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The results of kinetic simulations of magnetic reconnection in Harris current sheets are analyzed. A
range of guide fields is considered to study reconnection in plasmas characterized by déferent
values,3>m./m; . Both an implicit particle-in-cel(PIC) simulation method and a parallel explicit

PIC code are used. Simulations with mass ratios up to the physical value are performed. The
simulations show that the reconnection rate decreases with the guide field and depends weakly on
the mass ratio. The off-diagonal components of the electron pressure tensor break the frozen-in
condition, even in lows plasmas. In highB plasmas, evidence is presented that whistler waves play

a key role in the fast reconnection physics, while in IBwlasmas the kinetic Alfve waves are
important. The in-plane and the out-of-plane ion and electron motion are also considered, showing
that they are influenced by the mass ratio and the pla@n@ 2004 American Institute of Physics.
[DOI: 10.1063/1.1768552

I. INTRODUCTION wave (KAW) dynamics as the mechanism that enables fast
Magnetic reconnection causes global changes of thEeconnection in lowepB plasmas, but the signature for this

magnetic field topology and of the plasma properties, and thB'échanism has been observed only in fluid simulatféns.
conversion of magnetic energy into plasma particle kinetid?ecently, fors~1 plasmas, evidence has been presented
energy in form of plasma jetting and plasma heafiddt is that the off-diagonal terms of the electron pressure tensor
observed to occur in collisionless plasmas over a wide rang@reak the frozen-in conditio?’® but it is not known what
of B values: In the geomagnetic tdil3>1; the Earth’s happens in lowep plasmas. In lows plasmas, drift motions
magnetopause 8~1; the solar coron3,laboratory® and are responsible for a typical asymmetry in the ion and elec-
fusion plasmag,and astrophysical plasmag<1. tron motion in the reconnection plaé®but how the veloci-

In the highg case, the geospace environment magneti¢ies depend on the mass ratio and plasgnaas not been
(GEM) reconnection challengésee Ref. 8 and references examined in detail.
therein has clarified the physics of fast reconnection. The  The aim of the present paper is to study magnetic recon-
primary mechanism by which the frozen-in condition is bro-nection in plasmas with differeng values, using kinetic
ken is given by the nongyrotropic electron pressure termsimulation to study reconnection at low plasgavith mass
(e.g., see Refs. 9 and 10rhe reconnection rate is then en- ratios up to the physical value. The reconnection process is
hanced thanks to the Hall term, which gives rise to the whissimulated using two particle-in-celiPIC) codes, which
tler dynamics and decouples the electron and ion motiofnodel both kinetic ions and electrons. One is CELESTE3D,
(e.g., see Ref.)8 _ S an implicit PIC codé,~*®which is particularly suitable for

At lower p, the physics of fast reconnection is still under |5ge scale simulations with high mass ratios, and the other

investigation. Theoreticdk.g., see Ref.)%nd experimentl NPIC, a two-dimensional massively parallel explicit
results provide strong evidence that fast reconnection stil 2021 \yhich is much more expensive to run but which

; X . Lode
occurs in lowerB plasmas, but the reconnection rate is re-

) . ) resolves all scales. The initial condition is a perturbed Harris
duced. However, the scaling of the reconnection rate with thgheet equilibrium and the system is permitted to evolve
plasmaB and the mass ratio has not been clarified com-

. 1113 L freely. The plasma3 is changed by varying the intensity of
pletely. Theoretical studiés *have proposed kinetic Alfre the initial guide field, ranging from>1 (no guide field
case, to S<1 (strong guide fielg

“Electronic mail: paolo.ricci@polito.it It should be remarked that other physical systems have
)Electronic mail: jub@lanl.gov

9Electronic mail: daughton@lanl.gov t?eeq considered in th?1 2Ilztezrz;:\tu.re.m order tozzstudy reconnec-
9Electronic mail: lapenta@lanl.gov tion in low B plasmag*?>~?*Nishimuraet al** consider a
1070-664X/2004/11(8)/4102/13/$22.00 4102 © 2004 American Institute of Physics
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sheet pinch equilibriuft and analyze the growth of tearing TABLE I. Decrease of the error in the energy conservatiar(t)
and Buneman instabilities. Draket al?* simulate a thin [0 ~Ea(0)/E(0), at timetw;=40 when the time step is reduced.
. . . . . We consider a set of CELESTE3D simulations with/m,=25, B, /B,
double _Cur_rent layer in thr_ee dimensions, in Whlc_h the _tmal: 5, 64X 64 grid points, and 200 particles per cell. The NPIC energy con-
magnetic fieldB and density are constant. The simulationSservation is shown for comparison.

