively
ear regime from the beginning of the simulation. until twg;=10), when the system adjust to the initial pertur-
The simulations shown in the present paper are perbation. Subsequently, reconnection develops rapidly until the
formed using the implicit PIC code CELESTE3D, which saturation level is reached. Both the reconnection rate and
solves the full set of Maxwell-Vlasov equations using thethe saturation level decrease when the guide field is in-
implicit moment method®~*? The implicit method allows creased. All the simulations show a similar evolution. The
more rapid simulations on ion length and time scales than armechanism which breaks the electron frozen-in condition is
allowed with explicit methods, yet retains the kinetic effectsprovided by the off-diagonal terms of the electron pressure
of both electrons and ions. In particular, the explicit time steptensor for all the guide fields consider&f® The reconnec-
and grid spacing limits are replaced in implicit simulationstion rate is enhanced by the whistler dynamics in high-
by an accuracy condition, [At<Ax, whose principal ef- plasmas, and by the kinetic Affuevaves dynamics in lovs

+nNy

fect is to determine how well energy is conserved. plasmagd?*’! provided that B>m./m;. When B
In the two-dimensional simulations shown below, we <m,/m;, fast reconnection is not possibfe>3
typically choose a time step such that,At~0.5, aN, Theoretical results and kinetic simulatiéfs*show that

X N,=64x64 grid corresponding to grid spacingsx/d; with B,,=0, electrons flow towards the X point along the
=0.4, andAz/d;=0.2. We introduce 32 particles per speciesdirection, where they are demagnetized in a region corre-
per cell, corresponding to a total of X@.0° particles. We  sponding to the meandering length,.. There they are ac-
neglect the spatial variations in tigedirection, by using only  celerated by the reconnection electric fielld,, in they di-
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FIG. 2. Electron trajectory in thex(z) plane, forB,,=0 andm; /mg=25.

The position of the particle at different times is marked by circles, theFIG. 3. Velocitiesv, (a), v, (b), v, (c), and kinetic energyd), as a function
starting position by a plus sign. The position of the X point is denoted by theof time, for the electron whose trajectory is represented in Fig. 2.

X mark. Note the periodic boundary conditions in theirection.

rection. The electrons are then diverted by tBg field, we consider the electron distribution functions to evaluate
gaining an outflow velocity in the direction, and becoming  the electron temperature.
remagnetized at the meandering length,. The meander-

ing lengths are defined ¥s*

A. Electron trajectory

1/4 1/4

meTe
ez( aB,19x) Z

meTe
ez( B, 19z) 2

Xe

, Oy (4 Figure 2 shows a typical trajectory of an electron passing

through the reconnection region in the c&&g=0, and Fig.
while the maximum inflow and outflow velocities scale 3 shows the history of its velocity and kinetic energy.
ag*>* In Fig. 2, the initial position of the particle is denoted by
e?E4 14 a plus sign, and its position at selected time steps by circles.
UXG:[WSMX)Z X marks the position of the X point. Note that periodic
erevrmz boundary conditions are applied in tkedirection, as the

e2E‘y‘ /4 ) pehavior of the trajectory showghe particle exits from the
Uze™ 4myTo(dBy/9z) left and re-enters from the rightAt the beginning, the elec-

tron is tied to a magnetic field linemagnetic field lines run
In the reconnection region, the electrons are unmagnemainly along thex direction. Near the reconnection point,
tized and follow complex meandering orbits, which result inthe electron decouples from the magnetic field and moves
a nongyrotropic electron distribution function and in off- along thez direction, reaching the X point ato,;~15. The

diagonal terms of the electron presstfe. particle trajectory is meandering in the unmagnetized region.

When a guide field is introduced, the meandering orbitspo 0w from the reconnection region takes place as

disappear. Analytical estimates of the guide field at WhlChsoon as the electron reaches a region with stronger magnetic

this happens are given by Refs. 26 and 27. Nevertheless, ﬂf%ld. Then, the electron couples again to a magnetic line

diagonal components of the electron pressure tensor are Ul rounding the O point. and starts again its avration orbit
equal, which contributes to the presence of off-diagonal pres- 9 point, 9 oy

sure term$>4® These terms still constitute the break-up aroulndF!t. 3 al s of th ticle velocity and th
mechanism of the frozen-in conditi?*® In the reconnec- n F1g. 5, all components of (he particle velocity and the

tion region, the electrons flow across the field line in theKinetic énergy are plotted as a function of time. Initially, the
(x,2) plane, while performing a Larmor motion around the €l€ctron is flowing along the direction, with a Larmor mo-
out-of-plane magnetic field. Far from the reconnection relion mostly in the ¢,2) plane, which is responsible for the
gion, the guide field causes additional components of th&ligh frequency oscillations of the velocitithe magnetic
ExB force, which modify the ion and electron motion and field line is mostly directed along). During this phase, the
cause asymmetric plasma flow. electron kinetic energy is almost conserved. When the elec-
Below, we describe in detail the typical trajectory of an tron decouples from the magnetic field line as it crosses the
electron passing through the reconnection region in highreconnection region, it is accelerated by the reconnection
and low plasmas. Then, we focus on the electron fluidelectric field in they direction. This acceleration transfers
velocity, in particular on the out-of-plane velocity. Finally, magnetic field energy to electrons during magnetic reconnec-
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FIG. 4. Electron trajectory in thex(z) plane, forB,,=5B, and m;/m, FIG. 5. Velocitiesv, (a), vy (b), v, (¢) and kinetic energyd), as a function

