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Abstract. Plasma filamentation is often encountered in collisionless shocks and
inertial confinement fusion. We develop a general analytical description of the
two-dimensional relativistic filamentary equilibrium and derive the conditions for
existence of potential-free equilibria. A pseudopotential equation for the vector-
potential is constructed for cold and relativistic Maxwellian distributions. The role
of counter-streaming is explained. We present single current sheet and periodic
current sheet solutions, and analyze the equilibria with electric potential. These
solutions can be used to study linear and nonlinear evolution of the relativistic
filamentation instability.

1. Introduction

Filamentary instability studies have greatly intensified during the last decade, due
to the role they are believed to play in the generation of magnetic fields (Pegoraro
et al. 1996; Medvedev and Loeb 1999) and formation of shocks in essentially
unmagnetized interstellar plasma penetrated by a relativistic jet ejected from a
powerful source, like a gamma-ray burst (Lyubarsky and Eichler 2006; Medvedev
2007; Spitkovsky 2008 ; Nishikawa et al. 2009). Linear stage of the filamentary devel-
opment has been extensively studied for various distributions of counter-streaming
beams in a wide range of parameters, analytically and numerically (Pegoraro
et al. 1996; Yoon 2007; Schaefer-Rolffs and Tautz 2008; Bret 2009). Numerous
full-particle simulations have been performed to study the filament growth and
merging (Silva et al. 2003; Frederiksen et al. 2004; Hededal and Nishikawa 2005;
Spitkovsky 2008; Nishikawa et al. 2009). Yet, there were almost no attempts to
analytically construct a stationary filamentary equilibrium, in a way, similar to
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the building of a Harris current sheet. Recently, an attempt to derive a Grad-
Shafranov-type equation for such equilibrium has been made (Mart’yanov et al.
2008). In doing this, the authors failed to make one of their basic assumptions
consistent with Maxwell equations, thus losing an important constraint, which has
to be satisfied. In the present paper we develop a general analytical description
for two-dimensional filamentary equilibria using the technique outlined in Balikhin
and Gedalin (2008). We show that counter-streaming is necessary for the existence
of spatially periodic filamentary structure. Fine-tuning, necessary to maintain such
equilibria in the presence of four species, is presented.

2. 2D stationary filamentary structure

Let x and y be the coordinates on the 2D domain, with z being the out-of-plane
direction. We consider a 2D structure of the kind B.(y) and E,(y), where B, and
E, are the components of magnetic and electric fields. In principle, there may be an
arbitrary number of charged particle species streaming along x and producing the
fields. For all these particles, v, =0. In what follows, ¢ = 1. In this representation
the filaments are, in fact, current sheets.

If everything depends on y only, then there are three integrals of motion

P =Px+¢1A=mVUx+¢1A, (21)
H=+/p>+m’+q¢p =my+q0, (22)
and p,, where
0 0A
E,=—=", B, =——. 2.
r==5 = (23)

If we express everything in terms of u= p/m and y? =1 4+ u?, the integrals of motion
can be written as

U=uc+(q/mA, h=y+(q/mée, u.. (24)

For each species s, the distribution function, should be a function of these three
integrals of motion:

fs(y, uy, Uy, uz) = fs(Us, hs,uz), (2.5)
Us = uy + (qs/my)A, (2.6)
hs =7ys+ (‘L/”’h)‘b (27)

The current and charge density are

io= Y [ edUahonddn =Y g [ 50 hown 23)
ih= Y [ ofUahoudu =3 q [ U =0, 29)

p=> 4 / Fs(Us, hg,uz)d*u, (2.10)
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and Maxwell equations read

d*A
— = —4nj,, (2.11)
dy?
d>¢
—_ T = —47'['0’ (212)
dy?

where both p and j, are functions of 4 and ¢ only. Equation (2.12) was not included
in Mart’yanov et al. (2008), which made their analysis inconsistent. For spatially
periodic solutions A(y 4+ L)=A(y) and ¢(y + L) = ¢(y), the global requirements of
zero total charge and current are automatically satisfied. Indeed,

y+L YL 424 dA dA
4n/ (V)dy = _/ sl =— —— =0 (2.13)
. J y dy 2 dy y dy y+L

and similarly for p. In the case of a solitary filament (current sheet) we should
require d¢p/dy — 0, dA/dy — 0 for y — +oo, which also ensures validity of the same
global restrictions.

