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Abstract. Recent Cluster observations in the magnetotail at
about 20 Earth radii downtail have unambiguously shown
that sometimes the current sheet is bifurcated, i.e. it is di-
vided in two layers. We report numerical simulations of the
ion dynamics in a quasi-neutral sheet in the presence of mag-
netic turbulence, which is often observed in the magnetotail,
and for various anisotropies of the ion distribution function.
Ions are injected at the boundary of the simulation box with a
velocity distribution corresponding to a shifted Maxwellian.
The simulation parameters, are adjusted to be similar to those
of Cluster observations. We find that even for moderate fluc-
tuation levels, the computed current density profile develops
a double peak, in agreement with the observations. By vary-
ing the anisotropy of the injected distribution function, we
are able to reproduce, for weak anisotropy, the magnetic field
overshoots which are sometimes observed prior to magneto-
tail traversals. Therefore, we suggest an ion current profile
with a double peak due to magnetic turbulence, and with pos-
sible diamagnetic current wings, present in the case of weak
anisotropy of the ion distribution function.

Key words. Magnetospheric physics (magnetotail; plasma
sheet) – Space plasma physics (numerical simulation stud-
ies)

1 Introduction

Recent Cluster observations in the magnetotail at about
20 Earth radii downtail have unambiguously shown that
sometimes the current sheet is bifurcated, i.e. it is divided
in two layers, with a corresponding flattening of the mag-
netic field profile in the central sheet (Nakamura et al., 2002;
Runov et al., 2003; Sergeev et al., 2003). These bifurcated
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current sheets appear to be not necessarily associated with
magnetic reconnection, that is with dipolarization or fast
flows. Previously, current density profiles with a double
peak were observed in the near-Earth tail by ISEE 1 and 2
(Sergeev et al., 1993), and were deduced by a statistical anal-
ysis of Geotail data in the distant tail (Hoshino et al., 1996).
Evidence of double peaked current sheets in the near-Earth
tail were recently reported by Geotail (Asano et al., 2003),
too. These observations have stimulated a number of stud-
ies aimed at understanding the origin of the double peaked
current profile. Asano et al. (2003) have considered that a
Hall electric field normal to the sheet develops in thin cur-
rent sheets because the ion motion is unmagnetized while
the electron motion is magnetized. Using the GSM coor-
dinate system, anEz×Bx motion in they direction (dawn-
ward) is induced, which is most important for magnetized
electrons away from the central part of the current sheet. In
such a case, the double current peak would be supported by
electrons. Also, in numerical simulations of magnetic re-
connection, a squeezed-X current pattern is usually found
around the reconnection site, so that a crossing of the cur-
rent structure at some distance of the X neutral line would
give a double current peak. In hybrid simulations (particle
ions plus fluid electrons) it is found that this current is sup-
ported mostly by electrons (e.g. Hesse et al. (1996); Arzner
et al. (2001)).

On the other hand, the Cluster current sheet crossings of
29 August 2001 (Runov et al., 2003, 2004) and of 26 Septem-
ber 2001 (Sergeev et al., 2003) appear to be not closely as-
sociated with strong reconnection events, but rather with a
large-scale, wave-like flapping motion of the current sheet as
a whole. Although during the 26 September crossing no par-
ticular feature in the duskward ion velocityVy is observed,
suggesting that the bifurcated current is supported by elec-
trons (Sergeev et al., 2003), during the 29 August crossing a
strong duskward ion velocity is observed at about 10:55 UT,
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with bulk velocities up toVy∼400 km/s (Runov et al., 2004),
suggesting that the current is supported by the ions. In this
connection, we notice that a number of current sheet equilib-
ria based on current carrying ions have been developed. By
varying the drift velocityvD of the transient ion distribution
function (see later), Holland and Chen (1993) obtained self-
consistent solutions with a thin current sheet embedded in a
thicker plasma sheet. Thin current sheets with double peaks
from about 11 to 14RE downtail were obtained by Delcourt
and Belmont (1998) by means of test particles evolving in
the Tsyganenko 89 magnetic field model. In that study, the
current density double peak was due to the onset of ion me-
andering motion with largervy at the upper and lower part of
the trajectory. By making use of the quasi-adiabatic invariant
of motionIz=(2π)−1

