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Abstract. Using a 3-D electromagnetic particle-in-cell of the electron beam and (b) electromagnetic effects of the
model an evolution of the electron distribution function in beam electric current (van den Oord, 1990).

the beam-plasma system with the return current is computed. Return-current effects on the dynamics of nonthermal
It was found that the resulting electron distribution func- electron beams and the heating of the flare atmosphere have
tion depends on the magnetic field assumed along the beanbeen described and studied by Emslie (1980), Kafliek
propagation direction. While for small magnetic fields the al. (1990), Karlicly and Henoux (1992), and Zharkova et
electron distribution function becomes broad in the directional. (1995). In the papers by Karligkand Henoux (2002),
perpendicular to the beam propagation due to the Weibel (filHenoux and Karlick (2003), Karlick et al. (2004) Stefan
amentation) instability and the return current is formed by aet al. (2007) it was proposed that the polarization and en-
shifted bulk distribution, for stronger magnetic fields the dis- hanced intensities of the chromospheric optical lines can be
tribution, especially on the return current side, is extendedexplained by a formation of the return current at chromo-
in the beam-propagation direction. To understand better thgpheric layers. It was found that the resulting intensities and
instabilities influencing the mentioned processes, the disperpolarization are very sensitive to the form of the electron dis-
sion diagrams are computed and discussed. tribution function (with the return current), especially in the
range of the excitation and ionization energies of these lines.
Furthermore, the return current modifies the electron distri-
bution function in the low corona and influences the intensi-
ties of the EUV and soft X-ray lines observed during solar

It is commonly believed that electron beams accelerated iflaTes (see Dzdakowa and Karlic, 2008).
solar flares bombard dense layers of the solar atmosphere N all the above mentioned papers the return current have

where they are decelerated and produce hard X-ray emidoeen considered on time scales (seconds) much longer than
sions (Brown et al., 1990). The electron beams with thethose for the formation of the return current, and thus vari-

estimated fluxes oFp=10°~10"2ergss'cm 2 carry huge ~ OUS approximations of the return current have been usec_i. B_ut
electric currents that have to be neutralized by the return curPOW & much more detailed knowledge of the electron distri-
rents (Hoyng et al., 1978; van den Oord, 1990). There arg)utlop function in the beam-plasma system is demanded, not
two analytical concepts of the return current: (a) the returnonly in the solar flare research, but everywhere the electron
current is formed by all background plasma electrons haveéams are studied.

ing the same drift velocity — the Maxwell electron distribu- ~ Therefore in this paper, we study an evolution of the elec-
tion is shifted in the velocity space compared to the protonsiron beam in the background plasma with the return current
(e.g. Karlicky and Henoux 1992), and (b) Rowland and Vla- using a 3-D particle-in-cell (PIC) electromagnetic code. Es-
hos (1985) proposed that the return current is formed by soPecially, we are interested about an influence of the magnetic
called runaway electrons. Formation of the return current hadield assumed along the beam-propagation direction. This
two physical aspects: (a) electric charge effects at the fronPaper is a natural extension of our previous papers where an
importance of the Weibel instability was recognized (Kar-
licky et al., 2008; Karlick, 2009). Note that the effects of

Correspondence tavl. Karlicky magnetic field on the Weibel instability have been investi-
BY

(karlicky@asu.cas.cz) gated for relativistic jets by Hededal and Nishikawa (2005).

1 Introduction
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Fig. 1. The electron distribution functions in the whole numeri- Fig. 2. The electron distribution functions in the whole numeri-
cal box (the crosses meaifisv;), dot-dashed line mean&(v,) or cal box (the crosses meayisv;), dot-dashed line mean&(v,) or
f(vy)) at four different times: at the initial stat@), at w,.r=40 f(vy)) at four different times: at the initial stat@), at w,.t=40

(b), at wpet=100 (c), and wp,t=200 (d). The line in the part  (b), atwp,.r=100(c), andw,t=200(d). The line in the part a) at

a) atv/c=0.666 means the monoenergetic electron beamthe v/c=0.666 means the monoenergetic electron beam. In the initial
function). In the initial state the magnetic field corresponding to state the magnetic field corresponding to the ratig/wp.=0.7 is

the ratiowce /wpe=0.1 is considered. considered.