For cold distributions the representation in terms of the distribution function is
not convenient. Cold distributions (denoted by subscript ‘c’) describe particles which
move along x with the constant velocity f., so that u, = f.(1 — B2)~Y2, u,=u, =0,
which requires d¢/dy = f.(dA/dy), or .= (dd/dA), provided |d¢p/dA| < 1. In this
case n. =n(¢,A) and

Pe = {cNe, jx,c = qcncﬁc' (214)

As an example of a hot distribution let us consider a relativistic shifted Maxwellian
(Juttner distribution), which will be extensively used throughout the paper:

f(H,P) = Cexp[-m(h—pU)/T] (2.15)
= Cexp[—m(y — Bux)/T]exp[—q(¢ — pA)/T]. (2.16)
It is worth mentioning that the invariant rest frame temperature is Tj,, =7 T, where

5=(1— p?)~Y/2. In what follows, we shall consider a mixture of a cold distribution
with a number of Juttner distributions (denoted by index ‘s’), so that

p =3 nge bGP L g, (2.17)
N
Jx = Z nsqsﬁse—qs(tb—ﬁsA)/Ts + genefe, (2.18)
N
ng = C/e_ms("/_ﬁsu.\‘)/’rsd:;u’ (2,19)
nsﬂs = C/Uxeim‘v(yiﬁsu"’)/nd3ll. (220)
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Here i, < 1. It is worth noting that the charge and current density for Maxwell
distributed particles can be written as follows:

ou
. ou
47T]x = 67, (222)
U = 4rn Z ng Tse*q.v(lb*ﬁ,sA)/T" (2.23)
so that
d? ou
= 2.24
d? ou
—A=——". 2.2
dy? 0A4 (2.25)

The generally accepted approach to the analysis of nonlinear waves and structures
is to derive an equation of the form

dR  oU

dX  OR’
This equation can be interpreted as an equation of a particle motion in a po-
tential. Here X is the ‘pseudotime’, R is the ‘pseudoposition vector’ and U is the
‘pseudopotential’. Since (2.24) and (2.25) do not have the required structure, no 2D
pseudopotential can be constructed.

(2.26)

3. Electromagnetic filaments

In this section we restrict ourselves to a special kind of solutions, ¢ =fA4, f < 1.
Physically, this means that in the frame moving with the velocity f, there is no
scalar potential. This condition is unavoidable if one of the distributions (and only
one) describes particles, which are cold and, hence, move with the same speed along
the current. Let these be ions moving with the velocity f, then

dp,
dt

which requires E, = BB, and, therefore, ¢ = A. )
Together with (2.11) and (2.12) this imposes the condition p =, or

Ej%/u—Bmvmu+WJmM»+MJ%mmfu+%mu—B%=o,(&a

= q(E, — BB.) =0, (3.1)

where we used f.=dp/dA= [ and (2.14) is taken into account. Since in this case
Jjx = jx(A4), one has a pseudo-potential type of equation

oy . do

G = = 33
1 (da\’

== + &) =& = const. (3.4)
2 \ dy
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We are seeking for spatially periodic solutions. For this to occur, the pseudo-potential
must have a stable minimum point. Without the loss of generality we shall calibrate
the vector potential A so that d®/dA=4nj, =0 at A=0:

S [ et (o) <o (35)

Here n.(0) is the value of the cold ion density (depending on y implicitly via explicit
dependence on A4) in the point where the total charge density vanishes.

