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Abstract. We investigated the relation between the geotail
current sheet structure and the anisotropy of the ion temper-
ature in the plasma sheet. Current density distribution in the
geomagnetic tail is shown not to depend on the ratio between
the parallel and perpendicular ion temperature. The tail cur-
rent sheet bifurcation is controlled by non-gyrotropicity of
plasma pressure: double peaked current density distribution
is observed when the ion perpendicular temperature exhibits
anisotropy, and the electric current density is stronger for
larger ratio·(T⊥ max−T⊥ min)/T⊥. The current sheet thinning
is accompanied by the perpendicular temperature anisotropy,
and, generally, double-peaked current sheets are thinner than
single-peaked sheets.

Keywords. Magnetospheric physics (Current systems;
Magnetotail; Plasma sheet)

1 Introduction

The average configuration of the magnetic tail (e.g. Behan-
non, 1970; Fairfield, 1979) contains two lobes of magnetic
field lines with opposite polarity, separated by the plasma
sheet with dawn-to-dusk electric current. For decades, the
study of the processes in the geomagnetic tail was based on
the Harris model of the current sheet. Harris (1962) has
obtained (in simple analytical form) one of possible self-
consistent solutions of Vlasov’s equation describing the one-
dimensional layer of plasma confined between two regions of
oppositely directed magnetic field. This model ignored such
an essential fact as the presence of the magnetic field com-
ponent normal to the current sheet which makes the prob-
lem three-dimensional. Also, it was never confirmed ex-
perimentally that the current carriers in the magnetospheric
frame of reference are ions as it follows from the model.
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On the contrary, the geotail electric current is transferred by
electrons (Israelevich et al., 2008). Even first experimental
evidences that geotail current sheet often exhibits two off-
centered maxima of electric current density (Sergeev et al.,
1993; Hoshino et al., 1996) did not attract attention they de-
serve as they contradicted the common views on the current
sheet structure. Only direct measurements of electric cur-
rent density by Cluster system of satellites (e.g. Runov et
al., 2003, 2004, 2005, 2006; Sergeev et al., 2003), which re-
vealed a number of double peaked current sheet crossings,
initiated reconsideration of the old current sheet model and
stimulated theoretical and model studies of the current sheet
structure as well as possible causes of its bifurcation (e.g.
Sitnov et al., 2003; Zelenyi et al., 2003; Ricci et al., 2004;
Genot et al., 2005; Camporeale and Lapenta, 2005).

First statistical analysis of bifurcated current sheets
(Asano et al., 2005) has shown that they are rather common
feature of the Earth’s magnetosphere. Moreover, evidences
for current sheet bifurcation were found for the Jovian mag-
netosphere (Israelevich and Ershkovich, 2006; Israelevich et
al., 2007).

The existence of bifurcated current sheets has been pre-
dicted by Cowley (1978). According to his fluid model,
rather modest values of plasma pressure anisotropy result in
drastic change of the current sheet structure. For the case of
P||>P⊥, a thin, non-adiabatic current layer is formed in the
center of the plasma sheet being embedded within broad adi-
abatic current distribution. WhenP||<P⊥, a minimum of the
electric current density arises near the center of the sheet,
terminated at its outer boundary by a spike in the current
density. Recent Cluster observations of bifurcated current
sheets put a new challenge for further theoretical studies of
the geomagnetic tail current sheet. A number of new mod-
els have been proposed including ion dynamics (Zelenyi et
al., 2003), ion-ion kink instability (Karimabaldi et al., 2003a,
b), effects of plasma non-gyrotropicity (Sitnov et al., 2003),
lower-hybrid drift instability (Ricci et al., 2004; Daughton
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Table 1. Summary of observations.

Day Start time StartXGSM End time EndXGSM
(hh:mm:ss UT) (RE) (hh:mm:ss UT) (RE)

3 Aug 2001 08:22:28 −16.6 11:59:57 −16.4
7 Aug 2001 23:30:16 −17.1 23:59:37 −17.1
10 Aug 2001 12:00:14 −17.6 13:59:45 −17.5
12 Aug 2001 15:00:10 −17.1 18:59:51 −18.0
15 Aug 2001 07:30:13 −18.0 08:29:50 −17.9
17 Aug 2001 16:10:10 −18.3 16:49:51 −18.2
19 Aug 2001 18:40:05 −18.0 20:09:58 −18.3
22 Aug 2001 08:30:08 −18.7 10:29:51 −18.5
27 Aug 2001 01:30:07 −19.0 04:29:51 −18.8
31 Aug 2001 16:30:15 −18.8 17:29:47 −19.0
7 Sep 2001 20:30:10 −19.0 22:58:47 −19.1
10 Sep 2001 07:00:12 −19.0 09:29:52 −19.0
12 Sep 2001 13:00:11 −18.6 14:39:49 −18.9
14 Sep 2001 22:30:48 −18.6 23:59:19 −18.8
15 Sep 2001 00:00:16 −18.8 00:59:58 −18.8
19 Sep 2001 12:30:09 −17.2 16:29:55 −18.3
22 Sep 2001 04:30:11 −18.3 05:29:51 −18.2
24 Sep 2001 07:40:14 −17.3 10:19:49 −17.8
26 Sep 2001 22:20:16 −17.8 23:14:51 −17.7
3 Oct 2001 23:30:14 −16.8 23:59:47 −16.8
4 Oct 2001 00:00:07 −16.8 00:59:54 −16.8
20 Oct 2001 09:26:46 −13.0 10:16:39 −13.4