∮
mvzdz (Büchner and Zelenyi, 1989),

and considering anisotropic ion distribution functions, a se-
ries of self-consistent Vlasov current sheet structures were
developed by Kropotkin et al. (1997); Sitnov et al. (2000);
Malova et al. (2000); Zelenyi et al. (2000). Solutions were
obtained which also describe the magnetic overshoots which
are associated with the diamagnetic current wings (Holland
and Chen, 1993; Malova et al., 2000; Zelenyi et al., 2000).
Indeed, Cluster data of the 26 September crossing are partic-
ularly stimulating because the magnetic overshoots are ob-
served (i) by more than one spacecraft, (ii) repeatedly by a
single spacecraft, and (iii) on both sides of the current sheet.
Malova et al. (2000) and Zelenyi et al. (2002a) considered
the presence of a trapped plasma component, and found that
for weak anisotropy (smallvD) of the transient ions, the dia-
magnetic wings are suppressed when the number of trapped
particles inside the current sheet is increased. Also, increas-
ing the trapped plasma population, the current in the center
of the sheet decreases and a double peak is obtained (Ze-
lenyi et al., 2002a). The effects of the nonadiabatic jumps of
the quasi-adiabatic invariantIz, leading to the formation of
a trapped ion population, double peaked current profile, and
eventual current sheet break up, were considered in Zelenyi
et al. (2002b). More recently, Sitnov et al. (2003) extended
the analysis of self-consistent Vlasov equilibria to the case of
ion temperature anisotropy. They obtained bifurcated current
sheets in the casesT⊥>T‖ (whereT⊥ (T‖) is the ion temper-
ature perpendicular (parallel) to the magnetic field), together
with relatively flat current density profiles, which compare
rather well with Cluster observations.

On the other hand, the observations of ISEE 2,
AMPTE/IRM, Geotail, Interball, and Cluster 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; Voros et al., 2003). Usually,
the turbulence is stronger in the center of the plasma sheet
(Bauer et al., 1995; Hoshino et al., 1994), while a more regu-
lar magnetic configuration is found in the vicinity of the mag-
netospheric lobes. Sergeev et al. (1993) already pointed out
that a double peaked current density profile is observed in the
same periods when magnetic turbulence is present. The influ-
ence of turbulence on the current sheet structure in the distant

magnetotail, where the average component of the magnetic
field normal to the current sheetBn is negligible, was con-
sidered by Veltri et al. (1998) by means of a test particle sim-
ulation. They found that for fluctuation levelsδB/B0>0.2
the current sheet has a double layer structure, with a current
density minimum in the center of the neutral sheet. Recently,
Greco et al. (2002); Zimbardo et al. (2003) 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.

Clearly, there are several possibilities to interpret the ob-
servations of bifurcated current sheets, and it is possible that
different scenarios and different current carriers apply in dif-
ferent cases (we note, for instance, that in the Geotail current
sheet crossing of 23 April 1996, the dawn-to-dusk current
was mostly carried by ions before 10:03 UT, and mostly by
electrons after 10:03 UT (Asano et al., 2003). In this paper
we extend the work of Greco et al. (2002); Zimbardo et al.
(2003), by tailoring the simulation parameters to the Cluster
observations during the magnetotail crossings which exhib-
ited a bifurcated current sheet. We consider moderate turbu-
lence levels, and we pay attention to the anisotropy of the in-
jected ion distribution function, that is to the ratioε=vth/vD

between the thermal velocityvth and the drift velocity of
ions along the average magnetic fieldvD. We find thatε
also influences the current sheet profile: for sufficient fluctu-
ation levels the double current peak is formed, while moder-
ately large values ofε lead to the formation of diamagnetic
(negative) current wings, as predicted by self-consistent ki-
netic studies in the absence of turbulence (Holland and Chen,
1993; Malova et al., 2000; Zelenyi et al., 2000). Conversely,
for small values ofε the negative current wings disappear.