show the development of turbulence that collapses in struc

tures where the electron density is depleted. Rogeed ™ Atwpi AE
consider fluid simulations of wider current layers and point 0.30 0.096
out that both the totgB and theB based on the reconnecting 0.15 0.034
field [ By=8mny(T;+ Te)/BZ,, whereB,, is the asymptotic 88§ _22-32274
reconnecting fielfiplay an important role in determining the Explicit (0.014 5 6x 10~

structure of the out-of-plane field and pressure profi(&s.
our simulations, the totas is varied, whileg, is held fixed)
The conclusions described in the literature above do not aprelocity in they direction isVio=1.67/,, whereV, is the
ply directly to our results because they are based on differendifvén velocity defined with the density, and the fieldBy,
equilibria. and Vg /Vio=—T/T;. The equilibrium current is mostly
Our simulations yield several new results. First, we decarried by ions becaus®/;,=—5V. The ion inertial
termine the scaling of the reconnection rate with large 9Uid¢ength,di=c/wpi , is defined using the density,.
fields and high mass ratios. Second, we identify the mecha- The standard GEM challenge is modified by introducing
nism by which the frozen-in condition is broken in the pres-an initially uniform guide fieldB,=B,o (Byo=0,B¢,5By),
ence of a strong guide field, a crucial problem in the physicsyhich eliminates the line of null magnetic field f&,# 0.
of reconnection. Third, we analyze the influence of the guideDifferent mass ratios are usedh /m,= 25 (standard GEM
field on the in-plane and out-of-plane ion and electron vemass ratip, m,/m,=180, and the physical mass ratio for
locities. Fourth and final, we demonstrate through our fullyhydrogenm, /m,=1836. Following Ref. 8, the Harris equi-

kinetic simulations with a strong guide field the typical elec-|ibrium is modified by introducing an initial flux perturbation
tron density pattern related to the KAW dynamics previouslyin the form

predicted by theoretical studiésand shown by fluid
simulationsi4 Ay=—Aocog2mx/Ly)cog wz/L,), (5)

The paper is organized as follows. Section Il describeswith A y=0.1Boc/wp;. The perturbation introduces in the
the physical problem and the numerical approach. Section lIHarris current sheet a seed magnetic island Withoint at
presents the results of the simulations, studies the mechanisxa=0 and z=0. This magnetic island develops and grows
for reconnection, analyzes the motion of ions and electronsijuring reconnection.
and examines the scaling of the reconnection rate with the The boundary conditions for the particles and fields are
mass ratio and the guide field. periodic in thex direction. Conducting boundary conditions
are imposed for the fields at tzedboundaries while reflecting
boundary conditions are used for the particles.

The simulations shown in the present paper are per-

A Harris current sheet is considered in thez) plane?®>  formed using two PIC codes, CELESTES3D, an implicit PIC
with an initial magnetic field given by code, and NPIC, an explicit simulation code. The implicit
PIC method, and particularly the code CELESTE3D, has

Il. THE SIMULATIONS

Bo(2)=Bo tanf(z/\) €t Byoey @ peen applied to many problems in plasma physics in one
The Harris configuration is an exact Vlasov equilibrium dimensior?® in two dimensiong?27=30 and three
with ion and electron distributions given by dimensions!~3*NPIC has been used to study the dynamics

of thin current layers*®
0= CELESTE3D solves the full set of Maxwell-Vlasov
705 s equations using the implicit moment methdd!® The im-
plicit moment method allows simulations on ion length and
, (20  time scales, while retaining the kinetic effects on these scales

nb Uz
t s OB T2 ) .
th,s Uth,s for both electrons and ions. Both Maxwell's equations and
where V, is the drift velocity andvy, s=2Ts/mq is the  the particle equations of motion are discretized implicitly in

no seck(z/\) F{ Vit (vy— V)2 + 02
_ exd —

2
Uth,s

thermal velocity. time. With large time steps, the discretized equations model a
The current carried by specisss given by quasineutral plasma, in which random fluctuations in the
electrostatic field are much reduced compared with an ex-
Js=0sNoVs Sech(z/N) 3 plicit solution with the same number of particles, and smooth
and the plasma density given by solutions are obtained with a relatively small number of par-
No(z)=ngyseck(z/\)+n,. (4 ticles per cell

The explicit plasma simulation code NPIC is based on a
The GEM physical parameters are u§ethe tempera- well-known explicit electromagnetic algorithffi?* Max-
ture ratio is T;/T,=5, the current sheet thickness }s  well's equations are advanced in time using either a simple

=0.5d;, the background density is,=0.2n,, the ion drift  explicit algorithnf! or a semi-implicit method that permits
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0 20 40 )
tw FIG. 1. The reconnected flux is plotted

for m;/m,=25 and By,,=0 (a),
3 f) m; /m,=25 andB,,=B, (b), m;/m,
=25 andBy,=>5By (c), m;/m,=180
andB,=0 (d), m;/m,=180 andBy,
=By (8), m;/m,=180 andB,,=5B,
(f), m;/m,=1836 andBy,,=0 (g),
m; /m,=1836 andBy,=B, (h), and
m; /m,=1836 andB,,=5B, (i). The
reconnected flux is normalized to

