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Magnetic flux generation and wave emissions during coalescence
of magnetic islands in pair plasmas
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It is shown by using a two-dimensional fully relativistic electromagnetic particle-in-cell code that the tearing
instability in a current sheet of pair plasmas is caused by Landau resonances of both electrons and positrons.
Strong magnetic flux can be generated during coalescence of magnetic islands in the nonlinear phase of the
tearing instability. The magnetic flux produced in an O-type magnetic island is caused by the counterstreaming
instability found by Kazimuraet al.[Astrophys. J. Lett498 L183(1998; J. Phys. Soc. Jpi67, 1079(1998].

It is also shown that charge separation with a quadrupolelike structure is generated from the localized strong
magnetic flux. During the decay of the quadrupolelike charge structure as well as the magnetic flux, there
appear wave emissions with high-frequency electromagnetic waves anch Affleees as well as Langmuir
waves.[S1063-651X99)06607-6

PACS numbsdrs): 52.35—g

I. INTRODUCTION among them is the Alfve wave propagating along a mag-
netic field.

Magnetic reconnectiofil] in plasmas is one of important The paper is organized as follows: in Sec. Il we present
energy conversion processes in plasmas from magnetic fielur simulation model. In Sec. Il we present the simulation
energy to plasma kinetic energy as well as high-energy paf€sults. In Sec. IV we summarize our results.
ticles. Magnetic islands formed through the tearing instabil-
ity in an unstable current sheet are unstable against the coa- Il. SIMULATION MODEL
lescence instabilityf2]. The coalescence instability is an
ideal magnetohydrodynami{#IHD) instability in which par-
allel currents attract each other and to coalesce into larg
units through magnetic reconnection. A lot of works on the
coalescence dynamics in electron-ion plasmas have be
published both in the MHD modé¢B] and the collisionless

X . grid size. Periodic boundary conditions are imposed on par-
model[4]. Pritchet{5] reported a new effect on the magnetlc_ ticles and fields. There are %&0° electron-positron pairs

flux generation during coalescence of magnetic islands ifying the entire domain uniformly and that keeps the domain

electron-ion plasma, and showed that during the nonlineatnarge neutral. Hence, the average particle number density is

stage of the merging process of two magnetic islands, @hout 100 per cell. Due to limitations of the periodic bound-

quadrupole out-of-plane magnetic field structure with a sizeyry conditions, double current sheets are set up of the anti-

of the ion skin depth is formed. On the other hand, study orparallel magnetic field configuration, namely,

magnetic reconnectiof6] and coalescence dynamigg| in

electron-positror(pair) plasmas has begun under some mo- y—60 y— 140

tivations in astrophysical plasmas. Bx(Y)=Bo tan!‘( 3 )—tan)'( L ” (1)
y— 140)

L

The simulation code used here is f#dmensional code,
earssuming that the physical quantities are constam{ #dz
=0), which was modified from the three-dimensional, fully
electromagnetic, and relativistitRISTAN code[9]. The sys-
%0m size isLy=140A andL,=200A, whereA (=1) is the

In the present paper we report simulation results on the
tearing instability as well as on the coalescence dynamics of
magnetic islands formed in a current sheet of pair plasmas,
using a two-dimensional2D) fully relativistic particle-in-
cell (PIC) code. We found that the tearing instability in a
current sheet in pair plasmas is caused by Landau resonanc&gereL (=20A) is the width of the current sheets. The cen-
of both electrons and positrons. In the nonlinear phase of thter lines of the current sheets are locatedyat60 andy
tearing instability, strong localized magnetic flux with a size =140 in thex-y plane, respectively. The initial state is char-
of the order of the electron skin deptb/(,e) can be gen- acterized by complete neutralitf=0) everywhere in the
erated by the counterstreaming instability during coalescenc@omain. Other parameters are as follows: the mass ratio be-
of magnetic islands, whose process was recently investigatd#een an electron and a positrane/m,=1; the simulation
by both theory and simulatidr8]. It is also found that charge time step wAt=0.052; the plasma frequencywe
separation caused by the localized magnetic flux has a quas Ve?nlegm, (e,=1) to the electron cyclotron frequency
drupolelike structure. During the decay phase of the magwe=€By/Me, wce/wpe=1.89 for maximum magnetic field
netic flux and charge separation, there appear wave emistrengthB,, the ratio of the electron thermal velocity paral-
sions of electromagnetic and Langmuir waves from thdel to the magnetic fieldB, to the light velocity vy /c
localized magnetic flux region. The strongly excited wave=2«T./m./c=0.094; the Debye lengthp,=0.8N; the
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FIG. 2. Time development of magnetic field ener@&. The
growth rate of the tearing instability is calculated in the time inter-
val of 3.0s w,t<5.0.