Remark: The Weibel instability in the sense as used in these 11€N. we included one monoenergetic beam (homoge-

papers is also designated as the filamentation instability (Bref€0Us in the whole numerical box). To keep the total current
et al., 2005; Bret, 2009). to be zero in these models in the initial states, we shifted the

background plasma electrons in the velocity space accord-
ing to the relatiorv p=—wv;, np/n., wherev, is the velocity of

the electron beam,,nand n are the beam and background
plasma densities (for this type of initiation, see also Niemiec
et al., 2008). The beam velocity was chosen take=2/3

For our study we used a 3-D (3 spatial and 3 velocity com- S ) .
ponents) relativistic electromagnetic PIC code (Buneman,(In thez direction). The ratio of the beam and plasma densi-

1993). The system sizeIs,=45A, L,=45A andL,=600A t'eg""as taken 3’5”/"6:;/?' ) ot of th .
(WhereA is the gl’ld SiZE). ecause we wante 0O KNnow an effect o € magnetic

I i field, we varied the ratio of electron-cyclotron and electron-
We initiated a spatially homogeneous electron-proton

plasma with the proton-electron mass raiig,/m,=16 plasma frequencies. The periodic boundary conditions were
- .=16.
(For comparison we made also some computations withused' :
All computations were performed on the parallel computer

m plme=100.) Th|s is unrealistic and |t.was chosen to ShortenOCAS (Ondrejov Cluster for Astrophysical Simulations), see
the proton skin depth and computations. Nevertheless, th%ttp' //wave.asu.cas. cz/ocas

ratio is still sufficient to separate the dynamics of elec-
trons and protons well. The electron thermal velocity is
v7.=0.06¢ (the corresponding temperaturelis=21.4 MK),
wherec is the speed of light. In all models, 160 electrons and
160 protons per cube grid were used. The plasma frequencgs an illustration of the time evolution of the electron
is ,.=0.05, and the electron Debye lengtiijs=0.6 A. The  distribution function in the beam-plasma system with the
electron and proton skin depths arg=10A andi.=40A, return current, Fig. 1 shows the evolution of the system
respectively. with low magnetic field ¢./w,.=0.1) parallel to the beam

2 Model

3 Results of 3-D PIC simulations
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Fig. 3. The electron distribution functions in the whole numerical box (the crosses nyfgang dashed line meang(vx) or f(vy)) at
wpet=200 in dependence on the magnetic field expressed through thevgafi® ,.=0.0 (a), 0.1 (b), 0.5(c), 0.7(d), 1.0(e), and 1.3(f),
respectively.

propagation direction. As can be seen here due to the beamw,.r=200), Fig. 3 presents the distribution functions for six
plasma instability (Michailovskij, 1975) the plateau on the values of the ratio of the electron-cyclotron and electron-
distribution functionf (v;) (in the beam propagation direc- plasma frequencies(,./w,.=0.0,0.1,0.5,0.7, 1.0, and 1.3).
tion) on the beam side is formed. Simultaneously, the distri-It is evident that with an increase of the raii@./w . the role
bution functionsf (v,) and f (vy), i.e. the distribution func-  of the Weibel (filamentation) instability is more and more re-
tions in the perpendicular directions to that of the beam prop-duced, the distribution functions in the perpendicular direc-
agation, are strongly heated. It is due to the Weibel instation to that of the beam propagatiof(v,) and f(v,) are
bility (1959) (see also the paper by Nishikawa at al., 2006).less heated. On the other hand, the problem of the return
The return current in this case is characterized by a broad andurrent formation becomes more and more one-dimensional
shifted bulk of the distribution function. and more extended tail on the return current side is formed

In a further example, we increased the magnetic field(compare Fig. 3a and f) (see also Karjjckt al., 2008 and
strength to that corresponding to the ratio of the electron-Karlicky, 2009).

cyclotron and electron-plasma frequengy, /w,,=0.7. A Furthermore, in Fig. 4 we present a comparison of the
time evolution of the electron distributions in this case is beam-plasma systems with two different beam velocities
shown in Fig. 2. (vp/c=2/3 and 1/3). As seen here the basic aspects of the

To see in more detail how the magnetic field influ- evolutions remain the same.
ences the resulting electron distribution function (at the time
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Fig. 4. The electron distribution functions in the whole numeri-
cal box (the crosses meaifigv;), dot-dashed line mean&v,) or
f(vy)) atwp.t=200 for two different beam velocitiesy/c=2/3 @
andb), vp/c=1/3 (¢ andd)) and two different ratiavce/wpe=0 (a
and ¢),wce/wpe=1.3 (b and d).

