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Electromagnetic waves emitted from an electron-positron plasma cloud moving
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We have investigated the dynamics of an electron-positron plasma cloud moving perpendicular to an am-
bient magnetic field in a vacuum and also with background plasmas using a three-dimensional electromagnetic
particle code. Simulation results show that charge sheaths are formed at both sides of the cloud and a polarized
electric field is created inside the cloud by the coherent motion of cloud particles. This polarized electric field
leads to theE X B drift motion of the cloud, and some of the cloud particles expand along the magnetic field
from the charge sheaths. Consequently, linearly polarized electromagnetic waves are excited from the cloud. It
should be noted that the kinetic energy of clouds is transformed very efficiently into the emitted wave energy
during about one cyclotron period. This mechanism may be responsible to the emission of strong electromag-
netic waves observed in electron-positron plasrh8%063-651X96)03806-§

PACS numbdss): 52.35.Hr, 52.65-y

[. INTRODUCTION present the simulation model and parameters used in the
simulation. In Sec. Il we present the simulation results. We
Plasma clouds and streaming plasmas in an ambient magummarize our results and discuss some applications in Sec.
netic field are often found in many areas, ranging from as!V.
trophysical to laboratory plasmas. The cloud dynamics was

investigated theoretically1,2] and also by particle simula- 1. SIMULATION MODEL AND PARAMETERS
tions[3—7]. Previous simulations were achieved for electron- ) ) )
ion plasmas using one-dimensiofia] and two-dimensional We use the three-dimensional, fully electromagnetic and

[4—6] electrostatic codes. Galvé3] studied also electron- relativistic particle-in-cell(PIC) code developed by Bune-
positron plasmas. Neubeet al. [7] investigated the dynam- Man [24]. The system size used for the simulations is

ics of electron-ion plasma cloud using a three-dimensionalx—Ly=70A, andL,=52Q, whereL,, Ly, andL, are the
electromagnetic, relativistic particle code. engths of the system in three dimensions ar{d=1) is the

Electron-positron plasmas have been extensively invesugrid unit. Periodic boundary conditions are used for particles

gated; in laboratory8,9], collective modes in nonrelativistic and fields in thez direction, while the radiating boundary

plasma[10,11], and astrophysical plasmas, for example conditions[25] are used in the andy directions. Particles
shock accelleralltio[ilZ] magnetic reconnectic{ris 14, non- 'which hit these boundaries are arrested there and then 20%

. K of them are randomly reflected with a thermal velocity. The
linear wave propagatlo[TLS]_, current loop coalescen¢&6l, oo o the electron-positron plasma cloud lig, =L,
and electron-beam dynamif$7,18. Recently, an electron- =L¢;=20A, whereL,, Ly, andL, are the cloud lengths

positron annihilation line was observed around black holg, e« y, andz directions, respectively. We use the cloud
candidate$19-21 and galactic centef22], which imply 8 ymber densityn®=4, which is four times larger than the
possibility that electron-positron plasmas could exist arou”‘i)ackground plasmas number densit’=1. The ambient
these objects. _ . _ magnetic field is homogeneous and in thelirection. The

In this paper, we investigate the dynamics of an electrongerma] velocity of particles is,,=0.04 and the initial drift
positron cloud moving perp_en_dlcular to an amblen'g magneti¢e|ocity along thex direction isVy=0.3c, wherec (=0.5) is
field and an associated emission of electromagnetic waves e |ight velocity. The gyroradius of the cloud particles relate

a vacuum as well as in a background plasma using a thregg v/ "is r°=2.0A. The ratio of the cyclotron frequency,
dimensional electromagnetic and relativistic particle codeﬂe, to the plasma frequency in the cloudS, sets to