=25. The position of the particle at different times is marked by circles, theof time, for the electron whose trajectory is represented in Fig. 4.
starting position by a plus sign. The position of the X point is denoted by the

X mark. Note the periodic boundary conditions in theirection.

flow and outflow velocity given by Eq$5). The scaling laws

tion. As Fig. 3 shows, while the electron is unmagnetizedOf the dimensions of the reconnection region and of the in-
the kinetic energy of the electron increases remarkabl)/‘,low and outflow velocity, based on the electron pressure as a

showing high frequency oscillations due to the acceleratioff"ak-up mechanism as derived in Ref. 54, have been veri-
and de-acceleration by the electric field. When the electrofi€d UP to the physical mass raffbin the presence of a
leaves the reconnection region and again couples to the magj—ulde field, new components of texB field arise, and
netic field, motion iny becomes Larmor motion with a big- 1€ electron in-plane motion has been described in Refs. 45
ger radius, and the velocity directed alopggained in the and 56. .
reconnection region is lost. The particle couples to a mag- Here, we focus on the electron out-of-plane velocity.

netic field line that surrounds the O point and starts to flovvm_ Fig. 6, the velocit_y along the ax_ix=0 is depicted
along it. with Byo=0 for three different mass ratiosy, /m,=25, 180,

In Fig. 4 the electron trajectory is traced for a Ig8v- 1836. The maximum out-of-plane velocity increases with the
plasma, with a strong guide fiel®,,=5B,. Initially, the mass ratio. We note that the out-of-plane velocity is sizeable
1 y . 1

particle flows along the magnetic line, which is mainly di- ©NlY in the reconnection region. _

rected along the direction, and executes a Larmor motion _ 1€ out-of-plane velocity can be estimated &yo=0.
mostly in the &2) plane. The particle then accelerates to-The electrqn I|fet|me.|n the reconnection regienfrom Egs.
wards the X point, crosses magnetic lines in thez) plane, (4 @nd(5) is approximately

and gains an out-of-plane velocity which increases its kinetic
energy(see Fig. 5. The particle still couples to the magnetic
field and executes a Larmor orbit around the guide field. :
Meandering orbits are not present. In contrast to the cas¢ o
with By,=0, the electron maintains itsvelocity even when
far from the reconnection region because now the gyration is
in the (x,z) plane around thg-directed guide field. Finally, )
the electron drifts along a magnetic field line around the O
point maintaining a still significany velocity which de- 7
creases slowly because of the interactions of the electror”
with the nondrifting plasma background.

The presence of the guide field changes the nature o -1
electron acceleration: without guide field, tlgevelocity is
lost while in presence of guide field is retained even far from
the reconnection regio?’?. 14

-2t

. . -1 1 L 1 L '
B. Electron fluid velocity -10 -5 0 5 10

Wh4esl"11 BVO: 0, both kinetic simulations and th_eoretlcal FIG. 6. Electron out-of-plane velocity a0, whenA¥~1, for the simu-
result§*>* show that th_e electrons are demagnetized at th@itions with B,o=0 and m; /m,=25 (dashed ling m/m,=180 (dotted
electron meandering distanggee Egs(4)] and have an in- line), andm; /m,=1836(solid line).

Downloaded 12 Nov 2012 to 128.178.125.98. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



3558 Phys. Plasmas, Vol. 10, No. 9, September 2003 Ricci, Lapenta, and Brackbill

TABLE I. Comparison between the simulation results and the scaling law in
Eqg. (8).

Ratio Simulation result Scaling law

vy(m /m=180) 2.9 2.7
vy(m; /me=25)

vy(m; /m,=1836) 7.0 8.6
vy (m; /mg=25)

5
mng 1/4 0
T~0ye/Uyet dzelvze“(e4_E;1> (6) 5
As the magnetic field is negligible in the reconnection re- -10
gion, the electrons are freely accelerated and the out-of-plane -15

velocity can be estimated as

FIG. 8. Electron out-of-plane velocity wheAWw=1, for the simulations
with Byy=B, (8) and By,=5B; (b), for the simulations withm;/m,
=180.

e
l)y~ EEyT (7)

and, using Eq(6), it follows that

Uyocvth‘e. (8)