2 Numerical Model

The magnetic field model used in the simulation is described
in full detail in Veltri et al. (1998); Greco et al. (2002); Zim-
bardo et al. (2003). For completeness, we recall here some
of the main features: The considered magnetic field config-
uration consists of an unperturbed, sign reversing compo-
nent, directed along the Earth-Sun axis,B0x(z)=B0x(z)ex ;
an unperturbed, constant, normal componentBn=Bnez; and
of three-dimensional stationary magnetic fluctuationsδB(r)
having a power law spectrum. We use forB0x(z) the expres-
sion of a modified Harris magnetic field reversal (Veltri et al.,
1998)

B0x(z) ' B0 tanh(z/λ). (1)

Here,λ=0.25L is the current sheet half thickness, andL is
the thickness of the considered magnetic field configuration
(i.e. of the simulation box).

The power law spectrum of the magnetic fluctuations, reg-
ularly observed by satellites, is represented as the sum of
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static magnetic perturbations (Veltri et al., 1998; Greco et al.,
2002)

δB(r) =

∑
k,σ

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

whereeσ (k) are the polarization unit vectors (Veltri et al.,
1998),φσ

k are random phases, and where

δB(k) =
C

(kx
2lx

2
+ ky

2ly
2
+ kz

2lz
2
+ 1)α/4+1/2

, (3)

whereC is a normalization constant, andlx, ly, lz are the
turbulence correlation lengths in thex, y, z directions, re-
spectively. By a proper choice of random phases, fluctua-
tions are made stronger atz'0, where they sum up coher-
ently (Veltri et al., 1998). The correlation lengths are fixed in
terms of the thickness of the simulation box aslx=ly=0.25L,
lz=0.05L, in order to mimic the geometry of the magne-
totail (i.e. lz�lx, ly). Note that the above expression for
δB(k) yields a spectral indexα for the turbulence spectral
power densitydW/dk=

1
2(δB)2k2

∝ k−α. 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). In addition to the above magnetic field con-
figuration, we consider a constant cross tail electric field, ori-
ented in the dawn to dusk direction,E=Eyey . We note that in
the presence of three-dimensional magnetic fluctuations, the
dawn-dusk electric field cannot be removed by transforming
to the de Hoffman-Teller frame.

In this paper we consider the electrons as a charge neu-
tralizing background, and leave a more detailed study of
their influence for future work. Although we are consider-
ing static magnetic perturbations, it can be shown that the
fluctuating electric field (produced by realistic magnetic per-
turbations) has a negligible impact on the bulk properties of
particles (Greco et al., 2002). The equations of motion can
be written in a dimensionless form by normalizing all length
scales to the unit lengthL, velocities to electric drift veloc-
ity VE=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 magnetotail can be obtained by settingB0=10 nT and
Ey=0.1 mV/m. The unit length may be assumed to be
L=104 km, which implies a current sheet half thickness
λ=0.25L=2500 km. We also defineδB=

√
〈δB · δB〉, with

the average made over the simulation box, andδb≡δB/B0
andbn≡Bn/B0.

The particles are injected with random positions in thexy

plane, and to some distance from the upper and lower bound-
aries of the simulation box, atz=±0.7L, in a buffer layer of
proper thickness to avoid the influence of the boundaries on
the results. The particle velocities at injection are distributed
according to a drifting Maxwellian

f (v‖, v⊥) ∝ exp

(
−

(v‖ − vD)2
+ v2

⊥

2v2
th

)
. (4)

Here vD is the streaming velocity along the unperturbed
magnetic field, andvth is the thermal velocity. Note that

ε=vth/vD>1 implies that the thermal velocity is larger than
the streaming velocity, so thatv⊥ and v‖ will be of the
same order of magnitude, corresponding to weak anisotropy.
On the other hand, forε<1 the thermal velocity is smaller
than the streaming velocity, so thatv‖>v⊥, corresponding
to strong anisotropy and, forε�1, to field-aligned distribu-
tions.

