Simulation of a plasmoid penetrating a magnetic
barrier

Herbert Gunell®, Jeff Walker®, Tomas Hurtigb, Mark Koepke®,
d

Nils Brenning®, and Hans Nilsson
“ West Virginia University, Morgantown, WV, USA
> Swedish Defence Research Agency, Stockholm, Sweden
“ Royal Institute of Technology, Stockholm, Sweden
4 Swedish Institute of Space Physics, Kiruna, Sweden

WestVirginiaUniversity



Herbert Gunell, et al. 2008-11-18

Plasma structures, here typified Q/b%ter%g}n “plasmoids”, in the solar wind

Impacting on the magnetopause, i.e., the boundary between the solar wind
and the earth’s magnetosphere, can penetrate this boundary and be injected
into the magnetosphere. This can happen either by expulsion of the magnetic
field from the structure and subsequent diffusion of the magnetic field into the
structure, or by formation of a polarisation electric field that lets the plasmoid
E X B-drift in the earth’s magnetic field. In both cases a collisionless resistivity
is required at some stage of the process. While magnetic expulsion requires
electromagnetic models for its description, polarisation can be modelled
electrostatically. Both processes can be studied in laboratory experiments.
We present three-dimensional electrostatic particle-in-cell simulations that
reproduce large-amplitude waves, in the lower-hybrid range, that have been
observed in laboratory experiments. Simulations of plasmoids that are longer
than those previously published have been run over longer periods of time.
We find that waves are propagating upstream from the barrier, and also that
the penetration process causes the part of the plasmoid that is upstream
of the barrier to rotate. The application of theoretical predictions to the
magnetopause environment shows that a plasma structure penetrating via
polarisation needs to be small, i.e., less than 10-100 km wide for typical
parameters, and that wave processes at the magnetopause are needed to
create such small structures [1]. The interchange Rayleigh—Taylor instability
is a candidate for producing these structures.
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Recent experiments
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Schematic of the KTH plasma gun; now at
WVU (top) [2], and simulation region and mag-
netic field lines (bottom). The simulation box
moves to the right in the figure with the initial
bulk velocity of the plasma, vy.
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Previous results

When Wi > W an electric field is set up
that allows the plasma to £ X B-drift into
the transverse magnetic field [3].

For quasi-neutrality to be maintained
one needs to require that Wg/Wg >
v mi/me [4].

It was found experimentally that unless
Wk /Wg > 104/m;/m. longitudinal os-
cillations and sheath formation prevent pen-
etration [5].

A recent series of experiments revealed a
wave-driven electron transport, perpendicu-
lar to B and ¥, into the high potential side
[6].

Waves on the lower-hybrid frequency scale
were seen in simulations [1].
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Wave-driven electron drift observed in a
plasma gun experiment. Picture from [6].
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Parameter regions: definitions

Brenning, et al. [7] suggested an analytical model
for the non-linear magnetic diffusion, and proposed
that experiments and observations can be classi-
fied by dividing the parameter space into three
regions corresponding to three different outcomes
of a penetration experiment. With the width of
the plasma equal to w, the ion gyro radius rg =
m;vg/(eB.), the magnetic energy density W =
B? /(2u0), the kinetic beta B, = Wx/Wp, the
ion thermal beta B, = %nomivih/WB, the pen-
etrability parameter II = (w/rg) K+/Bitn, and
K = 2.3 being an empirically determined con-
stant, these regions are [7]

1. Expulsion.
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expelling the magnetic field if 8x > 1 and IT > 1/+/0k.

2. Self-polarisation. A plasma structure can penetrate a magnetic barrier
by convection in a polarisation electric field if II < +/8x for B < 1 and

IT < 1/+/Bx for By > 1.

A plasma structure can penetrate a magnetic barrier by

3. Rejection. The plasma cannot penetrate the magnetic barrier if B < 1

and IT > /0.

4



Herbert Gunell, et al.

10

Parameter regions: map
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The location of a num-
ber of experiments in
the II — (B parame-
ter space. The picture
is taken from [7] with
addition of the experi-
ments by Ripin, et al.
[8] and Mostovych, et
al. [9] in blue, and the
simulations of Gunell, et
al. [1] and this study in
red.
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Simulation geometry

Three different initial plasma ge-
ometries: a long plasmoid, whose
cross section is a vertical ellipse,
a plasmoid with a horizontal elliptic
cross section, a plasmoid with a ver-
tical elliptic cross section, section is
a vertical ellipse.
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Cross sectional shape
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Three simulations with differ-
ent initial cross sectional shapes
at three different simulation
times. After 400 ns (bottom
row) all plasmoids have been
compressed into similar vertical
structures.
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Plasma density at different times
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t =160 ns
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t=240ns
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Non-rigid rotation

t=320ns

t = 400 ns

Slices of plasma density in the xy-plane
for three different z-positions at five dif-
ferent times.

