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Abstract. The influence of magnetic turbulence in the near-
Earth magnetotail on ion motion is investigated by numeri-
cal simulation. The magnetotail current sheet is modelled as
a magnetic field reversal with a normal magnetic field com-
ponentBn, plus a three-dimensional spectrum of magnetic
fluctuationsδB which represents the observed magnetic tur-
bulence. The dawn-dusk electric fieldEy is also considered.
A test particle simulation is performed using different values
of Bn and of the fluctuation levelδB/B0. We show that when
the magnetic fluctuations are taken into account, the particle
dynamics is deeply affected, giving rise to an increase in the
cross tail transport, ion heating, and current sheet thickness.
For strong enough turbulence, the current splits in two layers,
in agreement with recent Cluster observations.

Key words. Magnetospheric physics (magnetospheric con-
figuration and dynamics) – Interplanetary physics (MHD
waves and turbulence) – Electromagnetics (numerical meth-
ods)

1 Introduction

The Earth’s magnetotail is a large reservoir of plasma and en-
ergy, and is characterized by a magnetic configuration which
leads to many intriguing nonlinear phenomena. In particu-
lar, several spacecraft have observed phenomena as sudden
plasma motions, current diversions, energetic particle bursts,
and strong geomagnetic activity mixed with relatively quiet
periods. The observations of ISEE 2, AMPTE/IRM, Geotail,
Interball, and other spacecraft have shown the existence of
plasma and magnetic field turbulence in the distant and near
Earth’s magnetotail (Angelopoulos et al., 1993; Hoshino et
al., 1994; Ohtani et al., 1995; Bauer et al., 1995; Borovsky
et al., 1997). Usually, the turbulence is stronger in the cen-
ter of the plasma sheet (Bauer et al., 1995; Hoshino et al.,
1996), while a more regular magnetic configuration is found
in the vicinity of the magnetospheric lobes. The observed
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fluctuations have a power law spectrum which indicates the
presence of the nonlinear interactions typical of turbulence
(Malara et al., 1992; Bauer et al., 1995; Ohtani et al., 1995;
Hoshino et al., 1994; Borovsky et al., 1997). Although the
magnetic turbulence is stronger during active geomagnetic
periods, it is non-negligible even during the quiet times.

Analytical studies and self-consistent numerical simula-
tions, both fluid and kinetic (Lui et al., 1991; Malara et al.,
1992; Pritchett and B̈uchner, 1995; Daughton, 1998, 1999;
Wiegelmann and B̈uchner, 2000; Peroomian et al., 2000;
Lapenta and Brackbill, 2000), were developed to study the
growth of current sheet instabilities. The structure of the
magnetotail current sheet also was studied by hybrid simula-
tions which treat the electrons as a charge neutralizing fluid
(Hesse et al., 1995, 1996). Further information, like cause
and effect relationships, can be obtained by test particle sim-
ulations which take into account the two-dimensional (2-D)
and three-dimensional (3-D) geometry of the magnetosphere
(Ashour-Abdalla et al., 1994, 1996; Delcourt and Belmont,
1998), the particle acceleration in self-consistent 2-D tur-
bulence (Matthaeus et al., 1984), the electric field morphol-
ogy (Antonova and Ovchinnikov, 1999), and the presence of
magnetic turbulence in the distant (Veltri et al., 1998) and in
the near Earth (Greco et al., 2002) magnetotail.