3 Numerical Results

In the present simulations, we assume a value of the normal
magnetic field ofbn=0.02, which corresponds well to the
Cluster observations of 29 August 2001 (Runov et al., 2004)
and of 26 September 2001 (Sergeev et al., 2003) magnetotail
crossings. We assume thatvth=400 km/s, corresponding to
a particle energy of about 2 keV, which corresponds to the
ion temperature observed by Cluster at the boundary of the
current sheet (Runov et al., 2004). At injection, the ion Lar-
mor radius in the asymptotic fieldB0 is ρ0'0.05L, so that
ρ0'λ/5. Thus, our parameters correspond to a relatively thin
current sheet. The dawn-dusk electric field exhibited rela-
tively small, and sometimes negative, values during the ob-
servations of bifurcated current sheets (data from CDAWeb;
data provider G. Gustafsson at IRFU): accordingly, a value
of Ey=0.05 mV/m has been used. During the Cluster mag-
netotail crossings, the magnetic turbulence was at moderate
levels, being largest for the 12 August traversal (Nakamura
et al., 2002) and smallest for the 26 September (Sergeev et
al., 2003). A value ofδb of the order of 0.1 is indicated by
Runov et al. (2004) for the 29 August crossing. Thus, we as-
sume turbulence levelsδb ranging from 0.1 to 0.3 (the turbu-
lence level is adjusted by varying the constantC in Eq. (3)).

For each given set of parameters, we inject many particles
in the simulation box and numerically integrate their equa-
tion of motion. Then we compute the distribution function
moments as densityn, bulk velocity V, current densityj ,
temperatureT , etc. on a three-dimensional grid. Typically,
80 000 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 consider-
ation that the ion currentIy has to be strong enough to re-
produce the unperturbed magnetic fieldB0x(z) introduced in
our model. Indeed, Ampere’s law leads to 2B0Lx=4πIy/c,
with Iy=

∫
jydxdz the total current across a section of the

current sheet of lengthLx . On the other hand, velocity is
expressed in units ofVE , so that the normalization for den-
sity is obtained asn∗

=Iy/[e
∫

Vydxdz], with Iy constant for
all the runs (this implies that when the average value ofVy

is large, the density is low). The simulation results for the
z profiles (averaged overx andy) of the ion densityn, the
velocity Vy , the current densityjy and the corresponding
magnetic field profile, obtained asBx(z)=

∫ z

0 jy(z
′)dz′, are

shown in Fig. 1 for various turbulence levelsδb and for weak
anisotropy,ε=4. Note that relatively flat plasma density pro-
files are obtained, in agreement with Cluster observations
(Sergeev et al., 2003; Runov et al., 2004), while the current
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Fig. 1. Simulation results for the plasma density (top), ion velocity
(middle top), current density (middle bottom), and corresponding
magnetic field profile (bottom), forbn=0.02, ε=4, and for differ-
ent values of the turbulence level:δb=0.12 (dotted line),δb=0.15
(solid line),δb=0.2 (short dashed line),δb=0.3 (long dashed line).
The magnetic field forδb=0.12 is not reported, as it is mostly out
of scale.