Fig. 1. Ion trajectory in the vicinity of the neutral layer. Associated
electric current has two maxima at the distancesz of the order of
ion gyroradius and is zero atz=0 (Bx=0).

et al., 2004). In most of these models, the current layer bi-
furcation is produced by non-adiabatic ion motion along the
Speiser trajectories (Speiser, 1965). This effect is illustrated
in Fig. 1. Magnetic field depends only on the z-coordinate
and possesses onlyBx-component, positive forz>0, and
negative forz<0. Simplest type of Speiser ion orbit is shown
for this configuration. This orbit arises when the ion velocity
is directed along the z-axis (vy=0) atz=0. At the distances

of the order of gyroradius fromz=0, thevz-component van-
ishes, and ion velocity has only y-component, which has the
same direction both for positive and negativez. This, in fact,
is the splitting of the current sheet with the distance of the
order of ion gyroradius between two peaks. It is possible
to construct a self-consistent magnetic field distribution with
c/4π curl B≡j=nev, which reasonably well fits Cluster data
even for this oversimplified model (Israelevich et al., 2007).
The essential feature of this model, required for the current
splitting, is the absence ofvy at z=0, i.e. strong temperature
anisotropy (Tyy 6=Tzz).

In magnetized plasma, the temperature tensor (as well as
the pressure tensor) in the coordinate system determined by
the magnetic field direction takes diagonal form with, gen-
erally, three different temperatures, corresponding to three
eigenvectors of the temperature tensor. Parallel temperature
T|| is the tensor eigenvalue corresponding to the eigenvector
parallel to the magnetic field, and two perpendicular temper-
aturesT⊥ max andT⊥ min correspond to two other eigenvec-
tors which are perpendicular to the magnetic field. In general
case,T⊥ max6=T⊥ min, and this type of temperature (and pres-
sure) anisotropy is referred as non-gyrotropicity. The effect
of the pressure non-gyrotropicity was incorporated in new ki-
netic studies of the current sheet structure (e.g. Sitnov et al.,
2003).
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In this paper, we consider the dependence of the current
density distribution on the ion temperature anisotropy.

2 Method

We use the results of electric current calculations as a curl
of the magnetic field measured by FGM instruments aboard
four Cluster (Balogh et al., 2001) satellites along with the
calculations of the ion temperature from the distribution
functions measured by CIS-CODIF instruments (Reme et al.,
2001) aboard Cluster satellites 1, 3, and 4. We use current
sheet crossings in August–October 2001 (see the list in Ta-
ble 1). The 1-s averaged electric current density was calcu-
lated for the baricenter of satellites system. The z-coordinate
of neutral sheet (i.e. the point whereBx=0) varies perma-
nently because of tail flapping. Let us use the coordinate
systemX, Y , Z in whichXY is the plane of the current sheet,
the Y-axis is antiparallel to the current. Generally, magnetic
field in the tail is a certain function of position, the set of so-
lar wind parametersSi (like density, velocity, etc.), and, may
be, the time:

B = B(x(t), y(t), z(t), Si(t); t) (1)

However, it is obvious that in the vicinity of the current sheet
(i.e. close toBx=0) the dependence ofBz is dominant (as
compared with dependencies on other parameters). The de-
pendenceB on changing solar wind parameters may be also
neglected if the time period of the current sheet crossing is
short. Therefore,

Bx = Bx(x(t), y(t), z(t), Si(t); t) ≈ Bx(z) (2)

may be considered as a measure of the satellite (or baricen-
ter) distance from the point ofBx-component reversal (z=0)
(of course, ifBx increases monotonically withz). We an-
alyze the electric current density distribution as a function
of Bx . It is calculated by averaging measurements of the
electric current density over 1 nT bins ofBx . We consider
only points where|Bx |<25 nT in order to eliminate strong
currents which occasionally exist in the tail lobes. Electric
currentj is sorted by values of ion temperature measured at
the same time asj .