0.012

0.010—
Table 1. The estimated growth rates for the two-stream and fila- [

mentation instabilities in dependance on the magnetic field. 0008

wce/wpe Vlwo/wpe Vfil/wpe

0.0 0.11 0.23
0.5 0.14 0.15
1.3 0.21 0.08

0.006 [~

0.004 —

Magnetic transverse energy/Beam kinetic energy

0.002 -

Now, to understand better what instabilities are dominant 0000l o
in the evolution of the systems under study, we made the di- 0
agnostics as follows:

In Figs. 5 and 6 we compare the time evolution of the
electric field energy in the whole numerical box in the z- Fig. 6. Magnetic field energy in the perpendicular direction to the
coordinate (the electrostatic wave energy) and the magnetibeam propagation for three values of the ratiQ /wp.=0 (full
field energy in the perpendicular direction to that of the beamline), 0.5 (dotted line), and 1.3 (dashed line).
propagation for three values of the ratig. /w,.=0, 0.5, and
1.3. As seen here, while the role of the two-stream instability
increases with the increase of the magnetic field, the impor¥ /@pe=+/3(ny/n)*3/2%3 (1)
tance of the Weibel (filamentation) decreases. It is due to the
fact that the magnetic field stabilizes the beam against perwhich in our case i3 /w,.=0.34. It means that in all three
pendicular perturbations. Using results presented in Figs. Tases the computed growth rates are smaller than that derived
and 6 we estimated the growth rates of both the instabilitiefrom the analytical relation. Nevertheless, the best agreement
and results are summarized in Table 1. For comparison thés in the case of the strongest magnetic fiebg. (@ ,.=1.3).
growth rate of the cold beam — plasma instability is given by On the other hand, the growth rates of the filamentation in-
the relation (Michailovskij, 1975): stability decreases with the magnetic field increase.
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Fig. 7. Examples of the structure of the electric currejzt ¢omponent) (the full and dashed contours mean positive or negative values) at
wpet=40 for two values of the rati@,. /wp.=0 (left panel) and 1.3 (right panel). The y- and z-coordinates are in grids.

Fig. 8. The dispersion diagrams for the electric fidld (a andc) and E, (or Ey) (b andd) for k parallel to the magnetic field and electron
beam propagation (z-coordinate) in the time inteewgls=0-200 for two values of the ratio.. /w,.=0.0 @andb) and 1.3 ¢ andd). The
mass ration;/m,=16. The black color means energetic wave modes.
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Fig. 9. The dispersion diagrams for the electric fidld (a andc) and E, (or Ey) (b andd) for k parallel to the magnetic field and electron
beam propagation (z-coordinate) in the time inteewglr=0-200 for two values of the ratio.. /w,.=0.0 @andb) and 1.3 ¢ andd). The
mass ration;/m,=100.

In all cases presented in Figs. 5 and 6, first, the energies Because in our systems the velocity of the shifted Maxwell
exponentially increase (linear phase of instabilities) and therdistribution of background plasma electrons is greater
after their saturation they decrease (nonlinear phases). Ithan the thermal velocity, the return current can be unstable
Fig. 6 it is interesting to see that the magnetic field energyeven for the Buneman instability. Furthermore, there exist
has a second maximum in the nonlinear phase of the Weibdlurther instabilities which can play a role in the studied sys-
(filamentation) instability. tem, see the extended analysis by Bret (2009). In later phases

Generally the saturation maxima of the magnetic field en-of evolution of the system even electrostatic double layers
ergies (Fig. 6) are much lower than those of the electric fieldcan be generated and thus influencing a transport of energetic
energies (Fig. 5). Nevertheless, it is interesting that for lowelectrons through the plasma (Lee et al., 2007, 2008).
values ofw,/wp,=0 and 0.5 the magnetic field energies  The dispersion diagrams shown in Figs. 8 (the case with
grow earlier than the electric field energies. Both the men-, ./, =16) and 9 (the case with;/m,=100) confirm the
tioned instabilities compete and interact in the studied Systomplexity of processes in the studied systems. These di-
tems. Another evidence of the presence of the Weibel (fila-agrams were computed from the electric field components
mentation) instability is the formation of structured electric recorded along the beam propagation direction, along the line
currents, see Fig. 7, where an example of such a structure ijith x=22 A andy=22A, i.e. the k-vector in Figs. 8 and 9 is
the model with zero magnetic field (left panel) is compared riented along the z-coordinate. The branches of generated
with the case with no such a structure (right panel) (see simyaves (expressed by the black color) look to be more distinct
ilar structures in the paper by Nishikawa et al., 2003). for the case withn;/m,=100. It is probably due to the fact

that the proton and electron modes for higher mass ratio are
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