density profiles correspond to a thin current sheet enbedded
in a thicker plasma sheet. The plasma density appears to
be slightly larger toward the boundary of the simulation box
because of the bouncing motion (oscillatingz) of the ions,
which implies largervz in the center; this effect is decreased
when increasingδb, as turbulence slows down the bouncing
motion. The influence of magnetic turbulence on the velocity
Vy is twofold: on the one hand, turbulence causes the veloc-
ity at z'0 to decrease because it is an obstacle to meandering
motion, as it scatters the ions around. On the other hand, the
velocity out of the central region increases because of the
presence of particles scattered away from the center, and be-
cause the fluctuationsδBy also bend the field lines in they
direction. This allows for cross field motion (with respect to
the average field) even for magnetized particles, although of
the biased diffusive type since〈δBy〉=0 andEy 6=0. Increas-
ing δb, the current carrying region widens, and bothjy and
Vy exhibit a marked double layer structure. This structure
is due to the enhanced braking atz'0 due to the concentra-
tion of turbulence in the quasi-neutral sheet, which models
the observations (Bauer et al., 1995). Well developed, nega-
tive current wings are obtained for all the runs of Fig. 1, due
to the weak anisotropy of the ion distribution function (ε=4).
The corresponding magnetic overshoots,|Bx |>B0, are found
in theBx profile. Increasing the turbulence level, the scatter-
ing of ions away from the central region tends to decrease
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Fig. 2. Same as Fig. 1 but forδb=0.3 andbn=0.02, and for different
values of the anisotropy parameterε = vth/vD : ε=0.8 (solid line),
ε=1 (dotted line),ε=2 (short dashed line),ε=4 (long dashed line),
ε=8 (dash-dotted line).

the extent of the diamagnetic current wings (an effects sim-
ilar to that due to the presence of a trapped ion population,
see Zelenyi et al. (2002a)). Indeed, these wings were already
obtained by Greco et al. (2002) for zero to low (δb=0.1) tur-
bulence levels (in those runs,ε=0.85), but whenδb was in-
creased the current sheet was inflated, and the paramagnetic
currentjy>0 was dominating on the diamagnetic current.

Figure 2 shows the same quantities for a fixed value of
δb=0.3 and forε=0.8, 1, 2, 4, 8. It can be seen that a neat
double current layer is obtained for all the values ofε. Beside
the bifurcated current layer, Runov et al. (2004) were able to
show that the ion velocityVy is smaller in the central part
of the current sheet than in the out of central part, a feature
which is also found in Figs. 1 and 2. Forε=2, 4, 8 (weak
anisotropy), negative current density wings appear, while
they are not found forε=0.8, 1. Correspondingly, magnetic
field overshoots are obtained in the computed magnetic field
profile. In Fig. 2 we can see that the largerε is, the higher
the positive current peaks. However, this is an effect of the
normalization adopted for the current density (i.e. for the ion
density). Since we impose that the total currentIy be con-
stant, the presence of negative current wings forε=2, 4, 8
leads to larger values of the positive current density, too.
Still, the ratio between the peak height and the central valley
height in Fig. 2 is almost constant; the velocity panel shows
that in the central part the ion velocity changes little withε.
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This indicates that the ion dynamics in the central current
sheet is not very sensitive to the anisotropy at injection, be-
cause of the enhanced pitch angle scattering due to magnetic
turbulence. Further, we can imagine that magnetic fluctua-
tions allow ions to populate the phase space which would be-
long (in the absence of turbulence) to trapped particles, and
we recall that the presence of a substantial trapped plasma
population allowed Zelenyi et al. (2002a) to obtain a double
peaked current density profile. One might wonder whether
the effect of turbulence is just to create trapped ions, which,
in turn, lead to a bifurcated current structure; however, the
influence of trapped ions was found to be significant only in
cases of weak anisotropy (Malova et al., 2000; Zelenyi et al.,
2002a), while Fig. 2 shows that we obtain a double peaked
current profile for all values ofε. Hence, the influence of tur-
bulence is not simply pitch angle scattering, but comprises a
diffusive slowing of ordered motion. Clearly, the scenario is
different in the absence of turbulence, when the whole cur-
rent profile depends on the anisotropyε and on the way the
current sheet is populated (Holland and Chen, 1993; Zelenyi
et al., 2000, 2002a; Sitnov et al., 2003).