The requirement of stability is d>®/dA> > 0 at A=0, or dp/dA > 0 at A=0. The
latter can be further rewritten as follows:

52 e dn,
ES: 375 /[(afs/aUs) + B(f s/ 0l azod’u + g, <d‘4>A0 > 0. (3.6)

For the cold particles, (3.2) gives
aene =7 3 J = BBof s+ a/mids + @ fmoPAEw, (31)
and further, taking (2.10) into account
_ 27 [ (7 2 A3
p= Z qs7° B /(ﬁ — B)fs(ux + (gs/ms)A, y + (qs/ms)BA)d u, (3.8)
and the stability condition takes the form

2
> & /([; — BOLOf/0U) + B(2f /)] a=od’u > 0. (3.9)

For the relativistic shifted Maxwellians f; = Csexp[—my(y — Bsti)/ Ts) exp[—qs(f —
Ps)A/ Tg], the relation (3.9) can be written as

Z 4 ﬁ i 4sTPs — PV S o, (3.10)

which is always satisfied, while (3.7) takes the form
gene = =77y _(1— Bp,)asnse #F=HIA/T (3.11)
N

3.1. Solutions without backstreaming particles

In order to elucidate the role of the backstreaming particles we analyze below two
simple cases of the species moving in the same direction. Let us consider first the
case of cold ions and Maxwellian electrons. Let the cold ions move with the velocity
Pi. This requires ¢ = f§;A. Choosing the electron Maxwellian shifted around f.=p;,
one has (gi =—q.=q)

2
2= —dnq(ni; — nofoePPINT), (3.12)
d2
qu = —dnq(n; — netPPIAT), (3.13)
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The requirement ¢ = ;A gives

ni = nee PP = By — et AT, (3.14)
ni = ney (1 — Pue)et PPIT, (3.15)

d2
d—yzA = —4ngn,[Biy>(1 — Bif.) — PoledPiPIA/T (3.16)
= —47‘[qn€(ﬁi — ﬁe)inEQ(ﬂi_ﬁe)A/T' (317)

We have arrived at the well-known equation for Harris equilibrium. The solution of
this equation describes a single current layer.
Let now both species (ions and electrons) be Maxwellian, then

p = q(meB=PIAIT _ py paB=BIA/Tey, (3.18)
jx = q(nifie”1P=PIAITE _ B e P=BIA/Tey, (3.19)
Jx=Pp= (3.20)
ni(1 — ﬁ[gi)e—q(/f—lfi)/l/ﬂ = no(1 — ﬂﬂe)eq(ﬁ_ﬁ“)A/T”, (3.21)
and therefore —(f — f;)/Ti=(p — B.)/ T, so that
B = (Tepi+ Tife)/(Ti + To), (322)

and we again arrive at the Harris equilibrium. The solution of this equation also
describes a single current layer. In neither case we arrive at multi-layered structure.
This means that backstreaming particles are necessary for a filamentary structure.

3.2. Cold ions with three hot species

Let us now consider a self-consistent solution with four species: (a) cold forward
streaming ions fiy =f > 0, (b) Maxwellian forward streaming electrons f.; > 0, (c)
Maxwellian backstreaming ions f;, < 0 and (d) Maxwellian backstreaming electrons
PBer < 0. Apparently, this is a minimal required set to allow for spatially periodic
patterns (see above). Now for each Maxwellian species s =ef, eb, ib

n = ne“?,  co = qy(B— B)/ Ty, (3.23)

while niy = nis(A) for cold forward streaming ions. Here gis = qip = ¢, gef = qeb = —1.
The charge and current density are, respectively,

p=dqns+ Yy qne (3.24)
N

.j = qnlfﬁ + Z CIsnsﬁse_CSA- (325)
s

The requirement ¢ =4 gives p=fj and, therefore,
mip = =72 ) (1= BB)as/qInse . (3.26)
S
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The total charge density, respectively, is

p==> aBB—B)yne " (3.27)

We calibrate the potentials so that A =0 = p =0, which gives

Z qs(p — Ps)ns = 0 = (3.28)
o n"f(ﬁ _ ﬁef) + neh(ﬁ - ﬁeb)
" B~ P ' (3.29)

In other words, the vector potential and the scalar potential are both zero in the
point y, where the charge density is zero.
The equation for A now reads

dzA 2 —c A
—— =4ny Z%(ﬁ_ﬁs)nse o (3.30)

ax?

