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Magnetic field energy dissipation due to particle trapping in a force-free configuration
of collisionless pair plasmas
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It is shown by using a two-dimensional, fully relativistic, electromagnetic particle-in-cell simulation code
that a force-free magnetic configuration in collisionless, electron-posifrain plasmas becomes unstable
against current-driven Buneman instability and subsequently there occurs a strong magnetic field energy
dissipation associated with collisionless magnetic reconnection, which can be driven by particle trapping due
to two-dimensional electric potentials remaining in the nonlinear stage of the initial current-driven Buneman
instability. About 43% of the initial magnetic field energy dissipates and is transformed to plasma heating as
well as high-energy particle production. The energy spectrum in the high-energy region is given by an expo-
nential type with two temperatures. We also show the simulation results for the electron-ion plasma to compare
the effect of the mass ratio of the electron and proton.
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[. INTRODUCTION Sec. lll we present our simulation results and summarize our
results in Sec. IV.
Magnetic field generation and dissipation in astrophysical
plasmas are important processes for understanding physical Il. SIMULATION MODEL
mechanisms of plasma heating as well as high-energy par- . . .
ticle production. Many astrophysical plasmas are collision- The simulation code used here is a two-and-a-half-

dimensional code, assuming that the physical quantities are

less during the period when the interesting physical PrOonstant ire (d/9z=0), which was modified from the three-

CEsses are takln_g place. I.n such coII|S|or_1Ie§s p""‘.sm.as .ﬂb(?mensional, fully electromagnetic, and relativistirRISTAN
physical mechanisms causing the magnetic field d'ss'pat'OE]ode[G] The system size ik, =300\ andL,=80A, where
: X y ,

through the magnetic reconnectiph] are still under many — \ (1) s the grid size. Periodic boundary conditions are
mvesﬂgapon;. Ampng them .coll!smnlefss. tea}rlng mstabl!ltyimposed on particles and fields. There arex14® electron-

[2] was first investigated, which is a dissipation mechanism,siiron pairs filling the entire domain uniformly, keeping
due to wave-particle resonandeandau resonangén a null the domain charge neutral. Hence the average particle num-
magnetic field region. Other mechanisms due to some turbiser density is about 100 per cell.

lent collisions between small scale waves and current- \We consider a simple force-free configuration with cur-
carrying particles are proposed: for example, lower-hybridrent sheets in which magnetic fields are given by

waves[ 3], drift-kink waves[4], and so on.

Recently a collisionless tearing instability has been inves-
tigated [5] in a force-free magnetic configuration in an
electron-proton plasma and in the nonlinear stage, strong
magnetic field energy dissipation has been observed in a By(y)=0, 2
two-dimensional particle-in-cePIC) code simulation. Sa-
kai et al. [5] suggested that the strong magnetic field dissi- _ 5()/—40)

ian i e ; : B,(y)=Bgco , ()
pation is caused by collisionless magnetic reconnection, L
which can be driven by electron trapping due to two-
dimensional electrostatic potentials. whereL(=40A/) is the width of the current sheets. The

In the present paper we show by using a fully relativisticcentral lines of the current sheets in thg plane are located
PIC simulation code that there occurs very effective magat y=0,40,80. To generate the above magnetic fields, we
netic field dissipation through collisionless magnetic reconimpose shifted Maxwell distributions with a drift velocity
nection triggered by particle trapping in the quasistatic two4n the x and z directions for both electron and positron ve-
dimensional electric potentials remaining in the late phase ofocity distributions. We investigated two case&@) vq
the current-driven instability in pair plasmas. About 43% of =0.2%=2.6%, and (b) v4=0.1x=1.3&,,. Here we
the initial magnetic field energy dissipates and is transformeghow mostly the results of the ca&s. The initial state is
to plasma heating as well as high-energy particle productiorcharacterized by complete charge neutraliy€0) every-

We also show the simulation results for the electron-ionwhere in the domain. Other parameters are as follows: the
plasma, to compare the effect of the mass ratio of the eleonass ratio between an electron and a positrog,m,=1;
tron and proton. In Sec. Il we show our simulation model. Inthe simulation time stepw,At=0.052; the plasma fre-

. [y—40
Bx(y)=Bosin —

, (€
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FIG. 1. The time history of the electric field energiesf [E;dx dy, (b) [ [EJdx dy, and(c) f fEZdx dyand the magnetic field energies
(d) [/BZdx dy, (¢) [[Bjdx dy, (f) f/BZdx dy. Three different phases are shown (y current-driven Buneman instability phase(a,
(2) trapping phase irfb), and(3) magnetic reconnection phase(it).

quUency wpe= Je?nlegm, (eo=1) to the electron cyclotron breaks into current filaments and eventually the system
frequencyw,=eBy/m,, wee/ wpe=1.47 for maximum mag- changes structurally with strong dissipation of magnetic field
netic field strengttB,, the ratio of the electron thermal ve- energy. We discuss in detail the three physical processes in
locity parallel to the magnetic fiel8, to the light velocity the following subsections.