< w,t=5.0in Fig. 2. Figures 3 show the three components
of the electron velocity distributions afct=4.2.

70

e te e s We compare the simulation result with the theoretical
MY Aoy growth rate of the tearing mode instability due to Landau
Y 00 ety resonance$10]. In the present simulation of pair plasmas,
50 h T h 1y = N 1
0 40 80 120 (a)
X 6 T T T T T T T T T T
- = 1.15000 st .

FIG. 1. Vector plots of the magnetic fiel@ andB, in thex-y i
plane: (a) wpet=4.2, (b) w,t=6.3, and(c) wyet=8.4. The time ]
development of the electron spatial distributions inxhe plane, in ;
which a fraction of 1/500 of all electrons is plotted{d) wpt 1k f

i
2

log,, f(v,)
W
|

=4.2,(6) wpt=6.3. and(f) wyt=8.4.

10 -8 -6 -4 - <I) 4 6 8 10
skin depthc/w,.=9.6A; the plasma beta valug=0.002; v,/ Vi
the temperature of electroflg, to the temperature of posi- (b)
tronsT,, T¢/T,=1. The gyroradius for both thermal elec- 6 I B S e B E e e A |
trons and positrons ipe=p,=0.47A for maximum mag- s i
netic field strengttB,. ;; AL /\\,ﬂﬂm ]
z .l / |
Ill. SIMULATION RESULTS 2 / \
o g 1 ]
A. Tearing instability in pair plasmas - | 1 i
As is well known, double current sheets are unstable obbtint 0 1\ T—
against the tearing instability, which can produce small scale 0 8 6 4 2 0 2 4 6 8 10
magnetic islands with the order of the width of the current Vy/ Vig
sheet. Here we show the simulation results obtained in the (c)
current sheet, whose center is locatedyat60. Figures 6 T T T T T T T T 1
1(a)—1(c) show the vector plots of the magnetic fieBlsand sl _

By in the x-y plane atw,t=4.2 (a), w,t=6.3 (b), and
wpdt =8.4(c), respectively. Figures(dl)—1(f) show time de-
velopment of the electron spatial distributions in tkey
plane atw,t=4.2(d), wpt=6.3(e), andw,t=8.4(f), re-

logo f(v,)
w
!

!
spectively. As seen in Figs(d)-1(f), the current becomes 1L ;f 11 _
unstable against the tearing instability, leading to the forma- N P A S R SN S
tion of the electron bunching associated with magnetic is- 10 8 6 4 2 0 2 4 & 8 10

lands. We find the linear growth rate of the tearing instability
from the time history of the magnetic field ener‘g§ shown

in Fig. 2. The observed growth rate is aboutw,=0.67, FIG. 3. Three components of the electron velocity distribution at
whose value is obtained from the time interval of 3.0 w,t=4.2.

v,/ Vi,
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FIG. 5. Time development of the electron spatial distribution
FIG. 4. Time development of magnetic islands produced in anear a current sheet, in which a fraction of 1/500 of all electrons is
current sheet: (&) wpet=10.54, (b) wpt=21.08, (c) wpet  plotted: (8) wpet=10.54,(b) wpet=21.08,(C) wpet=26.35, and
=26.35, andd) wpt=31.62. (d) wpet=31.62.