In a previous study, Veltri et al. (1998) considered the dis-
tant magnetotail, where the average component of the mag-
netic field normal to the current sheetBn is statistically neg-
ligible, and found for fluctuation levelsδB/B0 >∼ 0.2 that
the current sheet has a double layer structure, with a cur-
rent density minimum in the center of the quasi-neutral sheet.
Also, Veltri et al. (1998) found that the fluctuations enhance
ion heating and contribute to the formation of the equilib-
rium structure. Recently, Greco et al. (2002) considered the
near-Earth magnetotail, whereBn > 0, and found that even
in this case the magnetic fluctuations induce a double layer
structure in the current sheet, although a strongerδB/B0 is
usually required to achive this effect. In this paper we inves-
tigate ion dynamics in the presence of magnetic turbulence
in the near Earth and middle magnetotail, whereBn is north-
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ward oriented. The considered configuration can be a (local)
magnetotail model for the growth phase of magnetospheric
substorms. With respect to Greco et al. (2002), we extend
the turbulence spectrum by including in the model a num-
ber of long wavelength modes, which may correspond to the
formation of large magnetic islands. We study the influence
of Bn on the distribution function moments, and we find that
it effectively controls the particle dynamics. When including
magnetic turbulence, the vertical current profile thickens and,
for sufficient fluctuation levelsδB/B0, the current splits into
two layers. Also, ion heating and isotropization is consid-
erably enhanced. In practice, the magnetic fluctuations play
the role of an effective scattering mechanism, but also allow
easier motion alongy at the edges of the current sheet.

In Sect. 2 we set up the model magnetic field and we de-
scribe the test particle simulation. In Sect. 3 we present the
simulation results, and we discuss them in connection with
the observations. In Sect. 4 we give the conclusions.

2 Numerical model

The considered magnetic field configuration consists of an
unperturbed, sign reversing component, directed along the
Earth-Sun axis,B0x(z) = B0x(z)ex , such thatB0x(z) =

−B0x(−z); an unperturbed, constant, normal component
Bn = Bnez; and of 3-D stationary magnetic fluctuations
δB(r) having a power law spectrum (see below). Thus, the
total magnetic field is given byB = B0x(z) + Bn + δB(r).
Following Veltri et al. (1998), we use forB0x(z) the expres-
sion of a modified Harris magnetic field reversal,

B0x(z) = B0
tanh(z/λ) − (z/λ) cosh−2(L/2λ)

tanh(L/2λ) − (L/2λ) cosh−2(L/2λ)
. (1)

Here,L is the total thickness of the considered magnetic field
configuration (i.e. of the simulation box) andλ = 0.25L
is the current sheet half thickness. The unperturbed com-
ponents describe the parabolic field line geometry which is
found in the Earth’s tail from, approximately, 10 to 60RE

downtail.
The power law spectrum of the magnetic fluctuations,

regularly observed by the Geotail (Hoshino et al., 1994),
AMPTE/IRM (Bauer et al., 1995), ISEE 2 (Borovsky et al.,
1997) and Interball satellites (Zelenyi et al., 1998) in this
region of the magnetotail, has well-defined, “reproducible”
features like the spectral shape, the frequency range, and the
fluctuation level for given geomagnetic activity levels. This
suggests that magnetic turbulence is in a steady state, in a sta-
tistical sense. We represent these fluctuations as the sum of
static magnetic perturbations (Zimbardo et al., 1995; Veltri
et al., 1998; Greco et al., 2002)

δB(r) =

∑
k,σ

δB(k)eσ (k) exp(i(k · r + φσ
k )), (2)

where

δB(k) =
C

(kx
2lx

2
+ ky

2ly
2
+ kz

2lz
2
+ 1)α/4+1/2

(3)

and whereeσ (k) are the polarization unit vectors (Veltri et
al., 1998),C is a normalization constant, andlx, ly, lz are
the turbulence correlation lengths in thex, y, z directions,
respectively. While for the distant magnetotail Veltri et al.
(1998) assumed as the spectral indexα = 1.5 (even though
a large variability of this index is often observed, Hoshino
et al., 1994), for the near-Earth magnetotailα = 2.3 may be
appropriate (Slavin et al., 1985; Ohtani et al., 1995; Borovsky
et al., 1997; Zelenyi et al., 1998). Anyway, we anticipate that
the influence of the spectral index on the simulation results
is rather small.