In comparison to our previous works, we note that in the
present runs the ion temperature at injection is assumed to be
2 keV, while in Greco et al. (2002); Zimbardo et al. (2003) it
was 0.3 keV. This implies that the current sheet thickness is
increased (we haveρ0'λ/5 rather thanρ0'λ/12) and that
the separation of the current density peaks is larger with re-
spect to those reported by Greco et al. (2002). Inspection of
Fig. 2 shows that the current density maxima are located very
close to the values ofz/L where|Bx |'B0/2, as in Cluster
observations (Sergeev et al., 2003; Runov et al., 2004).

The above results show that it is possible to reproduce
both the double peak of the current density and the diamag-
netic current wings, as observed by Cluster (Nakamura et al.,
2002; Runov et al., 2003; Sergeev et al., 2003).

4 Conclusions

We have studied by a test particle simulation the ion dynam-
ics in the magnetotail in the presence of a stationary magnetic
turbulenceδB. The magnetic turbulence observed by several
spacecraft was modeled numerically, and a simulation was
performed in which ions are injected into the quasi-neutral
current sheet with different anisotropies. Cluster data taken
during the current sheet crossings of 29 August 2001, and
26 September 2001, were used to set simulation parameters
like the ion temperature, the dawn-dusk electric field, the ra-
tio Bn/B0, and the fluctuation levelδB/B0. For a moderate
level of fluctuations,δB/B0>∼0.15, the current density pro-
file exhibits a double peak structure. We are also able to re-
produce a plasma sheet thicker than the current sheet, the en-
hancedVy out of the central region (Runov et al., 2004), and
the position of the current density maxima corresponding to
|Bx |'B0/2. 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 allow one to
interpret them as the effect of magnetic turbulence. Indeed,
for the 29 August crossing, Voros et al. (2003); Runov et al.
(2004) estimated a turbulence level ofδB/B0∼0.1, which is
in the range considered here. Our study lends support to the
assumption that the bifurcated current sheet is due to current
carrying ions, although the electrons could also play a role
(see the Introduction).

By varying the anisotropy of the injected distribution func-
tion we can reproduce, besides the double current density
peak, the diamagnetic (negative) current wings observed by
Cluster and by other spacecraft. The diamagnetic current is
due to the so-called magnetization current−c∇×(P⊥B/|B|)

(Zelenyi et al., 2000). This term is proportional to the per-
pendicular pressureP⊥, that is tov2

⊥
. In the case of weak

anisotropy,v‖∼v⊥ and particles give a substantial contri-
bution to the magnetization current. On the other hand, in
the case of strong anisotropy,v‖�v⊥ and the magnetization
current term is small (in other words, field-aligned particles
spend only a short time at the edges of the current sheet).
When the magnetic overshoots are identified in the experi-
mental data, this would give information on the ion velocity
distribution, in particular implying weak anisotropy (small
streaming velocityvD). This inference should have influence
on the way we think the current sheet is refilled with plasma.

Finally, we note that the double peaked current profile and
the magnetic overshoots are observed only sometimes in the
data. Their observation by Cluster was related to the large-
scale flapping motion of the current sheet as a whole, during
which the bifurcated structure was rather stable (Sergeev et
al., 2003). The origin of such flapping motion is currently un-
der investigation (e.g., Karimabadi et al., 2003), and we note
that the flapping motion corresponds to kink modes (Sergeev
et al., 2003), which can also be described as bending waves.
It was shown by Bertin and Coppi (1985) that large-scale
bending waves are excited in a plasma sheet when the cur-
rent density profile is characterized by strong gradients (al-
though other driving mechanisms are also possible). Those
bending waves are characterized by a perturbation ampli-
tude almost independent ofz, i.e. by a quasi-rigid displace-
ment in the normal direction (Bertin and Coppi, 1985), which
corresponds well to Cluster observations of the considered
magnetotail crossings. Therefore, we can tentatively suggest
the following scenario for the interpretation of Cluster ob-
servations: A combination of magnetic turbulence and ion
anisotropy leads to the formation of a double peaked current
sheet and possibly of diamagnetic wings. The ensuing strong
gradient of current density then drives unstable a large-scale
bending wave, which causes the flapping motion of the mag-
netotail current sheet.
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