0 20 40

tw. BoC/ wp; - The results from
d CELESTESD (solid line) and NPIC
3 i) (dashedl are plotted.
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the time step to exceed the Courant liffiThis corresponds of the GEM challenge witlm; /m.,= 1836 is more than 5000
to an implicit treatment of light waves, while the rest of the times as expensive as one with, /mg,=25 if the explicit
algorithm remains explicit and the electron plasma frequencynethod is used. An implicit simulation, which scales as
and cyclotron motion are fully resolved. In this manuscript,(m;/mg)*?, is much less expensivéThe time step can be
all simulations at low mass ratim; /m.= 25 were performed kept constant with respect to the ion plasma frequency and
with the simple explicit version of the field solver, while two the ratiow;/w; is scaled asrf /meg)*2, in order to main-
of the simulations at higher mass ratioy(m.=180, By,  tain the ratiosp;/L and v, ¢/cC constant® However, the
=0, By) were performed with the semi-implicit version of explicit PIC method resolves all relevant scales within the
the field solver with a time step approximately three timesplasma, and with a massively parallel computer, now even
larger than the Courant limit. For the strong guide field highhigh mass ratio simulations are becoming feasible in two
mass ratio casenf;/m.=180, B,,=5B), the simple ex- dimensions. The explicit simulations reported here stretch
plicit field solver was employed since the time constraintthe limit of the current computational resources; 128 proces-
imposed by the guide field on the particle mover is moresors on the Los Alamos Q-machine were used. The implicit
limiting. Extensive comparisons between the two versions osimulations, by comparison, are run on a commaodity PC with
the field solver have revealed no significant differencesa single Pentium IV processor.
NPIC is run on a parallel computer using domain decompo- The simulation parameters for CELESTE3D, with
sition with calls to the Message Passing Interféei®l) li- m;/mg,=25, are aN,XN,=64x64 grid, with time step
brary. wpAt=0.3, and 25 particles per species per cell, for a total
The explicit simulation is much more expensive becausef 2x 10° computational particles. For high mass ratios, the
it must observe the time step limiit<2/w,., and the mesh simulations are performed by CELESTE3D with the same
spacing required to avoid the finite grid instabilitkx  simulation parameters, except for time /m,=1836 case
<2\pe, With w,e and \p denoting the electron plasma where the time step is reduced dg,;At=0.1.
frequency and Debye length. The implicit simulations must ~ The simulation parameters for NPIC, with,/m,=25,
respect an accuracy conditian;, (,At<<AXx, whose principal are aN,XN,=1024x512 grid, 104 10° computational par-
effect is to determine how well energy is conservsge ticles and a time step corresponding dg;At=0.029 for
Table ). In general, the accuracy condition permits muchB,,=0, By, and w,jAt=0.014 atB,,=5B,. For the high
larger Ax and At than possible with explicit methods. mass ratio casas, /m,= 180, the simulation parameters are
Explicit PIC simulations with higher mass ratios can beN, x N,=2560x 1280, 1x10° particles, and a time step
very expensive. The cost of an explicit simulation on ionwpAt=0.019 for B,,=0, By, and w,;At=0.0064 atB,,
time and space scales varies with the ion to electron mass5B,. For the cas®,,=5B, andm;/m,=25, a more de-
ratio as (n;/my)(4*2”2 whered is the number of spatial tailed explicit simulation with gridN, x N,=3072x 1536 has
dimensions?® For example, in two dimensions, a simulation been performed, with time step,;At=0.0065, and with 1
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TABLE II. Averaged reconnection rates, normalizedBg\V/,/c, as a func-  TABLE lll. Averaged reconnection rates, normalizedBgV/, /c, as a func-

tion of the guide field and the mass ratio from CELESTE3D. tion of the guide field and the mass ratio from NPIC.

m; /me=25 m; /me=180 m; /m.=1836 m; /me=25 m; /m,=180
Byo/Bo=0 0.179 0.190 0.206 Byo/Bo=0 0.176 0.199
Byo/Bo=1 0.141 0.164 0.182 Byo/Bo=1 0.144 0.163
Byo/Bo=5 0.086 0.099 0.113 Byo/Bo=5 0.091 0.106

% 10° particles. In comparison to the simulations with grid guide field increases for all values of the mass ratio, as the
N, X N,=1024x 512, the latter simulation does resolve the fast reconnection mechanism becomes less efficient indow-
electron gyroradius, with grid spacingx=Az=0.016. and  Plasmas. Both CELESTE3D and NPIC show that the recon-

pe=0.032. nection rate increases weakly with the mass ratio for all the
In general, as is discussed below the results from the tw@uide fields considered.
codes agree for the mass ratiosn/m,=25,180. For the reconnected flux, the results of the explicit and

CELESTE3D is also used to simulate the physical mass ratignplicit simulations agree remarkably well for both mass

m; /m,=1836. No comparison with NPIC is possible for this ratios and all the guide fields. As Tables Il and IIl show, the
case, since only CELESTE3D can do this problem. two codes give reconnection rates within 5% of each other.