The ion temperature is calculated as follows. First, we
calculate the ion number density as

n =

∫
f (v) d3v (3)

(f (v) is the distribution function), bulk velocity as

Vi =
1

n

∫
vif (v) d3v (4)

and pressure tensor as

Pij = m

∫
(vi − Vi)

(
vj − Vj

)
f (v) d3v (5)

Fig. 2. Measurements of the ion number density (thin solid line
with dots) along with the measurements of the polar anglesϕ, θ

of the magnetic field vector. The direction of the magnetic field
varies significantly during the time required to obtain a distribution
function.

Then, the symmetric temperature tensor is

Tij =
Pij

n
(6)

It is impossible to determine both the parallel and perpendic-
ular temperatures directly, because, as it is shown in Fig. 2,
the magnetic field may significantly change its direction dur-
ing the time interval required for the distribution function
measurement. Therefore we used the following procedure.
First, at each moment, we calculate eigenvectors and eigen-
values of the temperature tensor thereby diagonalizing it.
This way, we obtain set of three temperaturesT3>T2>T1.
For ideal case of instantaneous measurements, one of the
eigenvectors should be directed along the magnetic field vec-
tor, and the corresponding eigenvalue of temperature ten-
sor is the parallel temperatureT||, two other eigenvalues are
T⊥ min andT⊥ max. In real case, no one of the eigenvectors
might be exactly parallel to the magnetic field. We have
calculated the angleϕ as minimal of angles between three
eigenvectors and the magnetic field vector. Figure 3 shows
the probability density for the occurence ofϕ. The probabil-
ity is normalized by sinϕ. Indeed, it has maximum near
zero, therefore the eigenvalue corresponding to the eigen-
vector with minimal inclination to the magnetic field may
be considered as a proxy for the parallel temperatures. This
way we have sorted temperaturesT1, T2, T3 asT||, T⊥ min and
T⊥ max.

3 Results

Figure 4 shows the results of averaging of all electric current
density measurements over 1 nT bins ofBx . There are two
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Fig. 3. Probability density for occurrence of the minimal angleϕ

between the temperature tensor eigenvector and the magnetic field
vector normalized by sinϕ.

Fig. 4. The averaged (over the whole data) set distribution of the
electric current versus the magnetic field componentBx .

double off-centered maxima ofjy . Thus, the averaged dis-
tribution of the electric current depicts the bifurcated current
sheet as well as individual distributions of electric current
density for some of geotail current sheet crossings. Accord-
ing to Asano et al. (2005), the majority of current sheet cross-
ings is indicative of single-peak current density distribution,
but distinctly double-peak current sheet crossings constitute
a significant part (at least 17%) of total number of crossings.
The fact that double-peaked current sheet structure remains
clearly visible after the averaging means that electric current
density in double peaked current sheet is much stronger than
in single-peaked one. If for givenBx-values,jy(Bx)∝dBx /dz
is larger for one current sheet than for another, this means that

Fig. 5. The electric current density distributionsjy(Bx) for differ-
ent ion temperatures.

the first current sheet is thinner than the second. Thus bifur-
cated double-peaked sheets are expected to be thinner than
Harris-type single-peaked sheets. Further analysis confirms
this assumption.

First, we analyze the dependence of the current den-
sity profile on the temperature value. All the data set was
sorted in four subsets, according to the measured tempera-
ture T =(T1+T2+T3)/3, namely, (1) data withT <2 keV, (2)
2 keV<T <4 keV, (3) 4 keV<T <6 keV, and (4)T >6 keV.
For each subset, the averaging of the measured current den-
sity over 1 nT bins ofBx was made, and the dependencies
jy(Bx) are shown in Fig. 5. All these distributions show the
tendency to double-peak current sheet structure, but they are
very similar and do not differ significantly from the average
current density profile in Fig. 4. Thus we arrive at the con-
clusion that current sheet bifurcation does not depend on the
ion temperature value.

Next, we consider the current profile structure for differ-
ent anisotropies of the temperature. Let us introduce the
temperature anisotropy factor asR1=2(T3−T1)/(T3+T1). If
we sort the data set in four subsets, according to the value
of R1: (1) R1<0.2; (2) 0.2<R1<0.4; (3) 0.4<R1<0.6 and
(4) R1>0.6, the difference between the current density pro-
files becomes distinct – see Fig. 6. For the subset of mea-
surement points with isotropic temperature (R1<0.2), the
electric current density has a single-peak profile, with max-
imal current density of 3×10−3 nT/km (2.4 nA/m2). All
subsets with strong temperature anisotropy (R1>0.2) corre-
spond to double-peaked bifurcated current sheet. Moreover,
the maximal electric current density systematically increases
with the growth of the anisotropy, reaching 8×10−3 nT/km
(6.4 nA/m2) for R1>0.6.