[23,24). We have found that the cloud keeps moving at the, c_ . g . P
EX B drift motion due to the polarized electric field created Qe/.(t”p_l'lS' The Alfven velocity defined in an electron-
by the charge sheaths which are formed at the both sides fpsttron plasma as
the cloud. At the same time, some of the cloud particles
expand along the magnetic field from the charge sheaths.
Consequently, linearly polarized electromagnetic waves are
excited from the cloud due to the coherent gyration of cloudS va=0.90% in the background plasma. Other parameters
particles, and the kinetic energy of cloud is transformed venare as follows: m,/me=1, Ap=0.4A, c/wy=10.04,
efficiently into the emitted wave energy during about onew,At=0.025, T,=83.7 time steps, ang=0.103, where
cyclotron period. Mg, My, Ap, c/wg, T., andB are the mass of electron, the
This paper is organized as following. In Sec. Il, we mass of positron(electror) Debye length in the cloud, skin

valc={1+2(Qc/w,)? 2 )
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depth in the cloud, electron cyclotron period, and plasma
beta in the cloud, respectively.

The reason why spatial resolution of only gyroradius is
adequate is that all spatial scales are much larger than the
gyroradius of the cloud particles relate to the initial cloud
velocity, as we shall see below. Time step to get precise
cyclotron motion is restricted by tafAt)~QAt<0.2 -
[24]. In this paper),At=0.075, which satisfies the above
restriction.

Ill. SIMULATION RESULTS

A. Sheath formation and expansion

We performed several cases in a vacuum and in back-
ground plasmas. Figure 1 shows the charge density and elec-
tric field on thex-y plane ¢=260) att=0.5w," in a 02 01 0.0 o1 -
vacuum. The black and white shades show negative and
positive charges, respectively. The arrows indicate the direc-
tion and strength of the electric field in the plane. The ambi-
ent magnetic field is pointing out of the plane, and the clou
moves due to this electric field toward the highewalue.
When the cloud moves to the highewalue across the am-
bient magnetic field, the cloud positrons begin to rotatein Fig. 1, a positive charge sheath, like a flat plane, is formed
clockwise and the cloud electrons rotate counterclockwisen the lower side of the clou¢ht y=25A) and a negative
(looked from the positive direction). As a result, as shown charge sheath on the upper si@¢y=45A). Consequently,

FIG. 1. The charge density and electric field on g plane
z=26QA) att=0.5wrjl in a vacuum. The shades show the charge
ensity. The arrows indicate the direction and strength of electric
field in that plane.
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FIG. 2. The distribution of the cloud particles projected onto fhe (top), x-z (bottom lef), and y-z (bottom righ} planes at
t=12.5wgl in a vacuumya) the cloud electrons, anih) the cloud positrons.
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FIG. 3. The distribution of the cloud particles projected onto g (top), x-z (bottom lefy, and y-z (bottom righ} planes at
t=12.5wgl in the background plasma&) the cloud electrons, ani) the cloud positrons.

these charge sheaths create a polarized electric figJd, accelerated up to about a half of the light velocity at

inside the cloud in the direction, which pushes the whole t=12.5wrjl.

cloud by theE,xB drift motion. The dynamics of the cloud is affected by background
The space distributions of cloud particles are shown in thgolasmas. Figure 3 shows the space distributions of the cloud

x-y (top frame, x-z (bottom left frame, andy-z (bottom  particles projected onto they (top frame, x-z (bottom left

right frame planes at=12.50," for the case in a vacuum frame, andy-z (bottom right fram planes att=12.50,"

in Fig. 2[(a) the cloud electrons anith) the cloud positrorls  for the simulation with the background plasma. Figurés 3

As seen in the top panels, the cloud moves toward the highé'd 3b) show the cloud electrons and positrons, respec-

x value. At the same time the cloud spreads at the head diiyely- Al effects observed in a vacuum are also seen with

to the compression of the magnetic field at the head of thd® background plasmas. However, the charge sheaths are

cloud. It is also shown that the charge sheaths peel off at th&'SS develqped and the particles are !ess accelerated than in a

tail of the cloud. The expansion of the charge sheaths alon acuum, since the background particles reduce the charge

the magnetic field is shown in the bottom frames. As shown ensity in the charge sheaths.