For the runs presented here, the wave-vector components
are chosen on a grid such thatki = 2πni/li , i = x, y, z,
whereni are integers satisfying(n2

x + n2
y + n2

z) < 144. In

Greco et al. (2002) we also imposed(n2
x + n2

y) > 6, in or-
der to avoid the dominance of long wavelength modes, which
have the largest amplitudes. Here, however, we keep the long
wavelength modes, too, in order to mimic the presence of
magnetic islands or other coherent structures with scales of
a few Earth radii (Runov et al., 2003). Note that the longest
modes present inδB have a wavelengthλ = 5L. In ad-
dition to the above magnetic field configuration, we assume
that there is a constant cross tail electric field, oriented in
the dawn to dusk direction,E = Eyey (see Greco et al.,
2002; Veltri et al., 1998, for more details on the magnetic
turbulence model). Hereinafter,δB =

√
〈δB · δB〉, with

the average made over the simulation box. We also define
δb ≡ δB/B0 andbn ≡ Bn/B0.

In this paper we consider the electrons as a charge neutral-
izing background, and leave a more detailed study of their
influence for future work. Although we are considering static
magnetic perturbations, it can be shown that the fluctuating
electric field (produced by realistic magnetic perturbations)
has a negligible impact on particle dynamics (Greco et al.,
2002). The equations of motion can be written in a dimen-
sionless form by normalizing all length scales to the unit
lengthL, velocities to electric drift velocityVE = cEy/B0,
magnetic and electric fields toB0 andEy , respectively, and
time to ion gyrofrequencyω0 = eB0/mic. Typical values
of the normalization parameters for the near-Earth magneto-
tail can be obtained by settingB0 = 10–20 nT,Bn = 1–2 nT,
and Ey = 0.1 mV/m. The unit length may be assumed to
be L = 104 km, which implies a current sheet thickness
λ = 0.25L = 2500 km.

The particles are injected at the upper and lower boundary
of the simulation box, atz = ±0.5L, with random positions
in thexy plane, and with velocities distributed according to
a shifted Maxwellian (Ashour-Abdalla et al., 1994)

f (v‖, v⊥) = (
√

2πv3
th)

−1 exp

(
−

(v‖ − u)2
+ v2

⊥

2v2
th

)
. (4)

Here,u is the streaming velocity andvth is the thermal ve-
locity. Following Ashour-Abdalla et al. (1994), we assume
thatu = 200 km/s andvth = 170 km/s, corresponding to a
particle energy of 0.3 keV (see Greco et al., 2002, for a full
description of the injection routine).
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3 Numerical results

In the present simulations we assume a value of the normal
magnetic field ofbn = 0.05, which is typical of the mag-
netotail at pre-onset (Petrukovich, 2000). The corresponding
value of the stochasticity parameterκi (Büchner and Zelenyi,
1986, 1989) isκi ' 0.21, so that ion motion in the quasi-
neutral sheet is not adiabatic, but is in the quasi-adiabatic
regime characterized byκi < 1. This means that the par-
ticles can have meandering orbits in the quasi-neutral sheet.
At injection, the ion Larmor radius in the asymptotic fieldB0
is ρ0 ' 0.026L, so thatρ0 ' λ/10. Thus, our parameters
correspond to a moderately thick current sheet (e.g. Wiegel-
mann and B̈uchner, 2000). Sample particle trajectories can
be found in Zimbardo et al. (2000) and Greco et al. (2002).

In order to gain an understanding of the typical ion dynam-
ics, we inject many particles in the simulation box and nu-
merically integrate their equation of motion. Then we com-
pute the distribution function moments as densityn, bulk ve-
locity V, current densityj , temperatureT , etc., on a three-
dimensional grid with 20 grid points inx, 400 in y, and
40 in z. Typically, 50 000 particles are injected for each
run. In a test particle simulation, the normalization for the
number density is, to a good extent, arbitrary. Here, it is
based on the consideration that the ion currentIy has to be
strong enough to reproduce the unperturbed magnetic field
B0x(z) introduced in our model. Indeed, Ampere’s law leads
to 2B0Lx = 4πIy/c, with Iy =

∫
jydxdz the total cur-

rent across a section of the current sheet of lengthLx . On
the other hand, velocity is expressed in units ofVE (see
Sect. 2), so that the normalization for density is obtained as
n∗

= Iy/[e
∫

Vydxdz], with Iy constant for all the runs (this
implies that when the average value ofVy is large, the density
is low).