where s =ef,eb,ib. This equation can be further rewritten in the form

A dU
=D (3.31)
=4 2 qi(ﬁ - ﬁS)nS —csA 332
U =4y Z e (3.32)
=4m)? Y neTe o, (3.33)

Since U(A — +o0) — o0, any solution of this equation describes a spatially periodic
system of current sheets (filaments), provided n;; > 0.
It is of interest to study small deviations ¢;4 < 1, for which

U=U,+ %KZA{ (3.34)

Uo =4my* Y n,T, (3.35)
4”V2nvq2(ﬁ - B?)(ﬁ - ﬁ?)

K? = s : . 3.36

2 T (336)

N
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It is easy to see that 1/K plays the role of the generalized Debye length for the
relativistic streaming equilibria under consideration. Respectively,

A=A, cos(Ky), (3.37)
Nief) =ner[1 + q(B — Ber)A/ Terl, (3.38)
Neby =Neb[1 + q(B — Ben)A/ Ten], (3.39)
nip) =nip[1 — q(B — Bin) A/ Tis], (3.40)

nipy =—7> > _(1— BB)ds/a)ny

+ [P Y (1= BBon(B — Bs)/ T A. (3.41)

If
mig = m(A=0)=—>> (1= Bp)as/q)ns (3.42)

_ Tef(Bes — Bin) + 1eb(Beb — Biv) =0
B — Biv ’
then there always exists 4,, such that for |[4] < A4,, the ion density n; > 0. This

inequality is always satisfied for |f;| > |fep], While for [Bi] < |Bep| there is the
restriction

(3.43)

Neb < Nef(Ber + [Binl)/(IBeb — Bin])- (3.44)

The condition ¢;4 < 1 requires that (8 + |Bpl)gdn/Ty < 1 and (B — |Bef|)qAm/
Ter < 1, which means

qu/Tib ~ qu/Teb < 057 (345)

The last relation allows gA,,/ T.s>1 for f—f.; < 1. We also see that the temperature
of the backstreaming particles is of the same order as the potential in the filament.

For the visualization below, we have chosen the following normalized parameters:
p =092, By =091, Bir =—0.9, fo =—08, 4,=0.2, A=A, cos(y), Tin=2, Top =1,
Ter =0.1, njp =ne, = 1. Figure 1 illustrates the transverse cut of the 2D filamentary
structure. It is seen that the fluctuations of the density of the forward streaming
cold ions are much stronger than the fluctuations of the densities of hot species.
The filaments are charged positively. The densities of the cold ions are higher in the
region of positive potential, while the densities of hot other species are higher in the
potential well.

3.3. Four hot species

Let us now consider four Maxwellian species in an electromagnetic filament. It will
be more transparent here to perform the analysis in the frame where there is no
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Figure 1. Structure of a filament. Left top: Densities of the forward streaming particles across
the filament. Right top: Densities of the backstreaming particles. Left bottom: Total densities.
Thick lines are for electrons. Right bottom: Magnetic field.

potential, that is f =0. This requires
> nyguet AT =0, (3.47)
N

nifeqﬁifA/Tif + nibe*q\ﬂib\A/Tib _ ngfe*q,”’efA/Tef _ nebeq‘ﬁeh‘A/Teh =0. (3.48)

The latter expression can be made identically zero if

_ |ﬂeb|Tif

Teb = 5 n,»f = Nep. (349)
Bis
e Ti
'@:Mb, Mef = Nip. (3.50)
|Binl
With this condition taken into account, the current density is
jx — Z nsqseQSﬁsA/Ts (351)
= qnig(Big + 1Bes e/ T — nip(Bes + |Bivl)e4Fnl4/ T ] (3.52)
so that the pseudopotential takes the form
& — dn {nif(ﬁif + |ﬁeb|)Tif B A/ Ty ”ib(ﬂef + 1B T o—IBslA/ T | (3.53)
Bi |Binl

Since ® — oo for 4 — o0 and has only one minimum, the equation for A has only
spatially periodic solutions. There are no additional constraints on the parameters
of different species.
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4. Potential filaments