When the front of the plasmoid enters the
transverse field, a non-rigid rotation can
be seen in the parts of the plasmoid that
has not yet reached this region.

A perturbation must be travelling up-
stream from the curved field region. This
is also seen in the figure on page 8, which
shows slices of the plasma density in the
yz-plane.

10



Herbert Gunell, et al. 2008-11-18

Waves in the lower-hybrid frequency range
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Resistivity
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Resistivity 7, = (F,)/{j.) as a function of x for differ-

ent values of z.
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Hurtig, et al. [6], estimated the
wave-induced resistivity

(neks)

e (v; — ve) (Me)?

nwave -

from measured densities and fields
in their n. = 3.2-10'® m™3 plasma
and arrived at

Nwave = 0.0068 m.

Assuming that 7,,4ve Scales propor-
tionally with 1/n. we should ex-
pect Nwave ~ 2 2m in the sim-
ulated n. = 10'® m™ plasma,
which is close to what we obtain
at z = 0.33 m.
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Plasmoid breakup
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Ripin et al. [8] performed experiments where a large plasmoid was bro-
ken up into smaller “fingers” by an interchange Rayleigh-Taylor instability.

Figures from [8].
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Interchange Rayleigh-Taylor instability?

We estimate the growth rates for the parameters of our simulation and for
the magnetopause, following [8] and [10], assuming g = w.;vg, and A = w.

Simulation: v9 = 300 km/s, B =0.05T, L, = 0.01 m, w = 0.01 m.
Rayleigh-Taylor: v = Lin =1.2-10"s7!

Large r, approximation [10]: v = 27” gL, =7.5-10"s!

Magnetopause: vop = 100 km/s, B = 30 nT, L,, = 50 km, w = 8 km.

Rayleigh-Taylor: v = % = 245!

Large r, approximation [10]: v = 27” gL, =945 !
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and in Space
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Above left: Schematic of the magnetosphere
o I R showing where penetration and convection take
o 2;0 4i0 60 3;0 1[;)0 1.;20 1:;10 1;30 180 place. (Original picture from NASA)

e e R Above right: Schematic by Lundin, et al., [11]

showing penetrating plasmoids as observed by

Cluster.
/AW L Left: Observation by the Cluster spacecraft of
O A 51 0% oS0z rsonr oscillations in the lower hybrid range'dn the

inside of the magnetopause. (Picture from

[12]).
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Space
parameter Magnetopause [12, 13] sim. exp.[2]
vo/(km/s) 100-200 300 300
B, /T (10-30)-1077 0.05 0.015
ng/m”3 ~ 2107 1016 10%®
Wi /Wg (0.4-4)-10" 756 8- 10°
w me 4 3
e/ (1-9)-10 7.9 2-10
By = Wg /W 0.5-17 8.-107* 0.8
1= “K+Bin ? 4.2-107° 0.1
g1
fpe 40 kHz 200 MHz 9 GHz
fee (0.3-1.1) kHz 70 MHz 0.4 GHz
fpi 0.9 kHz 20 MHz 0.2 GHz
fin (7-26) Hz 7 MHz 10 MHz

Parameters at the magnetopause region [12, 13|, the simulation presented
here, and the experiments [2].
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Conclusions

e \We have presented three-dimensional electrostatic particle in
cell simulations of plasma penetration of a magnetic barrier.
Waves in the lower-hybrid frequency range are observed.

e A non-rigid rotation of the plasmoid is observed upstream of
the transition to the transverse field.

e Different cross sectional shapes are compressed into something
that approximates the vertical ellipse when the plasmoid enters
the transverse field region.

e The plasmoid moves in the —7 x B direction after entering
the transverse field region, in agreement with [8] and [10].

e Resistivity can be seen in the simulations, in agreement with
experiments [6].
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For penetration of the magnetopause w must be small com-
pared to the ion gyro radius. One possibility is that an
interchange Rayleigh-Taylor instability could break up large
plasmoids into small plasmoids that are able to penetrate.
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