In conclusion, the Strength of our approach is that it isA'SO, the saturation levels are similar in the two codes. It

based on two independent codes with complementary capghould be remarked that, in some cases, the fast reconnection
bilities. It should be remarked that this degree of verificationPhase starts later in explicit simulations. The later start is due

is rarely observed in the literature. to the reduced initial noise in the explicit simulation because
of a much larger number of particles.
IIl. SIMULATION RESULTS A study of sensitivity of the explicit simulation to the

. . . _ _ simulation parameters is shown in Fig. 2. The reconnected
A set of simulations is performed, using different mMassy .y is plotted form; /m,=25 andB,,=>5 as a function of

ra_tios (mi’”?e:25* m; /me=180, andm; /m,=1836) and_ time, for two NPIC simulations: the standard resolution
different guide fields: the standard GEM challenge withg; . -..00 (N, XN,=1024x512 grid, w,,At=0.014, and

— — — ; _ X z y Wpi . )
B@—O, Byod— BB’ and BYO_E’BO' corres?o?]dmg tcﬁ—oo,h 2X 10 particles and the higher resolution simulation that
'8__1'2’ and =0.048, |/n£ e center of the current sheet yooq resolve the electron  gyromotionN,(x N,= 3072
[B=8m(no+np)(Ti+Te)/Byol. _ X 1536 grid, w,At=0.0065, and X 10° particles. The

In all cases, the typical evolution of the magnetic flux 5,6 of the two is very similar in both runs. The only no-
and_ the out-of-plang current is similar to th? plc_ture of Maliiceable difference is a later start of the fast reconnection
netic reconnection in the absence of a guide field providey e for the higher resolution case, confirming that an in-
.by the GEM challenge pr01e§e.g., in Ref. 158‘ In pgrtlcular, creased number of particlgse., a reduced initial noige
in the presence of a guide field reconnection still occurs bu ostpones the fast reconnection phase.
it requirgs a Iopger time and §aturates at a lower level. Th The energy associated with the different components of
current is considerably more filamentary and_peaks of neggpe magnetic field, and the electron and ion kinetic energy
tive current appear which are not present in the standard,e yiotted in Fig. 3. The reconnection process causes a de-
GEM challenge with no guide field. crease of the total magnetic energy, becausa tt@mponent

In Fig. 1, the reconnection flux as a function of time for ¢ o magnetic field is destroyed by the reconnection pro-
both NPIC and CELESTE3D simulations are shown. The

reconnected flux is measured as the flux differeade be-

tween theX and theO points. Simulations are performed 2.5
with  m;/m,=25,180,1836 with the implicit PIC code
CELESTE3D and withm; /m,= 25,180 for the explicit PIC 2}
code NPIC. All the simulations show a similar evolution.

After slow initial growth, which lasts untitw.;~10 (or 151
longer, for higher guide fields reconnection enters a fast z
phase that persists until the saturation level is reached. Dur- 1t
ing the fast reconnection phase, both NPIC and
CELESTE3D(when simulations with enhanced spatial reso- 05t

lution are performed show multiple small scale islands,
which merge at later time into a single island. The saturation 0 , , , ,
level decreases with the guide field, because the out-of-plane 0 10 20 30 40 50
magnetic field influences the plasma motion reducing its ci
compressibility. . . . FIG. 2. The reconnected flux is plotted far,/m,=25 andB,,=5 as a
The rec_onnegtlon rates that best fit the fast r_econneCtloFl]Jnction of time, for two NPIC simulationlsNX; NZ=1024>Z?512 grid,
phase are listed in Table Il for CELESTE3D and in Table IlI 0pAt=0.014, and X 1C° particles (solid); N,xN,=3072x 1536 grid,
for NPIC. In general, the reconnection rate decreases as thg;At=0.0065, and k 10° particles(dashed
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a) b)
0.02 T T T 2714
. 0.01
w® / #7135
< wr=e
0
-0.01 27.13 FIG. 3. Plotted are the relative varia-
o 0 10 t(fo 30 d) 0 10 t(fo 30 tion of the total energy of the plasma,
1.05 d 0.04 ol [ Eol(t) —Etot(0)VEo(0) (8); the energy
of the y component of the magnetic
0.03} J field, Egy (b); the energy of thet com-
ponent of the magnetic fiel&g, (c);
x N
1w0.975 w021 the energy of the component of the
magnetic field,Eg, (d); the electron
0.01} kinetic energy,Ey;, e (€), and the ion
‘ ‘ . kinetic energy, Ey,; (f) for the
09, 10 20 30 % CELESTES3D simulation withm; /m,
e) to, f) =25, w,At=0.08, andBy,=5Bj.
1 25 The energies are normalized to
Eex(0).
[} =
L5 L2235
0 2.2
0 10 20 30 40 0 10 20 30
t wci t wci

cess. In particular our results show that, while the energyional to the reconnection rate, can be expressde.gs, see
related to they component of the magnetic field is almost Ref. 1)
constant(it slightly increases in th&,=0, B, case, the By

field energy decreases, and the energy ofzthemponent of L(MJF &yze)
the magnetic field, which is created during the reconnection ene

Ey,rec: - E(UzeBx_UxeBz)_ IX 9z
process, grows. The lost magnetic energy is transferred to the Me | 0,6 vy &Uye)

ions and electrons in form of kinetic energy. __° Uxe 0,6

In the following section, the mechanism which leads to el dt IX 9z
the breakup of the frozen-l_n conqmon for electrons is anaypere the resistive term is not included, since it is rigorously
lyzed, and the general motion of ions and electrons depend;,q in collisionless plasmas.

ing on the guide field is studied. Finally, the mechanism of A e x point, the magnetic field componers andB,

fast reconnection is pointed out, when the whistler dynamics,aish and the only contributions to the reconnection electric
are suppressed by the presence of the guide field. field are given by gradients of the off-diagonal terms of the
A. Violation of the frozen-in condition electron pressure and electron inertial effects. A considerable
debate has taken place in the literature among supporters of
one or the other of the two mechanisms.