in the bottom right frames, some of the cloud particles ex-

pand along the magnetic field from the both charge sheaths. B. Time history of the cloud velocity

For example, as shown in Fig(a}, the electrons pile up In order to investigate the global evolution of the cloud,
around y=45A, which creates the negatively charged he time histories of the average cloud velocity in theli-
sheath. Consequently, some electrons are expelled from thigction, v, /V,, are shown in Fig. 4. The solid and dashed
sheath. On the other hand, the positrons are expelled moggirves show the cases in a vacuum and in the background
strongly from the other sheatly25A), as shown in Fig. plasmas, respectively.

2(b). The expanding velocity along the magnetic field be- In a vacuum case, the oscillation of the cloud velocity
comes faster if the ambient magnetic field is weaker or thelumps within 1.5, and the cloud moves slowly toward the
initial drift velocity is faster. This is because that the chargepositive x value and its velocity decreases in time. The os-
sheaths grow widely or quickly due to the large gyroradiuscillation of the cloud velocity is related to a magnitude of the
of the cloud particles. In this simulation, the particles areambient magnetic field. When the ambient magnetic field is
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FIG. 4. Time evolutions of the mean cloud velocity,j in the
x direction are plotted by the solid curve for a vacuum, and by the
dashed line for in the background plasmas. Velocities are normal-
ized by the initial drift velocity ¥/;).

strong(i.e., Qe/wgz 2), the cloud velocity keeps the oscil- (b)
lation with the cyclotron period and the amplitude of the
oscillation decreases slowly with the small drift across the
ambient magnetic field. While, if the ambient magnetic field
is weak (Qe/wgs 1), the oscillation of the cloud velocity
dumps quickly and after that, the cloud keeps moving.

In the background plasma case, as shown in Fig. 4, after
the initial damping the cloud velocity keeps an undumped
oscillation with the very small drift across the ambient mag-
netic field.

T/,

C. Waves emitted from the cloud

Due to the undumped oscillation of the cloud the strong z
waves are excited from the cloud. The time histories of the
magnetic fieldB, along thez direction (136=z<390A) at FIG. 5. Time evolution of B, along the z direction
x=y=235A are shown in Fig. $(a) in a vacuum, andb) in (130A <z=390A) in the center of the-y plane k=y=35A); (a)
the background plasmaBoth figures indicate that electro- in a vacuum, andb) in the background plasmas.
magnetic waves with nearly the cyclotron frequency are gen-
?r::tsgl::?ge%rzli)ei%ﬁtcefg\éaﬁ;og ttﬁg gl)ohuedr.ez?(gayoritrﬂl)aggonnc?g.nd right circularly polarized waves have the same disper-
the cloud ficles i ible for th i £ th ion and a whistler mode does not exist. The dispersion re-

€ cloud particies I1s responsibie for (n€ generation of Ny of the waves parallel to the magnetic field 19,11]
electromagnetic waves. In a vacuum, the electromagnetic
waves are generated strongly in the initial phase, but dump2w? =c?k?+ 2wS+Q§i V(c?k2+ 2wS—Q'§)2+ 8w§9§,
quickly. On the other hand, in the background plasma, the 2
radiation last longer due to the undumped oscillation of the
cloud, as shown in Fig. 4. ' T T

Figure 6 shows the hologram of the magnetic field ampli-
tude (By,B,) in thex-y plane k=y=35A,z=32Q) in the
background plasmas. As shown in Fig. 6, the amplitude of
By is much less than that @, (~B,/50). Therefore, we 0
find that the excited wave is linearly polarized with tBg
component. This comes from the fact thaf is created
dominantly inside the cloud and oscillates due to the coher-
ent gyration of cloud particles.

