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Abstract
The filamentation instability (FI) is an aperiodically growing instability driven by counterpropagating electron beams. Its ability to generate magnetic fields is important for the energetic plasmas in
gamma ray burst jets [1] and inertial confinement
fusion plasmas [2]. The FI has been examined both
analytically and with particle-in-cell (PIC) simulations [3, 4, 5]. We perform [6] PIC simulations and
follow the FI through its nonlinear saturation. The
power spectrum of the flow-aligned current component is self-similar during the linear phase [7].
We show that the perpendicular current distribution is self-similar during the nonlinear evolution

Figure 1: The distribution Cz = J · ez : The
distribution just after the instability’s saturation is displayed in the left panel. It is
shown for TM in the right panel.

and that the filament size increases linearly with
time. We demonstrate that, at least for warm plasmas, the current filaments can’t be described by simple flux tubes [3, 5]. Instead, the filaments merge
by magnetic reconnection to form larger, partially
overlapping current sheets. In the filament overlap
region the electrons are accelerated.
The physical model
FI’s can be driven by electron distributions of the
form f (v) = f (vx ) f (vy ) ( f [vz + vb ] + f [vz − vb ]),
where the f (v j ) are Maxwellian distributions and
the beams have the mean velocity vectors ±vb =

Figure 2: The electron pz momentum (a)
and vz velocity (b) distributions at t ≈
TM . The electron distribution is integrated
over a spatial interval with the width

0.5c/ω p along y. For the selected y a filavb ez . We consider equally dense beams that have a
ment boundary is crossed along x.
√
temperature of 10 keV and vb = c/ 2. Such distri-
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butions favor the growth of waves with wavevectors
k ⊥ vb [8]. We examine the FI with a PIC code that
solves the Maxwell equations and the Lorentz equation for a large number of computational particles

∂E
,
∂t
∂B
∇×E = − ,
∂t
dpi
dxi
= qc (E + vi × B) ,
= vi .
dt
dt
∇ × B = µ0 J + ε0 µ0

(1)
(2)
(3)

The particles and the fields interact through the
current J. The three-dimensional field vectors are
defined on a 2D grid. Since all components of pi =
mc Γi vi are updated, the code is 2(1/2) dimensional.
Our simulation scheme [9] fulfils ∇ · E = ρ /ε0 and
∇ · B = 0 to round-off precision.

The grid has 1400 × 1400 cells and 3 × 108 com-

Figure 3: The 10-logarithmic k-spectrum
of Cz . Overplotted is a line k ∼ t −1, which
follows the maximum of the power.

putational electrons represent each of the initially
spatially homogeneous beams. The runtime is TM =
p
118/ω p, with ω p = e2 ne /me ε0 . Initially E = 0
and B = 0. For more details, see Ref. [6].
The Fig. 1 shows the current component Cz in
the simulation with its side length L × L with L =

104 c/ω p . The filaments merge to non-circular sheets,

which permit for a partial spatial overlap of the electron beams moving with ±vb . The electrons accel- Figure 4: The 10-logarithmic k-spectrum
erate in these layers, as Fig. 2 demonstrates.

of Cx + iCy . Overplotted is a line k ∼ t −1,

A Fourier transformation over x and y is applied which follows the maximum of the power.
to the spatial distributions of the currents Cz and
Cx + iCy for a sequence of equal time intervals. The
power spectra are |FT (Cz )|2 and |FT (Cx + iCy )|2
and they are integrated in the kx , ky plane over the
azimuth angle [6]. The k-spectrum of Cz is displayed
in Fig. 3 and that of Cx + iCy in Fig. 4.
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Both spectra demonstrate that the scale size of
the current filaments increases linearly with t. The
spectrum of Cz is a power-law, when the FI saturates [6, 7]. A power-law distribution with a constant slope gives parallel contour lines. During the
filament merging, such lines can’t be seen in Fig. 3.
Instead, the Cx + iCy component in Fig. 4 shows
parallel contour lines at large k. The power-law
presumably arises from preferential attachment of
filaments, since the probability for attachment increases with the filament perimeter [6]. Since the
filaments repel each other through magnetic fields,
the filament merger must be accompanied by magnetic field line reconnection. The current annihilation due to the beam overlap in Fig. 2 is known to
trigger reconnection [10]. Indeed, the Fig. 5 shows Figure 5: A magnetic x-point in the simone of many magnetic x-points in the simulation ulation at t ≈ TM : The color scale shows
q
plane.
B2x + B2y . The spatial units are grid cells,
Summary

demonstrating the high resolution that is

• The FI results in the formation of non-circular necessary to accurately represent the recurrent filaments, that repel or attract each connection process.
other. The ones that attract each other merge
and increase their size linearly with t.
• The power spectrum of the current distribution in the simulation plane shows a powerlaw at high-k, presumably due to preferential
filament attachment.
• When the filaments merge, the magnetic field
lines confining them must reconnect. This reconnection requires a high simulation resolution.
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