In the zero guide field case, the general consensus is that
off-diagonal terms of the pressure tensor are the main

(6)

The frozen-in condition is a characteristic property of
ideal magnetohydrodynami¢MHD) plasmas, which forces
plasma and magnetic fields to move together. As long as thﬁ]e

frozent-lnhcond|t|ond|s satlsﬂedt., the mag?ftf f'glld t()p()logyplayers, while the electron inertia is negligible. Kutnetsova
cannot change and reconnection cannot take ON" et al®” show that the electrons become demagnetized near

nect|on_ canno_t_occur unless some _mechan!sm_ breaks trﬂﬁe X point, at distances comparable to the electron mean-
frozen-in condition. Once the frozen-in condition is broken(,jdering lengths

the plasma particles can move relative to the magnetic field,

and the magnetic field lines can reconnect and change their c?meTe va c?meT, va
topology. Oye= e?(dB,1ox)?| dze™ e?(9B,/z)?] @

Fundamentally, the frozen-in condition follows from the
assumption of ideal plasmas, where Ohm'’s law reduces tand execute a bounce motion which results in the presence of
ideal terms only. However, in collisionless plasmas the comeff-diagonal terms of the electron pressure tensor. In this
plete Ohm’s law includes a number of terms neglected in thease, the off-diagonal terms of the electron pressure are most
ideal MHD limit that can be significant and can potentially important in breaking the frozen-in conditidf®
break the frozen-in condition. The complete Ohm’'s law In the presence of a guide field, no established result has
states that the reconnection electric field, which is proporyet been agreed upon. Evidence has been given that the elec-
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FIG. 4. (Color onling. For m;/m,
=25, results from NPIC are shown for
the nonideal part of the reconnection
electric field, Ey+ (v,Bx—vyeB,)/C,
(a,c,@ and electron pressure contribu-
tion to the electric field (b,d,f,

— 1leng(dPyyel/dy+ dP,ye/dz). Both
plots are color coded, and normalized
to BoVa/c. The magnetic field lines
are plotted in all frames and the guide
fields areB,,=0 (a,b, Byo=B, (c,d),
andBy,=5By (e,. E, is normalized
to BoVa/c. The results are plotted at a
time whenAW =1. The data are aver-
aged over 100 time slices separated by
10 time intervals withAtw,;=0.014.

tron pressure is still the mechanism that allows reconnectioslose to theX point during the reconnection process. Simu-
in presence of a weak guide fieldB{,=0.38;, Byg lations performed by NPIGFig. 4) and CELESTE3D(Fig.
=0.8B,).1>% In the present work we consider larger guide 5) with the guide fielddB,,=0, Byo=Byp, andB,,=5B, are
fields and investigate what mechanism breaks the frozen-inonsidered for a mass ratio; /m.=25.
condition. In the By,=0 case, we confirm the previous findings
Figures 4 and 5 show the nonideal part of out-of-planepredicting that the electron pressure tensor is the dominant
electric field[i.e., Ey+ (v,Bx—vyeB;)/c, which is the dif-  contribution at theX point (e.g., see Refs. 9 and 10n a
ference between the electric fielt), and the ideal terms,  scale length of the order of the electron meandering letfyth.
X Blc], and the contribution of the electron pressure terms  For By,=B, and B,,=5B;, the symmetry of the

FIG. 5. (Color online. The corre-
sponding results to Fig. 4 from
CELESTE3D are shown. The data are
averaged over a moving window of
100 time steps, with\twp,;=0.03.
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a) b)

0.3

0.2

0.1
FIG. 6. (Color onling. Contributions

0 to the nonideal reconnection electric
field Ey+(v,Byx—vyeB,)/c (normal-

-0.1 ized toByV,/c) (a) given by electron
pressure terms Pxyel Iy

-0.2 F0Pyeldz)  (0);  UyedvyelIX
+v,60vye/dz (¢) and by all the inertia
terms, evaluated as the difference be-
tween the nonideal electric field and
the pressure contributioiid) We con-

0.2 sider m; /m,= 25, By0=5_Bo. The re-
sults are plotted at a time whehW

0.1 =1. These results are from NPIC, and
represent average over 100 time slices

0 separated each other by a time step

~0.1 Atwpi=0.14.