If no distribution is cold, the relation ¢ = 4 is no longer necessary (since E,/B. =
construction does not have to be satisfied), which means that there may not be a
frame where the electric potential vanishes. It is difficult to treat the problem in the
fully nonlinear regime, but it is possible to advance in the case of weak filaments,
qA/T <1, q¢/T < 1. In a more general way, we shall assume that it is possible to
expand (for each species, index s omitted for brevity)

F(U )= 7,0 + @A /m) L 4 gp/m) (?;)

2
sy () + Saomr (£4) @)

2
Hadpmiaam? () +
x0Y

Then

N

2
— " 3 nsqs afs
=3 [ fwundut 43S [ S

g f 0 s g
+3 o] a]; (42)

Je = nds / %f(uxa%“Z)d%l +2_4 XS: n / M/x jl{i

+¢Z n;nqu / Uy 5fs (4.3)

Vav

where we restricted ourselves with the lowest order. Although the expansion can
be carried out for arbitrary distributions, it is more physically clear with the
distributions described by the single-temperature parameter, like the relativistic
Maxwellian (Juttner). We will limit our analysis with this case, where

. (b — B 2
p=Sna ll a9 TsﬁsA) +l (qb(qﬁ TSM>

, (44)

A) 1 (qip— A\’
- Sonag[i- ald—BA) 1 (009 —pA) @3
S 2 TS
In the lowest order, linear approximation, one has
2 2
nsqsﬁs nqu
=4 — 4.6
p ES T, ) ES T, (4.6)
202 2
. nsqsﬂs nsqsﬂs
=A —= — .
Jx ES T ¢ ES T (4.7)
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where we also applied the conditions > n,q, = 0, >, n,q,fs = 0. Substituting this
into (2.11) and (2.12) one gets

2
4
A kAt K, (4.8)
dy?
2
% = —Ki4 + Ko9, (4.9)
dy
Annyg?
Ko=Y" % >0, (4.10)
drngg? By
K, =y b (4.11)
2
K=Y 4”"3;13[; >0, K, <Ko, (4.12)

N
N

which has the solutions 4, ¢ oc €, where

(Ko + k) (K, — k) = K} (4.13)
1 2
=3 K- Ko+ /(Ko + K2)? —4K3 . (4.14)
Since
2.2 2
nin;q;q;(Bi — B;)
KK—K2=§: S 4.1
042 1 : 2TiTj >0, ( 5)
the solution
2 1 2
R=3 Ky — Ko+ /(Ko + K2 — 4K}| > 0 (4.16)

corresponds to the periodic filaments.

5. Conclusions and discussion

Two-dimensional filamentary equilibria are, in fact, periodically arranged current
sheets and, therefore, could be expected to be described in a way similar to what has
been done for a relativistic periodic Harris sheet structure. Indeed, the distribution
functions are immediately expressed in terms of the integrals of motion, which allow
to express the charge and current density as functions of the scalar and vector
potential only. It is worth mentioning that, in general, the scalar potential, and,
therefore, the electric field, cannot be ignored unless special conditions are imposed.
In order to satisfy these conditions, the species’ densities, temperatures and velocities
should be fine tuned, thus reducing the number of free parameters. This means that
for arbitrarily chosen initial conditions, the developed filamentary structure will not
be necessarily non-potential or even stationary.
To summarize:
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e A non-potential filamentary equilibrium with one cold ion distributions and
three hot species is constructed and necessary conditions for such equilibrium are
established.

e A non-potential filamentary equilibrium with four relativistic Maxwellian spe-
cies is constructed and necessary conditions for such equilibrium are estab-
lished.

e The role of the backstreaming distributions in the formation of station-
ary spatially periodic filamentary structure is elucidated and it is shown that
at least four streaming species are necessary for the existence of non-potential
filaments.

e A weak filamentary equilibrium with potential is derived for arbitrary number
of Maxwellian species.

Analysis of fully nonlinear filaments with electrostatic potential appears to be
difficult and will be discussed elsewhere.
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