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Abstract. We investigated the relation between the geotail On the contrary, the geotail electric current is transferred by
current sheet structure and the anisotropy of the ion temperelectrons (Israelevich et al., 2008). Even first experimental
ature in the plasma sheet. Current density distribution in theevidences that geotail current sheet often exhibits two off-
geomagnetic tail is shown not to depend on the ratio betweerentered maxima of electric current density (Sergeev et al.,
the parallel and perpendicular ion temperature. The tail cur-1993; Hoshino et al., 1996) did not attract attention they de-
rent sheet bifurcation is controlled by non-gyrotropicity of serve as they contradicted the common views on the current
plasma pressure: double peaked current density distributiosheet structure. Only direct measurements of electric cur-
is observed when the ion perpendicular temperature exhibitsent density by Cluster system of satellites (e.g. Runov et
anisotropy, and the electric current density is stronger foral., 2003, 2004, 2005, 2006; Sergeev et al., 2003), which re-
larger ratio- (T max—T1 min)/TL. The current sheet thinning vealed a number of double peaked current sheet crossings,
is accompanied by the perpendicular temperature anisotropynitiated reconsideration of the old current sheet model and
and, generally, double-peaked current sheets are thinner thatimulated theoretical and model studies of the current sheet
single-peaked sheets. 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
1 Introduction for current sheet bifurcation were found for the Jovian mag-

) ) o netosphere (Israelevich and Ershkovich, 2006; Israelevich et
The average configuration of the magnetic tail (e.g. Behan 2007).

non, 1970; Fairfield, 1979) contains two lobes of magnetic
field lines with opposite polarity, separated by the plasmad
sheet with dawn-to-dusk electric current. For decades, th?
study of the processes in the geomagnetic tail was based o

the Harris model of the current sheet. Harris (1962) haSP||>PL, a thin, non-adiabatic current layer is formed in the

obtal_ned (in S'”_"p'e analyt|ca,l form) one of p_os_S|bIe self- center of the plasma sheet being embedded within broad adi-
consistent solutions of Vlasov’s equation describing the one-,

) ) . . batic current distribution. Wh P, a minimum of the
dimensional layer of plasma confined between two regions ofa e <PL

oppositely directed magnetic field. This model ignored s;ucheleCt.ric currenft density arises near the C(_ante_r of the sheet,
an essential fact as the presence of the magnetic field Comt_erm|_nated at its outer boundary py a Splk.e in the current
ponent normal to the current sheet which makes the probgensny. Recent Cluster observations of blfur_cated cqrrent

; . . i sheets put a new challenge for further theoretical studies of
lem three-dimensional. Also, it was never confirmed ex-

erimentally that the current carriers in the magnetos hericghe geomagnetic tail current sheet. A number of new mod-
p y X : 9 P els have been proposed including ion dynamics (Zelenyi et
frame of reference are ions as it follows from the model.

al., 2003), ion-ion kink instability (Karimabaldi et al., 2003a,
Correspondence td?. L. Israelevich b), effects of plasma non-gyrotropicity (Sitnov et al., 2003),
(peteri@post.tau.ac.il) lower-hybrid drift instability (Ricci et al., 2004; Daughton
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Magnetotail; Plasma sheet)

The existence of bifurcated current sheets has been pre-
icted by Cowley (1978). According to his fluid model,
ather modest values of plasma pressure anisotropy result in
rastic change of the current sheet structure. For the case of
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Table 1. Summary of observations.

Day Start time StarKgsm End time EndXgsm
(hh:mm:ss UT) REe) (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 0ct 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
y4 of the order of gyroradius frorg=0, thev,-component van-
ishes, and ion velocity has only y-component, which has the
B same direction both for positive and negativelhis, in fact,
© I- 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/4w curl B=j=newv, which reasonably well fits Cluster data

Y even for this oversimplified model (Israelevich et al., 2007).
The essential feature of this model, required for the current
splitting, is the absence aof, atz=0, i.e. strong temperature

® l- anisotropy {yy#7x;).