-0.2

-0.3

-0.4

break-up region seen in th,,=0 case is lost and is re- models incorporating the presence of off-diagonal terms for
placed by a more complex honsymmetric structure. Figures the pressure tensor have been recently designed to study the
and 5 show that the electron pressure is the dominant norspecific issue being considered h&t®ased on the theoret-
ideal term withBy,=B, andB,,=5B,. ical derivations, the off-diagonal components of the pressure

It should be remarked that the out-of-plane electron ve-are generated by gradients of the electron flow velocity in the
locity evaluated from both simulations shows that electrony direction and by differences in the diagonal terms of the
inertia alone cannot be responsible for the break-up mechgressure tensor

nism. Figure 6, which shows results for the casg/m, P oo B
zze YVye X

=25 andB,= 5B, from NPIC, allows one to study the con- Prye= — — + == (Pyye= P20, (8)

tributions to the nonideal electric fie[ghlotted in Fig. 6a)]. wee JZ By

In Fig. 6(b) are shown the off-diagonal terms of the electron Predvve B,

pressure tensor, in Fig.(®§ the convective inertial terms, Pyze=— ” &;(’ + B—(Pyye— Pyxe) s 9
ce y

UyedVyel IX+v,600 e/ dz, and in Fig. &d) the inertial term,
computed as the difference between the nonideal electriwhere the heat flux has been ignored. It is assumedBhat
field and the pressure contribution. As in the zero guide field>B, andB,>B,, that the diagonal components of the pres-
case, the pressure terms dominate in the region closest to teare tensor are much larger than the off-diagonal compo-
X point, while the inertia terms are relevant at intermediatenents, and that>L /v, whereris a typical evolution scale,
lengths. The contribution of the terav./Jt appears small v, is a typical electron velocity, and is a typical scale
because Figs.(6) and d) are similar. The ideal terms give length.
the main contribution far away from the reconnection region.  For theB,,=5B, case, Fig. 7 compares the actual value
According to these results, the importance of the pressuref P, . and Py, obtained from the simulation, with the
terms does not decrease in presence of a guide field. Howalue computed from Eq$8) and(9), for the NPIC simula-
ever, the spatial thickness of the region in which these termon. Once again, there is a good agreement between the
dominate is of ordep, and thus decreases with increasingsimulation results and the theoretical predictions. The contri-
guide field. bution to the off-diagonal terms in Eq®) and(9) have been

If the off-diagonal terms of the pressure tensor are in-evaluated separately. It has been found B3t/ wcedvye/ 92
deed responsible for breaking the frozen-in condition ancplays an important role in the evaluation Bf,., while the
allowing electrons to move relative to the magnetic fieldcontribution of Py,c/wedvye/dx is not important toPy,e
lines, thereby enabling reconnection to take place, what iand thusP,&~B,(Pyye— Pyxe)/By. CELESTE3D confirms
the cause of the presence of off-diagonal terms of the preshese findings.
sure tensor in the first place? ForByo=0 the results of the two codes are in very good

To study the origin of off-diagonal terms of the pressureagreement, although NPIC results are more refined because
tensor, the simple approximations upon which most fluidof the higher number of particles. F@,,=B, and By,
models are based are no longer valid. More advanced fluie- 5B, the results of the two codes need further discussion.
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a) b)
0.015
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v 0.005 v 0,005
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L [ - i ]-0005
e N EI A _
~0.01 FIG. 7. (Color onling. The actual off-
~0.01 diagonal terms of the electron pressure
2 0 1 2 ’ 2 - 0 1 2 -0.015 tensor from the NPIC simulation with
X X m; /mg= 25 andB,,=5B, are plotted.
Shown areP,. (a), andP, (c), and
. their values computed from Eq$8)
) x10~ d) (b) and(9) (d). The results are plotted
0.01 at a time whenAW=1. The data are
6 averaged over 100 time slices sepa-
1 4 1 v 0,005 rated by a time steptw,,;=0.14.
B \\:’//
0
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/aN

-0.005

-0.01

Both NPIC and CELESTE3D do indicate that the contribu-=0 axes. In Figs. 8 and 9, the ion and electron motion in the

tion of the electron pressure tensor is responsible for théx,z) plane is represented in the presence of a guide field.

breakup of the frozen-in condition for all the guide fields. In all cases, the ions are diverted when they approach the

Moreover, the numerical value of the nonideal electric fieldX point in an antisymmetric way with respect to the-0

at theX point and its pressure contribution, which is equal to

the reconnection rate, are similar in the explicit and implicit

simulations. However, only the higher spatial grid resolution ,,

of NPIC reveals that the characteristic thickness of the 6

break-up region is of the order of a fewy in presence of a

guide field, while the implicit moment method spreads out

the electron diffusion region from the electron gyroradius to 2

a scale linked to the grid spacing. N O
As an aside, it should be pointed out that implicit simu-

lations withB,,= 5B, that explore the electron break-up re-

gion are computationally very expensive, as they require the -4

temporal resolution of the electron gyromotion. _6f:

B. lon and electron motion

WhenB,,=0, the ions and electrorisx B drift towards
the X point along thez direction(see, e.g., Ref.)9The ions
become demagnetized at distances of the order of adfew
because of the Hall effect, are accelerated along/tieec-
tion by the reconnection electric fiele, and flow outwards
in the x direction at the Alfva speed, where they are di-
verted by theB, magnetic field. The electrons follow a simi-
lar flow pattern, except that they are demagnetized at shortet
distances, of the order of the electron meandering lengths
[see Eq.7)], and are expelled at super-Alivie velocities.
The whole ion and electron motion is up-down and left-right
symmetric. FIG. 8. lon (a) and electron(b) motion in the &,z) plane is shown for

. - - m; /me=25 andB,,=B,. The results are plotted at a time whan=1.
The presence of a guide field rotates & B motion, These results are from CELESTES3D. The velocity vector magnitude is pro-

causes ions and electrons to drift in directions not otherwisgortional to the arrow length, and the maximum magnitude is &,7Gor
possible, and destroys the symmetry with respect tozthe ions and 4.06/, for electrons.