The dispersion relations of the watg shown in Fig. 5 -100
are shown in Fig. 7(a) in a vacuum, andb) in the back-
ground plasmh The wave intensities are obtained perform-
ing a two-dimensional Fourier transforfone-space and one-

lectron-positron plasmas, as noted in REE9,11], the left

50

-50

-6
10° B, /B,

-150

time) for the first 512 time steps. In a vacuum, the 6 -4 2 0 2
electromagnetic waves with aroufiL}, is excited on the dis- 10° B, /B,

persion relation of the light wave, as shown in Figa)7

Another large amplitude wave with arouag-= (), and large FIG. 6. Time history ofB, vs By from t=3.750,* (150 time

k, corresponds to the upper hybrid wave propagating obsteps to 6.250," (250 time steps taken at x=y=35A,
liquely to the ambient magnetic field with the cloud moving. z=320\. Each value is plotted every 5 time stefls. andB,, are
For the waves propagating parallel to the magnetic field imormalized to the ambient magnetic fieRl.
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is shown in Fig. 8. Up ta=1.4T., the front of the waves
emitted from the cloud does not reach to any boundary;
therefore the total energy in this simulation system is con-
served. Solid and dashed curves show the kinetic energy of
the cloud and the field energy in the simulation system, re-
spectively. As shown in Fig. 8, nearly 80% of the initial
kinetic energy of the cloud is converted to the field energy
during 1T.. With background plasmas, the conversion rate
from initial kinetic energy of the cloud to field energy within
1T, is less than that in a vacuum, because the kinetic energy
of the cloud is also converted to that of the background plas-
mas. Nevertheless, nearly 40% of the initial kinetic energy of
the cloud is converted to the field energy.

(@ 5

(b) 5 IV. SUMMARY AND APPLICATIONS

We have investigated the dynamics of the electron-
positron plasma cloud moving perpendicular to the ambient
magnetic field and the associated emission of electromag-
netic waves from the cloud in a vacuum and the background
plasma, using the three-dimensional electromagnetic particle
code developed by Bunem#4]. The results of our simu-
lation are as following. At first, by the coherent motion of the
cloud perpendicular to the magnetic field, charge sheaths are
formed at the both sides of the cloud and a polarized electric
0o 1 2 3 4 5 field, Ep, is created inside the cloud. Therefore, the cloud

k¢ moves to the same direction as the initial drift velocity with

E,XB drift, at the same time cloud particles expand along
the magnetic field from the charge sheaths. Associated with
3 2 1 0 1 2 3 4 s these motions, linearly polarized electromagnetic waves are

excited from the cloud. In the simulations, it is also found

that the kinetic energy of the cloud is efficiently converted to

FIG. 7. Wave intensity 0B, as a function ofw andk, corre-  the emitted wave energy duringfd. We note that for the
sponding to Fig. 5 andk, are normalized tde and Qe/C,  oherent motion of the cloud perpendicular to the ambient
respectively(a) in vacuum, andb) in the background plasma. magnetic field is responsible for the emission of electromag-

netic waves.
wherew, andw_ correspond to the electromagnetic mode ~ These simulation results may be applicable to an emission
and the Alfva mode, respectively. On the other hand, in themechanism of electromagnetic waves from the magneto-
background plasmas, there are two branches which corr&Pheres of black hole and the active galactic center. We pro-

spond tow.. in Fig. 7(b). pose a possible scenario. When a part of the edge of the inner
accretion disk, which consists of electron-positron plasmas,
D. Energy conversion happens to fall into a central object due to instabilities such

) _ _ ) ) as the Kelvin-Helmholtz instability and the Rayleigh-Taylor
The time evolution of the energy in the simulation systeminstapility, the electron-positron plasma cloud gains its ki-
whose size is changed to 18& 136A X 13@A in a vacuum, netic energy from the gravitational force of the central ob-

ject, and then moves across the magnetic field produced by

1o ' T T T f ' the central object. In such a circumstance the kinetic energy

08| T TR e of the cloud can be effectively converted to the electromag-
 oel i netic wave energy. Furthermore, a portion of the cloud par-
5 ticles escapes from the cloud along the magnetic field which
@04 7 may lead to a generation of beams.
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