both electrons and positrons can contribute to Landau resgrigs. Ga-1)—6(a-3] shows the development of magnetic
nances in the current sheet, therefore the linear growth ragux B, . In the middle columrFigs. §b-1)—6(b-3)] the vec-

of the tearing instability in pair plasmas becomes just twicetor plots of magnetic fields are shown, and in the right col-
of the electron tearing instability in the electron-ion plas-umn [Figs. Gc-1)—6(c-3)] the spatial distributions of the
mas. The growth is given by y/wpe=47"(vie/  electric charge densityp(. —p_) in the x-y plane are pre-

aC) (v1ewpd weeaC)¥(1—k2L?), where we used the thick- sented. As seen in Fig(#1), there is no magnetic flux in
nessL of the current sheet ds=ac/w,e. From the present the early phase of coalescence of magnetic islands. However,
simulation data, we obtaina=0.5, v/c=0.3, and as seen in Fig. @-2 there appears strong magnetic flux
wpel we=0.5. Therefore we find the theoretical growth rate generation with a pair polarity just near the center of the
of the tearing instability in pair plasmas ag/@pe)imeory mMerged magnetic island. In the late phase gt =36.89 the
=0.7, which agrees well with the above simulation result.generated magnetic flux can diffuse in space and decay. The
We may conclude that the tearing instability in pair plasmasorigin of the strong magnetic flux generation is due to the
is due to a fully kinetic effect of Landau resonances of bothcountersteaming instability, which was recently investigated
electrons and positrons, in contrast with other effects such asy Kazimuraet al. [8]. It is found that the countersteaming

resistivity [6] and electron inertigl11]. instability with the narrow transverse size of the order of the
electron skin depth can cause strong magnetic flux associated
B. Generation of magnetic flux during coalescence with the charge separation. As seen in Fie-8), the charge
of magnetic islands separation with a quadrupolelike structure occurs in coinci-

dence with the formation of the magnetic flux. This is due to
the Larmor motions of colliding plasma streams under the
strong localized negative magnetic fli . In this simula-
%ion the typical Larmor radius is about 06w, by using

—26.35 and Fig. @) at w,.t—31.62. Figure 5 shows the the colliding velocity 0.2 and the generated magnetic field

. T T T strengthB,=0.4 at w,t=30. This value agrees well with
time development of the electron spatial distribution in thethe observed size of the charge separation. Associated with

x-y plane, whose time sequence corresponds to the Previoyze decay of the generated magnetic flux, the charge separa-

vector plots of the magnetic field. In these figures only a. o
fraction of 1/500 of all electrons is plotted. As seen in thes%fgxélegﬁgogsz;a Y;eigzﬁégf ep the charge neutrality in

figures, the magnetic islands correspond to high density

plasma blobs. During the coalescence of two magnetic is- ,

lands fromw,¢t=21.08[see Fig. 4b)] t0 w,qt=26.35[see C. Generation of waves

Fig. 4(c)], the left plasma blob is attracted to the right large  In the preceding subsection we showed the generation of

blob and eventually merges into one blob. The colliding ve-the strong localized magnetic flux, which can cause the

locity of the left plasma blob is about @2 charge separation with the quadrupolelike structure. In the
We now investigate the process of the collision of twodecay phase of the generated magnetic flux as well as the

plasma blobs in more detail. Figure 6 shows three snapshotharge separation it is expected that there occurs a strong

at wpet=28.46, 31.62, and 36.89, in which the left column generation of waves. In order to study the wave emission

Figure 4a) shows the formation of several magnetic is-
lands atw,t=10.54. At w,t=21.08[see Fig. 4b)] two
magnetic islands are formed, and finally a single large ma
netic island is produced, as seen in Figgc)4at wpt
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FIG. 6. Generation and decay of magnetic fBixin an O-type 56 37
magnetic island{a-1) wpel=28.46,(a-2) wpd=31.62, and@3 o o Dispersion relatiotfa) of electromagnetic waves asso-
w,t=36.89. The time development of a coalesced magnetic . : oo . . ;

o pe ciated with the electric fiel&, , and the dispersion relatiaib) of
island: (b-1) w,t=28.46, (b-2) wpt=31.62, and(b-3) wpet . . M L )

) . - Alfven waves associated with the magnetic fi@d propagating
=36.89. The generation and decay of the charge separation durlnag o .