In Fig. 1 we show the two-dimensional contours, from top
to bottom, ofn, Vx, Vy, Vz, they component of the current
densityjy , and of the parallel and perpendicular tempera-
tures,T‖ = (mi/nkB)

∫
(v‖−V‖)

2f d3v andT⊥ =
1
2(T −T‖),

for δb = 0, bn = 0.05, andEy = 0.1 mV/m. Here,kB is
Boltzmann’s constant. For each panel, we have−10L <

y < 10L and−0.5L < z < 0.5L, corresponding to the
whole simulation box, while an average overx was per-
formed. In all panels of Figures 1 and 2, strong variations at
the left boundary (y = −10L) can be seen: these are an arti-
fact of the injection scheme (the injection zone corresponds
to the range−10L < y < 10L) and are due to the fact that
the cross tail electric field pushes the particles toward posi-
tive y. Since there are no particles coming fromy < −10L,
a particle depletion is found close to the left boundary. In the
top panel the plasma number density is reported. The den-
sity appears to be larger at thez-boundaries of the simulation
box, because the injected particles are mirrored toward the
center where|B| is smaller, so that, in the absence of any
scattering agent, particles are faster in the center and give a
reduced contribution to number density.

In Fig. 1 it can be seen that the normal componentBn has
a strong influence in organizing the particle motion. In par-

ticular, the motion alongy, the cross tail direction, is inhib-
ited by Bn in spite of the presence of the electric fieldEy ,
except for the central layer where ion motion is unmagne-
tized. Thex component of the bulk velocity, second panel, is
strongly negative. Taking into account the fact that thex axis
is oriented toward the tail, this means that the plasma flow is
toward the Earth, with the well-known earthward convection
due to the dawn-dusk electric field. On the other hand,Vy is
oriented along the electric field, and is clearly larger in the
central band aroundz = 0, where|B0x | is smaller and the
ions are unmagnetized. Some negative values ofVy (and of
jy), corresponding to the dark blue areas, can also be seen.
These diamagnetic current wings are due to a combination
of drift effects (Zelenyi et al., 2000). Thez component of
velocity has smaller values than the other two components,
is zero on average, and there are no spatial features. This
means that at any location in the simulation box there are
as many particles going up alongz as there are going down.
The current densityjy has features similar toVy . The lowest
two panels show the temperaturesT‖ andT⊥, computed with
respect to the local magnetic field. We can see thatT⊥ is
very nearly the same as at injection, since very small acceler-
ation byEy is allowed. However,T‖ appears to be somewhat
larger thanT⊥, since the streaming velocityu given at injec-
tion gives rise to two counterstreaming beams which increase
the spread in parallel velocity and henceT‖.

When magnetic turbulence is included in the simulation,
the results change in a significant way. In Fig. 2 we show the
same quantities of Fig. 1, for the same value ofbn = 0.05,
while δb = 0.5. In order to ease the comparison between
the two figures, the same color scales are used in both figures
(that is why some panels in Fig. 1 do not show many col-
ors), except for the density . In Fig. 2 it can be seen that the
density is somewhat peaked at the center of the neutral sheet,
that the current carrying region is considerably inflated, and
that cross tail motion away fromz ' 0 is no longer inhib-
ited. We can see that the magnetic fluctuations scramble
the oscillatory, bouncingz-motion of the injected particles
which creates, forδb = 0, a number density depression in
the central region. As a consequence, in the presence of tur-
bulence particles spend more time in the central region, giv-
ing rise to a more physical density profile. The influence
of long wavelength modes, with periodicityλ = 5L, can
be seen in the density plot as a series of density enhance-
ments, which we argue are located where the fluctuating
magnetic field is weaker, as a result of the random phases in
(2). The density plot shows that strong magnetic turbulence,
with δB/B0 ' 0.5, can generate a factor 2 in density vari-
ations. Also, the modulus of the velocityVx is decreased in
the central region, since the magnetic fluctuations disturb the
earthward convection: indeed,δb is larger thanbn, so that lo-
cally theE×B drift can be in different directions thanx. On
average, the drift in thex direction prevails but the changing
direction of motion slows down the earthward drift. The in-
fluence of magnetic turbulence on the velocityVy is twofold:
on the one hand, turbulence causes the peak of the velocity
to decrease because it scatters the ions around. On the other
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Fig. 1. Contour plots of the ion mo-
ments. From top to bottom, the density
n, the three components of the bulk ve-
locity Vx , Vy , andVz, the current den-
sity jy , the temperaturesT‖ and T⊥.
For this runδb = 0 andbn = 0.05.
Density is in units ofn∗, velocity in
units ofVE , currents density in units of
cB0/4πL, and temperatures in units of
miV