Vie/C=V2kTo/m/c=0.094; the Debye lengthAp,

=0.8A; the skin deptle/ w,.=9.6A; the plasma beta value A. Phase of the current-driven Buneman instability
B=0.002; and the temperature of electrohsto the tem-
perature of positrons,, T./T,=1. The gyroradius for both
thermal electrons and positronsds= p,=0.47A for maxi-
mum magnetic field strengtB,.

As seen in Fig. (), there appears strong enhancement of
the electric field energy [ Eidx dyin the early stage of the
simulation. We call this stage a phase of the current-driven
Buneman instability. Because the particle drift velocity to
sustain the force-free magnetic field given by E(&1)—

. SIMULATION RESULTS (2.3 exceeds the thermal velocity, there occurs the Buneman
instability in both thex and z directions. As the present

In this section we show our simulation results. The timemodel of the simulation is uniform in the direction, the
development during the simulation period is divided intoinstability appears only in the direction. The drift velocity
three phaseg1) phase of the current-driven Buneman insta-in the x direction is localized neay= 20 andy =60, there-
bility [7], (2) particle trapping phase, an@) magnetic re-  fore the current-driven Buneman instability in pair plasmas
connection phase. As shown in Fig. 1, these three phases g%ee Sturrock8], p. 111 occurs near both the above regions.
characterized in the time history of the electric field energyrigure 3a) shows the spacial distribution of the electric field
of the system[EZdxdy, [fEJdxdy, and the magnetic E, atw,¢t=1.5 associated with the Buneman instability. We
field energy of the systenf,fo(dx dy. In Fig. 2 we present can calculate the growth rate of the instability from the time
the time development of magnetic field vect@Bs vsB,) in  history of the electric field energf/f E2dx dyin Fig. 3b) as
the x-y plane and the magnetic field intensBy with gray  y/w,.=0.53, which is in good agreement with the theoreti-
scale. As seen in these figures, the configuration with theal value of 0.5(see Sturrock8], p. 112. While the wave-
force-free magnetic field becomes unstable. Subsequently liéngth of the instability to give the maximum growth rate is
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FIG. 2. Time development of the magnetic field vectBg{ B,) and B, with gray scale(a) w,t=0, (b) w,et=75, (C) wpt=90, (d)
wpet =105, (6) wpet =120, and(f) w,et=135.

also compared with the theorkc/wpe=(3)"%c/v4=~5.0, B. Particle trapping phase
which also gives a good agreement. In this subsection we discuss the phase after the current-
The electrostatic waves excited by the current-driverdriven Buneman instability, especially focusing on the devel-
Buneman instability could scatter the current-carrying parppment of the electric field in the-y plane. As seen in Fig.
ticles in thex-y plane and act as the collisionless anomalouss(a), the electric fields randomly distributed in tkey plane
resistivity through the wave-particle interaction. Therefore,after the first instability phase begin to reorganisee Fig.
there appears a decay of magnetic field endriBZdx dyas  5(b)] and grow as seen in the time history of the electric field
seen in Fig. {f), which also coincides with a decay of the energyffEidx dy in Fig. 1(b). This restructuring of the
electric field energy [EZdx dy as seen in Fig.(®). But the  electric fields is associated with particle trapping in the two-
electric field energy remains for a long time after the decaydimensional electric field as seen in Fig. 6, where the elec-
We note here that the inductive electric figfg) due to the  tron distribution in thex-y plane is shown ai,¢t=105. In
change of the magnetic fieB, also remains after the decay this figure only a fraction 0.01 of all the electrons is plotted.
of the instability. These electric fields may contribute to the We find that some electrons are confined and trapped near
second phase of the particle trapping. the weak electric field. The trapping effect is also seen in
Here we note that if the particle drift velocity to sustain Fig. 7, which shows the phase space platg<{x) and @,
the force-free magnetic field given by Ed2.1)—(2.3) does  —vy) at wpet=105. As seen in Fig. (b), the quasiperiodic
not exceed the thermal velocity {=0.76v.), there occurs  slow oscillation of the electric field energff ESdx dy ap-
no Buneman instability. Figure 4 presents the time developpears from aboub,¢t=75. This oscillation may be caused
ment of the electric field energieg (EZdx dy, [ E;,dx dy) by particle trapping in the electric field. The trapping of par-
and magnetic field energiesMBf(dx dy, [/Bydxdy), ticles by the electric field is localized near the null region of
showing that nothing happens during the simulation periodthe magnetic fieldB,, therefore, the current-carrying par-
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FIG. 3. (@) The spatial distribution of the electric field, at
wpet=15. (b) The time history off [EZdx dy, where the observed tions at w,t=180. The final three velocity distributions
growth rate is calculated from a dotted line in the figure. show almost isotropic heating, because particles are mainly
heated parallel to the magnetic field, as they are initially
ticles in thez direction could be dragged by this trapping Strondly magnetized. Figure 9 shows the electron energy
effect. Eventually the magnetic fiel®() dissipation due to SPectrum, which shows an exponential type with two tem-
the collisionless anomalous resistivity can be triggered ageratures.