On the contrary, current sheet structure does not depend
on the fact whether or not the intermediate eigenvalue of
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Fig. 6. The electric current density distributionsjy(Bx) for differ-
ent temperature anisotropy ratiosR1.

Fig. 7. The electric current density distributionsjy(Bx) for differ-
ent temperature anisotropy ratiosR2.

temperatureT2 is close to maximal eigenvalueT3 or to min-
imal eigenvalueT1, as it is characterized by the anisotropy
ratio R2=

T2−(T1+T3)/2
(T1+T2+T3)/3. Figure 7 shows the functionjy(Bx)

for different ratiosR2: (1) R2<−0.2; (2) −0.2<R2<−0.1;
(3) −0.1<R2<0.1; (4) 0.1<R2<0.2 and (5)R2>0.2. All
current profiles are very similar.

Therefore, bifurcation of geotail current sheet is ob-
served when the ion temperature is anisotropic. As men-
tioned above, there are two different types of temperature
anisotropy – the anisotropy of parallel and perpendicular
to the magnetic field temperatures characterized by the ra-
tio T||/T⊥, and the anisotropy of perpendicular temperature
(non-gyrotropicity)T⊥ max/T⊥ min. In order to check, which

Fig. 8. The electric current density distributionsjy(Bx) for T||<T⊥

(solid line) andT||>T⊥ (dashed line).

Fig. 9. The electric current density distributionsjy(Bx) for differ-
ent temperature anisotropy ratiosR3.

of them is responsible for the current sheet bifurcation we
will use the sorted data set of temperature eigenvalues (de-
scribed above), where the parallel temperatureT|| is deter-
mined as the eigenvalue corresponding to the eigenvector
with smallest inclination to the magnetic field direction.

Figure 8 show current sheet profiles forT||<T⊥ and
T||>T⊥. According to Cowley (1978) double-peaked current
sheet exists in the first case, and single-peak current sheet –
in the second one. It is not true for the considered Cluster
data. Both profiles in Fig. 8 are double-peaked, and, more-
over, practically identical.

On the contrary, if we introduce non-gyrotropicity fac-
tor R3=

T⊥ max−T⊥ min
(T⊥ max+T⊥ min)/2, the data subsets sorted byR3 val-

ues exhibit strong change of the current sheet structure
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Fig. 10. Profiles of the magnetic fieldBx(z) (top) and the electric
current density distributionsjy(z) in the geotail current sheet for
different temperature anisotropy ratiosR3.

versusR3, as shown in Fig. 9. The profiles are given for
R3<0.2; 0.2<R3<0.4; 0.4<R3<0.6 andR3>0.6. Com-
parison with Fig. 6 shows that sorting of the temperature
eigenvalues via the magnetic field direction enhances sen-
sitivity of the current structure to the anisotropy value. In
Fig. 6, where effects of parallel-to-perpendicular and perpen-
dicular anisotropy (non-gyrotropicity) are mixed together,
the average current density distribution is single-peaked for
R1<0.2, whereas forR3<0.2 (Fig. 9) one may still distin-
guish double-peaked structure. For large anisotropies, un-
sorted set gives maximum current density 8×10−3 nT/km
(6.4 nA/m2) for R1>0.6, and for sorted data set maximal cur-
rent is 12×10−3 nT/km (9.6 nA/m2). Thus, our method of
sorting, indeed, refines the data set.

Magnetic field and current density profile in real geometric
coordinates may be restored from the current density distri-

butions shown in Fig. 9, by integration

z =

∫
cdBx

4πjy(Bx)
+ Const (7)

The results, shown in Fig. 10, confirm the above as-
sumption about relationship between current sheet thickness
and bifurcation. Current sheet thickness decreases when
non-gyrotropicity factorR3 grows, reaching∼4000 km for
R3>0.6. One should keep in mind, that the averaged electric
current density is smaller (almost by a factor 5) than elec-
tric current density for some individual crossings. The cur-
rent sheet thickness for such extremely strong current density
may be as small as 1000 km.

4 Conclusions

Current density distribution in the geomagnetic tail is shown
not to depend on the ratio between the parallel and perpen-
dicular ion temperature. Double-peaked as well as single-
peaked distributions are observed both for the caseT||>T⊥

and forT||<T⊥. The average distributions of current density
are shown to be the same for both cases.

We have shown that tail current sheet bifurcation is
controlled by non-gyrotropicity of plasma pressure: dou-
ble peaked current density distribution is observed when
the ion perpendicular temperature exhibits anisotropy, and
the electric current density is stronger for larger ratio
·(T⊥ max−T⊥ min)/T⊥. Generally, double-peaked current
sheets are thinner than single-peaked sheets. The current
sheet thinning is accompanied by the perpendicular temper-
ature anisotropy.
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