2
E

/kB . Color scales on the right.

hand, the velocity for|z| > 0.1L increases because of the
presence of particles scattered away from the center, and be-
cause the fluctuationsδBy bend the field lines also in they
direction. This allows cross field motion (with respect to the
average field) even for magnetized particles, although of a
biased diffusive type, since〈δBy〉 = 0 andEy 6= 0. How-
ever, whenδb becomes large, the magnetic turbulence also
slows down the ion motion because ions are strongly scat-
tered (Veltri et al., 1998).

The temperature is greatly increased with respect to Fig. 1,
showing that the magnetic turbulence scrambles the ordered
velocity gained because ofEy into all directions, leading to
an effective thermalization of the potential drop. Also,T‖ and
T⊥ are larger in the center of the simulation box and grow to-

wards the right, where energization from the electric field is
favoured. Greco et al. (2002) have shown that ion heating
progressively increases with the turbulence level, although
there is no critical turbulence level above which heating ap-
pears. The ion heating is strong since the ion temperature
reaches more than 3 times the injection temperature. Once
the numerical values are set into the estimates of the ion ther-
mal energy density and of the turbulence energy density, they
turn out to be of the same order of magnitude. However, ion
heating comes from the dawn-dusk potential drop, not from
the dissipation of magnetic turbulence, which is not consid-
ered in our simulation. The nonlinear feedback of ion motion
and heating on the magnetic turbulence will be considered in
a future work. Note that there are only minor differences be-
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Fig. 2. Same as Fig. 1 but forδb = 0.5
andbn = 0.05.

tweenT‖ andT⊥, showing that heating is nearly isotropic.
The comparison between Figs. 1 and 2 shows that the mag-
netic fluctuations lead to a fast pitch angle diffusion, which
results in isotropizing the temperature.

Both jy andVy exhibit a marked double layer structure.
This structure, which is also inferred from the observations
(Sergeev et al., 1993; Hoshino et al., 1996), is due in our nu-
merical model to the enhanced braking atz ' 0, due to the
concentration of turbulence in the quasi-neutral sheet, which
models the observations (Bauer et al., 1995). A splitting in a
double humped current profile was also obtained by Ashour-
Abdalla et al. (1994) and Delcourt and Belmont (1998), by
using a three-dimensional magnetic configuration at large
scales but without magnetic turbulence; in those cases, the

current splitting was due to the ion meandering orbits which
imply maximum (and positive)vy away fromz = 0. How-
ever, in our model, enhanced pitch angle scattering masks
the effect of meandering orbits, and no current splitting is ob-
tained without magnetic fluctuations. Therefore, the physical
origin of the current splitting reported here lies in the distur-
bance to ion motion due to magnetic turbulence (Sergeev et
al., 1993). It is noteworthy that recent magnetic field obser-
vations by the Cluster mission unambiguously showed that
the magnetotail current sheet at about 20RE downtail can
exhibit a bifurcated structure (Nakamura et al., 2002; Runov
et al., 2003; Sergeev et al., 2003). These bifurcated cur-
rent sheets appear to not necessarily be associated with the
substorm expansion phase, that is with dipolarization of fast



1952 G. Zimbardo et al.: Turbulence in the magnetotail

flows. It would be interesting to assess the magnetic fluc-
tuation level during those events in order to see whether the
bifurcated structure can be attributed to the influence of mag-
netic turbulence, as reported here.