seen in Fig. (d). Finally we note that when the drift velocity of the initial
current that makes the force-free magnetic field becomes as
C. Magnetic reconnection phase weak as half of the previous simulation case, we observed

. . . _ . the almost same result as the previous case, except that the
As dl_scussed in the previous subse_cggn, the magng_tm M&xcited electric field energy becomes less weak. Therefore,
connection starts to occur at arouggt =75 as seen in Fig. ¢ production of high-energy particles also becomes weak.

,[Z(b)f'.V\I'Q'Ch tlrr?e CO'TC'deS with the r?ftructu_lr_lrr:g of the \te_lec- While the drift velocity becomes more larger than the previ-
ric fields in thex-y plane as seen in Fig(. The magnetic ous case, the magnetic reconnection tends to start more

reconnection begins from the region where plasma pinchingIuickly after the Buneman instability saturates.
is relatively weak arounck=60 as seen in Fig.(2), then,

more strong reconnection could be triggered aroxs®25
at w,t=120 as seen in Fig.(8). As seen in Fig. &), there
appear four current sheets along thelirection after the We investigate here the effect of the mass ratio between
magnetic reconnection; in that period, 43% of the initialelectrons and protons on the subsequent physical processes
magnetic field can dissipate to heat background plasma gwesented in the previous subsections. We did several simu-
well as high-energy particles. lations by changing the mass ratio from,/me=100 to

In Fig. 8 both electron and positron velocity distribution 1836, keepingvy=0.25¢=2.6%. In the following we
functions are shown. The solid curves show the initial distri-show the simulation results for the case of the mass ratio
butions, while the dotted curves show the velocity distribu-m,/m,=1836.

D. Effect of mass ratio
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S L S UL | S U Figure 12 shows the snapshots of the electric fig)cind
50 100 120 200 250 the charge density distribution at,t =400 at which time, it
corresponds to the triggering phase of the magnetic recon-
(c) nection, corresponding to Fig. (). As seen in Fig. 1),
. , the electron trapping is mostly associated with large sheet-
i ike structures in the direction as well as the small sheetlike
s fERRN s - like struct the direct Il as th Il sheetlik
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P PR N2 ORI / \ structures associated with the Buneman instability. This spa-
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T== =<t ~- =3 R e air plasma, as seen in Fig. 6.
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AR A G AR R It has been shown by using a two-dimensional, fully rela-
T e Voo T NS Va0 2so tivistic, electromagnetic particle-in-cell simulation code that
X a force-free magnetic configuration in collisionless, electron-
positron (pair) plasmas becomes unstable against current-
driven Buneman instability and subsequently there occurs a
P = 1.5000e-01 strong magnetic field energy dissipation associated with col-
FIG. 5. The electric field vector plots in they plane at(a)  lisionless magnetic reconnection. The collisionless magnetic
wpet =75, (b) w,t=105, and(c) wyet=135. reconnection can be driven by particle trapping due to two-

dimensional electric potentials remaining in the nonlinear

Figure 10 shows the time development of the electric fieldstage of the current-driven Buneman instability. About 43%
energies UEzdx dy, fszdx dy) and magnetic field ener- of the initial magnetic field energy dissipates and is trans-
gies (ffBde dy, ffBzdx dy). The main difference from formed to plasma heating as well as high-energy particle
the pair plasma is due to the fact that the initial BunemarProduction. The energy spectrum in the high-energy region is
instability starts to grow slowly due to the finite mass ratio: given by an exponential type with two temperatures. We also
the growth rate is proportional tom(,/m,)?3 As seen in investigated the effect of the mass ratio between electrons
Fig. 1), the electric fieldE, grows slowly with a linear and protons on the subsequent physical processes by chang-
growth rate predicted by the theofy’] and saturates at ing the mass ratio frorm,/m.=100 to 1836. We found that
around wpt=140. After the Buneman instability saturates, the overall time development in the electron-proton plasmas
the magnetic reconnection begins to develop with the deis quite similar to the pair plasma case, except for the behav-
crease of magnetic field energj/j(Bidx dy) as seen in Fig. ior of the electron trapping phase.
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(a)

FIG. 7. The phase space plots of the electrons at=105: (a) v,—x and(b) v,—y.
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