L _ ong a magnetic field®, . In (b) three solid curves show the the-

coalescence of magnetic islandgc-1) w,t=28.46, (C-2) w,t - . . :
~31.62, andc-3) t—36.89 p p oretical dispersion relations of the Alfwewaves for(1) weel Wpe
TR0 @pel = 90-0% =0.5, (2) weel wpe="0.4, and(3) wce/wpe="0.3.(c) The time his-
tPry of the electric field energE§ associated with the electromag-
netic waves obtained froita). (d) The time history of the magnetic
field energny associated with the Alfiewaves obtained frortb).

process and to get the dispersion relations of the excite
waves, we performed a 2D Fourier analysis inthdrection
and the time interval €& w,t<54 with 1024 time data
pomts for the electric field, on y=45A and the magnetic sion curve(1) and(2), as seen from Fig.(B). We conclude
f'eld.BZ ony=73A. : . : from the simulation data that the ratio../w,.=0.45 is a

',:'gl_”e 1a) shows the dispersion relayon along the mag-ye450naple value to fit with the theoretical dispersion curve.
tnetlc f'eIdFX' We find ;hart] thereboccurdhlgh(—jfrfque?hcy glec- Figure 7d) shows the time history of the magnetic field en-
romagnetic waves, which can be produced from the decay; 2 - ; ;
ing ch%rge separation in the O-tpre)z magnetic island. Figur)%rgsz'.WhICh can be obtalngd from the datg of Figh)7 by .

. . L erforming the inverse Fourier transformation. As seen in
7(c) shows the time history of the electric field eneBy i figure, the Alfv@ waves can be excited in association
which can be obtained from the data of Fida)7 by per- it the decay of the strongly generated localized magnetic
forming the inverse Fourier transformation. As seen in thisy . in the center of the magnetic island. The amplitude
figure, the high-frequency electromagnetic waves can be pr05|3/BO of the excited Alfves waves is about 0.1 and quite
duced just after formation of the strong charge separation i@trong.
the magnetic island. In the decay phase of the structure of the
charge density, the emission of the electromagnetic waves is V. SUMMARY
enhanced in time. '

Figure 1b) shows the dispersion relation of the magnetic We have shown by using a 2D fully relativistic electro-
field B, along the magnetic fiel8, . The strongest emission magnetic particle-in-celPIC) code that the tearing instabil-
occurs near ab/ wpe=0.23 andkc/ wp=0.93. This branch ity in a current sheet of pair plasmas is caused by Landau
of the waves corresponds to Alfwevaves propagating along resonances of both electrons and positrons. Strong magnetic
the magnetic field,. In Fig. (B) three theoretical dispersion flux can be generated during coalescence of magnetic islands
curves of the Alfve waves, which are obtained from the in the nonlinear phase of the tearing instability. The mag-
dispersion relation,I(c/w)zzl—ZwSe/(wz—wge) with (1)  netic flux generated in an O-type magnetic island is caused
weel 0pe=0.5,(2) wee/ wpe=0.4, and(3) wee/w,e=0.3, are by the counterstreaming instability found by Kazimetzal.
plotted by the solid lines. The strongest emission obtainedi8]. We also presented that the charge separation with a qua-
from the simulation is located between the theoretical disperdrupolelike structure is produced due to Larmor motions of
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counterstreaming particles under the localized strong magaetic flux generated during coalescence of magnetic islands
netic flux. During the decay of the quadrupolelike chargebecomes more complicated than the case shown in this pa-
structure as well as the magnetic flux, there appear stronger. The details of this study is under preparation. These
wave emissions with high-frequency electromagnetic wavephysical processes associated with generation of magnetic
and Alfven waves as well as Langmuir waves. In this paperflux and wave emissions could occur in a current sheet of
we presented simulation results of a case that the width of alectron-ion plasmas.

current sheet is the order of the electron skin depth. When
the width of the current sheet becomes wider than the elec-
tron skin depth, the transverse scale of the magnetic islands
also becomes large. In this situation the structure of the mag- J. |. Sakai thanks the Densoku company for their support.
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