-10 -5 0 5 10
X

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



4110 Phys. Plasmas, Vol. 11, No. 8, August 2004 Ricci et al.

a) electrons exhibit a strong flow along the separatrix. The mo-
tion is inward in the first and third quadrant, and outward in
the second and fourth quadrants. Our simulation confirms the
asymmetric motion of the electrons, which has been shown
theoretically to have an important role in the reconnection
process? 2 In the presence of a stronger guide fieRl,,
=5B (Fig. 9, the electrons flow with a similar pattern to
the Byo= B, case, but the in-plane motion is more localized.
The electron motion along the direction (i.e., the out-
of-plane direction of the guide fields also affected by the
guide field. This is shown in Fig. 10, where CELESTE3D
and NPIC results are compared. Whey,=0, the ions are
accelerated by the reconnection electric fiédgd at the X
point along they direction. However, th8, field diverts the
electrons, decreasing tlyevelocity, and forcing the outflow
in the x direction. In the presence of a guide field, even far
from theX point, the electrons maintain a significant velocity
in they direction, as they flow along the magnetic field. The
electron motion is concentrated at the separatrix andythe
velocity increases with the guide field.
~10 -5 0 5 10 Figure 11 shows the details of the electron distribution
x function. The histograms represent the distribution of the ve-
FIG. 9. lon (a) and electron(b) motion in the &,2) plane is shown for |0City vy, vy, andv, in a region close to th& point, for
m; /me=25 andB,,=5B,. The results are plotted at a time whanw different guide fields. In particular, the, distribution shows
=1. Th_ese results are from CELESTE3D. The velocity v_ector_magnitude isthe presence of a drift that increases with the guide field.
_proportlonal to the arrow length, and the maximum magnitude is\8,8®r Moreover, in the cas®,o=5B,, the presence of the back-
ions and 1.0V, for electrons. ' yo 0
ground population is shown by a peak in the distribution near
line. Their outflow motion is primarily along. The outflow vyo=0.
region becomes smaller as the guide field increases. The CELESTES3D result§ reveal also a dependence of the
electron dynamics are completely different and dependut-of-plane velocity on the mass ratio, showing that lighter
strongly on the guide field. In th&,,=B, case(Fig. 8)  electrons reach higher velocities.

FIG. 10. (Color onling. The electron
velocity vy is shown at a time when
AV =1, for Byy=0 (a0, Byg=Bg
(c,d), Byy=5By (e,f), and mass ratio
m; /m,=25. These results are from
CELESTE3D(a,c,8 and NPIC(b,d,f.
Uye IS Normalized tov, .
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04 d) 0.2 e) 0.4 f) FIG. 11. Distribution of the electron
. velocities vy, vy, and v,, from
i CELESTE3D simulations with
m;/me=25 and By,=0 (a-0, By,
0.2 01 02 =B, (d-f, andB,o=5B, (g—i). The
results are plotted at a time when
AWV =1. The distributions consider the
0 0 0 electrons located in the region of size
-5 0 5 -10 10 -5 0 Ax=2clw,; and  Az=0.5c/wp;
Yy v, around theX point.
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C. Fast reconnection mechanism layer at much higher speeds, thereby enabling fast reconnec-
One of the main new development in the understandinéion' The mechanism is now well established and described

of reconnection in the last few years has been the discovery1 textbooks and articles, for example Refs. 1 and 40 give
of the importance of the presence of both an ion diffusion ull descriptions. The typical signature of the Hall effect is
region and an electron diffusion regi¢see, e.g., Ref. 39In  the presence of a quadrupolar out-of-plane magnetic
the ion diffusion region, the electrons and the ions uncoupldield,*** which has also been observed by some satellite
and while the electrons continue to be bound to the field line@bservations.

by the frozen-in condition, the ions can flow freely. In the At low B, the whistler dynamics are pushed to smaller
smaller electron diffusion region, the electrons become unscales:!~*3because of magnetic field compressiByV-v,
coupled as well and the reconnection process can change thdich remains finite even if the motion is almost incom-
topology of the field lines. pressible. Provide3>m,/m; [i.e., ps>de, p2=c?mi(T,

In Sec. lll A, the mechanism active in the inner layer and—{-Ti)/ezBio], parallel gradients of the electron pressure due
responsible for uncoupling the electrons from the magnetigo variations in electron densityn,, support a parallel
field has been studied and has been identified with the offg|ectric field!2 The dispersion corresponds to KAW, and is
diago_nal 'Ferms of the pressure tensor. In the p_resent sec_tiogi,m"ar to the dispersion of the whistler wave€k?2). Thus
attention is focused on the outer layer, which is responsiblg,qt oconnection is possible through the same mechanism
for uncoupling the ions. described above.