We have computed thez profiles (averaged overx andy)
of n, Vy , jy and of the other distribution function moments
for several values ofδb and ofbn (Greco et al., 2002). The
main results of such a parametric study can be summarized as
follows. It appears that the presence of magnetic turbulence
has a strong influence on the global ion dynamics, inflating
the current carrying region and favouring the thermalization
of the kinetic energy gained by ions in the electric potential
drop, as shown in Fig. 2. A substantial level of turbulence,
δB/B0 > 0.3 is needed to attain pressure balance normal to
the current sheet. From this point of view, magnetic turbu-
lence appears to be a basic ingredient of the magnetotail equi-
librium structure, both for the distant (Veltri et al., 1998) and
for the near earth tail (Greco et al., 2002). In many respects,
Bn andδB have opposite effects on the current structure and
ion heating. Indeed, a large value ofBn inhibits they motion
in the quasi-neutral sheet, while magnetic fluctuations favor
y motion at some distance of the center; the strong magnetic
turbulence in the center of the current sheet slows down the
ion motion and causes the double humped profiles of the cur-
rent and of ion velocity. The level ofδB/B0 needed for cur-
rent splitting grows with that ofBn: we argue that this is due
to the fact that for largeBn the ions cross the sheet rather
quickly, with the normal component acting like a guide field.
Indeed, the stochasticity paramenterκi grows withBn and
for κi → 1 the length of the meandering orbits is strongly
reduced; as a consequence, the ions have less time to interact
with the magnetic turbulence and to feel the braking onVy in
the center of the current sheet.

When the ion simulation is run with the average magnetic
field profile corresponding to the computed current, current
splitting persists, so that it can be considered a self-consistent
feature of the current sheet (Greco et al., 2002). For low
δB and moderate anisotropy of the incoming distribution
function, negative diamagnetic current wings are found in
the current profile, as shown in Fig. 1, with corresponding
overshoots in the magnetic field profile, a feature which is
sometimes observed (e.g. Sergeev et al., 2003). Thus, our
model helps to understand the influence of magnetic fluctu-
ations and of the normal component on the bulk features of
the ions in the magnetotail, and allows one to explain some
experimental features. The current splitting may be con-
sidered as the beginning of the current diversion process at
the onset of magnetospheric substorms, whenBn decreases
andδB usually increases, while ion heating grows withδB

and decreases withBn, in agreement with the observations
(Petrukovich, 2000).

4 Conclusions

We studied the ion dynamics in the magnetotail in the pres-
ence of a stationary magnetic turbulenceδB and of the nor-

mal component of the magnetic fieldBn. This study is rel-
evant to the substorm growth and early expansion phases of
the magnetotail dynamics when, in the tail thinning phase,
Bn becomes smaller while the tail stretches in the antiso-
lar direction. The magnetic turbulence observed by several
spacecraft was modeled numerically, and a test particle sim-
ulation was performed in which ions are injected into the
quasi-neutral current sheet. The fluctuation levelδB/B0
and the normal componentBn were given values relevant
to the near-Earth magnetotail. The presence of long wave-
length modes causes inhomogeneities in the plasma density,
as is sometimes observed. For a substantial level of fluctu-
ations,δB/B0 > 0.2, the current splits into two sheets for
Bn ∼ 0 (Veltri et al., 1998), but increasingBn requires a
higher δB/B0 in order to have the current splitting (Greco
et al., 2002). Also, ion heating increases with the increase
in δB/B0 and with the decrease inBn, as these changes fa-
vor motion perpendicular to the average magnetic field and
along the potential drop. The magnetic fluctuations are very
effective in thermalizing the directed kinetic energy gained
from the electric potential drop, in causing pitch angle scat-
tering, and in isotropizing the ion temperature. Our results
agree well with previous (Sergeev et al., 1993; Hoshino et al.,
1996) and recent (Nakamura et al., 2002; Runov et al., 2003;
Sergeev et al., 2003) spacecraft observations of bifurcated
current sheets and allows one to interpret them as the effect
of magnetic turbulence. Further study is needed to assess the
electron contribution to the magnetotail current structure in
the presence of turbulence. Altogether, it appears that mag-
netic turbulence is not only the product of plasma instabili-
ties and nonlinear dynamics, but also an active physical phe-
nomenon that can help to set up both the magnetotail equilib-
rium structure and the scenario of magnetospheric substorms
evolution.
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