Since the temperature of the electrons is the same for al

mass ratios, it follows that the electron out-of-plane velocitytIqe peak velocity increases remarkably when the guide field

scales with 1{m,. The results presented in Fig. 6 fit well PECOMES stronger, Fig. 7. Moreover, the presence of the
this scaling law, as is shown in Table I, guide field changes the general pattern of the out-of-plane

Figures 7 and 8 consider the effect of the guide field onvelocity, as shown in Fig. 8. Whell,=0, the out-of-plane

the out-of-plane electron velocity. As the guide field allowsVeIOCity Is sizeable only near the reconneqtiop region, where
the particles to flow more easily in the out-of-plane direction,the electrons are accelerated by the electric field. The out-of-
plane velocity is lost when the electrons become again mag-

netized and are diverted by tig, field. In presence of the
guide field, the electrons maintain thgivelocity when they
leave the reconnection region and orbit around the O point.
Note that this conclusion is further supported by the analysis
of particle orbits performed in Sec. Il A.

As a final remark, we note that the out-of-plane velocity
evolves during magnetic reconnection, as is shown in Fig. 9.
For all the guide fields considered, the electron velocity in-
creases while reconnection procedtlse evolution of the
reconnected flux in these simulations is presented in Big. 1
After reconnection saturates, the reconnection electric field
vanishes and the electrons are no longer accelerated. The
out-of-plane velocity in the former reconnection region de-
creases abruptly.

a) b) <}
0 0 0
-05 1 -1
-1 -2
-2
>~ -15 - >3
-2 -3 4
-25 -4 -5
-3
-10 -5 0 5 10 [) 20 0 o 20 » % 20 40
X tmcl lu)CI lu)m
FIG. 7. Electron out-of-plane velocity at=0, whenAW~1, for the simu- FIG. 9. Evolution of the average out-of-plane electron veloaityin the
lations with Byo=B, (a) and By,=5B, (b), m;/m,=25 (dashed ling reconnection region, for the simulation with,/m,=25, and guide field
m; /m,= 180 (dotted ling, andm; /m,= 1836 (solid line). Byo=0 (a), Byo=Byg (b), andB,,=5Bq ().
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a) b) IV. CONCLUSIONS

s In the present paper, the electron dynamics during mag-
! . netic reconnection has been studied by showing and discuss-
£ 2 ; N ing results of kinetic simulations of Harris current sheets.
‘ Simulations with different plasmg and different mass ratio
have been considered.

By varying the guide field, we have been able to model
A v T Pe® ® ® reconnection in systems such as the magnetoByij0),

_ _ _ the magnetopauseB(,=B,), laboratory and astrophysical
FIG. 10. Evolution of the electron thermal velocityy . (S0lid), vipy,e

(dashed, andv,,. (dotted, in the reconnection region for the simulation plasmas BYD% SBO)' . . .
with m; /me=25 andB,,=0 (a) andB,=5B, (b). By studying the typical electron trajectories, we have

shown that, when the plasm@is decreased, the electrons

mainly perform Larmor motion around the guide field even

in the reconnection region, and that meandering orbits disap-

pear. In all the cases, electrons are accelerated by the recon-
C. Electron temperature nection electric field along the direction and their velocity

The evolution of the electron temperatures in the reconincreases with the guide field. Moreover, the out-of-plane
nection regionJT,e, Tye, andT,,, are plotted in Fig. 10 for velocity increases durling_ rec_onnection. !n highplasmas,
the three different guide field strengths. We note fhRat, the out-of-plane velocity is sizable only in the electron re-
Tye, andT,. are defined as the second moment of the distri£onnection region. With a guide field, the out-of-plane veloc-
bution functions of the, y, andz velocity®’ ity is globally relevant. The mass ratio has a strong influence
In the zero guide field case, g, and T, evolution is ~ ON the out-of-plane velocity and the scaling law of interest is
similar [see Fig. 1(8)]. T,, increases because the positive derived. The study of the electron temperature in the recon-
and negative outflow velocity causes an increases spread fiection region has shown a strong heating anisotropy in pres-
the x velocity. The heating in thg direction is due to the €ence of a guide field, which contributes to the break-up of
electric field which, besides accelerating the electronsthe electron frozen-in condition.
spreads out their velocity, reflecting the variation in electron  In closing, we note that we plan to develop the present
residence time in the reconnection region, which depends oork in two directions. First, we plan to introduce the rela-
their in-plane inflow and outflow velocity, and thus are ac-tivistic equations of motion in CELESTESD, in order to rep-
celerated by different amounts. After reconnection saturates€sent better the electron physics when relativistic effects
the heating process stops and electrons tend to thermaliZ@eécome important. Second, an experimental setup has been
causing an increase ifi,.. We note that the total energy of built at the Los Alamos National Laboratory to study recon-
the system is conserved during the simulation within an erropection experimentally in plasmas with differef We plan
of the order of 49%° to compare our simulation results with the experiments.
When the guide field is introduced, both,. and T,.
remain almost constant at the initial level during the recon/ACKNOWLEDGMENTS
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