When Byo=0, the Hall term in Ohm's law)xB de- The KAWSs are characterized by a scale lenggh which
couples electron and ion motion and strongly enhances the . : .
replacesd; as the spatial scale of interest in presence of a

reconnection rate. Because of the Hall effect, ion motion Lide field. and a quadrupolar density structr@he elec-
decouples from the electrons and the magnetic field at a did ! q P y

tance of the order ofl, and the whistler dynamics are en- tron density variation is due to an ion polarization drift,

abled. The whistler waves have a quadratic dispersion relvhich causes the electron density gradient to reverse direc-
tion (wxk?),™ and a characteristic group speed that istion across theX point as the vertical magnetic field lines

inversely proportional to the length scale of the process. Th&hange polarity. Consequently, there is a quadrupolar pattern
dispersion is an essential component of Hall reconnectioff the electron density and a parallel electric field that allows
physics. As the scales are compressed within the ion Iayeﬂﬂe ions to flow acros®8 and reconnection to occur. This
the outflow speed increases to balance the higher whistldirocess happens on the scale lengthThe electron density
wave speed, leading to a scale invariant reconnection rat@attern in the presence of a guide field from a simulation is
Thus, unlike the Sweet—Parker model where the outflow iglotted in Fig. 12. The quadrupolar structure close to the
limited by the Alfven speed, the presence of the quadraticreconnection region is as predicted, and has not been ob-
dispersion relation allows outflows from the inner electronserved previously in kinetic simulations.
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) 0.45
0.4 '
2 ’ FIG. 12. (Color onling. The electron
1 0.35 ; density n, is plotted for m;/me=25
N Q > TR andB,,=5By at timetw¢;=30 in the
. ”"'N ) reconnection region. The results are
=1 from CELESTE3D(a) and NPIC(b).
- 0.25 -
4 2 0 2 4 02 '
X i

At still lower B (B<m./m;), ions and electrons are guide fields, the ion outflow pattern is not influenced by the
tightly coupled, ions are forced to follow the electron dy- mass ratios. It follows that, at least for the range of guide
namics, and fast reconnection is not possible. We have rdields studied, there is a mechanism that decouples the ion
stricted our simulations to plasm@s for which fluid models and electron dynamioghe electron dynamics depend on the
predict fast reconnection. Our systematic kinetic study of fastass ratip. Without a guide field, the outflow region is of
reconnection as a function of the plas@aonfirms the fluid the order of a fewd;. In the presence of the guide field
results. Byo=By, the outflow width decreases, and with a stronger

In Fig. 13, the out-of-plane magnetic field during the guide field,B,,=5B,, the outflow region is narroweiFig.
reconnection process is plotted for different mass ratios and4). We note also that the scale length of intergst, of this
different guide fields. In the zero guide field case, the out-ofregime decreases when the guide field increases.
plane magnetic field presents the typical quadrupolar sym- As Tables Il and Il show, the reconnection rate de-
metric structure due to the Hall effect. When a guide field iscreases as the guide field increases and the fast reconnection
added to the initial Harris sheet equilibrium, the out-of-planemechanism transitions occur from whistler dynamics to
magnetic field is dramatically altered. The quadrupolar strucKAW dynamics. Experimental results confirm this trérac
ture due to the Hall effect, is weakened and tiltedBgg  well as previous numerical resuftsA scaling law for the
=By, and is unidentifiable foB,,=5B,. Even if the pat- reconnection rate has been proposed with this same
tern of the magnetic field does not depend on the mass ratioproperty?*®
the maximum and minimum values are affected. The reconnection rate shows only a weak dependence on

The width of the ion outflow region is shown in Fig. 14 the mass ratio. FoB,,=0, Shay and Drake have demon-
for three different guide fields, by examining tkecompo-  strated that the reconnection rate is insensitive to the physics
nent of the ion velocityp,;. It is remarkable that for all that breaks the frozen-in condition. Consequently, the rate is
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' = 1 field, By, is shown whem\¥ =1, for
1.05 & O?M Byo=0 (ab, By,=By (c,0, By
' = - 08 =5B, (e,f), and mass ratiom; /m,
- " 0.6 =25 (a,c,8, m;/m,=1836 (b,d,f.
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insensitive to the electron mass. This is confirmed by previEven though electron scales are not resolved by
ous kinetic calculations extended to the physical mass rati€ELESTE3D, the electron gyrotropic pressure contributions

in Ref. 10. are still clearly responsible for breaking the frozen-in condi-
tion, but they are distributed over a more extended spatial
IV. CONCLUSIONS scale.

In closing, we note that an experimental setup has been
t to study experimentally the dependence of reconnection
on the guide field and we plan to compare our simulation
Fesults with the experiments.

By performing kinetic simulations of Harris current | .
N o . .~ buil

sheets with different guide fields and different mass ratios
the physics of magnetic reconnection in plasmas characte
ized by differentB values has been studied.
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