B In magnetized plasma, the temperature tensor (as well as
the pressure tensor) in the coordinate system determined by

Fig. 1. lon trajectory in the vicinity of the neutral layer. Associated the magnetic f_'eld direction takes diagonal form.W|th, gen-
electric current has two maxima at the distances the order of ~ €rally, three different temperatures, corresponding to three
ion gyroradius and is zero at0 (B, =0). 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 and T'| min correspond to two other eigenvec-
et al., 2004). In most of these models, the current layer bitors which are perpendicular to the magnetic field. In general
furcation is produced by non-adiabatic ion motion along thecase,I'| max#7T1 min, and this type of temperature (and pres-
Speiser trajectories (Speiser, 1965). This effect is illustratedsure) anisotropy is referred as non-gyrotropicity. The effect
in Fig. 1. Magnetic field depends only on the z-coordinate of the pressure non-gyrotropicity was incorporated in new ki-
and possesses onlg,-component, positive for>0, and  netic studies of the current sheet structure (e.g. Sitnov et al.,
negative forz<0. Simplest type of Speiser ion orbit is shown 2003).
for this configuration. This orbit arises when the ion velocity
is directed along the z-axi®(=0) atz=0. At the distances
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In this paper, we consider the dependence of the current ' ' ' '
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2 Method

We use the results of electric current calculations as a curlg
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- % 1
ble 1). The 1-s averaged electric current density was calcu- -sof 1
lated for the baricenter of satellites system. The z-coordinate =% @iz 0 &5 &5 &%
of neutral sheet (i.e. the point whe®=0) varies perma- TIME (sec)

nently because of tail flapping. Let us use the coordinate

systemX, Y, Z in which XY is the plane of the current sheet, Fi_g. 2. Measuremt_ents of the ion number density (thin solid line
the Y-axis is antiparallel to the current. Generally, magneticV/th dots) along with the measurements of the polar angles
field in the tail is a certain function of position, the set of so- °f e magnetic field vector. The direction of the magnetc field
lar wind parameters; (like density, velocity, etc.), and, may varies significantly during the time required to obtain a distribution

h function.
be, the time:
B = B(x (1), y(),2(1). Si(1): 1) () Then, the symmetric temperature tensor is
However, it is obvious that in the vicinity of the current sheet Pi;
(i.e. close toB,=0) the dependence &, is dominant (as Lij = n (6)

compared with dependencies on other parameters). The d?-. . iol d ine both th llel and di
pendenceB on changing solar wind parameters may be alsotIS impossible to determine both the parallel and perpendic-

neglected if the time period of the current sheet crossing isUIar temper_atqres dlrect!y, p_ecause, as it 'S shqwn n Fig. 2,
short. Therefore the magnetic field may significantly change its direction dur-

ing the time interval required for the distribution function
By = B (x(1), y(1), z(1), Si(t); 1) ~ B, (z) (2) measurement. Therefore we used the following procedure.

First, at each moment, we calculate eigenvectors and eigen-
may be considered as a measure of the satellite (or baricen|ues of the temperature tensor thereby diagonalizing it.
ter) distance from the point d8,-component reversat{0)  Thijs way, we obtain set of three temperatufgs To> Tj.
(of course, if B, increases monotonically with). We an-  For jdeal case of instantaneous measurements, one of the
alyze the electric current density distribution as a function eigenvectors should be directed along the magnetic field vec-
of By. Itis calculated by averaging measurements of thetor and the corresponding eigenvalue of temperature ten-
electric current density over 1nT bins 8f. We consider  sor is the parallel temperatufg, two other eigenvalues are
only points whereB;|<25nT in order to eliminate strong 7, .. and7, max In real case, no one of the eigenvectors
currents which occasionally exist in the tail lobes. Electric might be exactly parallel to the magnetic field. We have
currentj is sorted by values of ion temperature measured akgajculated the angle as minimal of angles between three

the same time ag. eigenvectors and the magnetic field vector. Figure 3 shows
The ion temperature is calculated as follows. First, wethe probability density for the occurence@f The probabil-
calculate the ion number density as ity is normalized by sinp. Indeed, it has maximum near
zero, therefore the eigenvalue corresponding to the eigen-
n= / f@d3 (3)  vector with minimal inclination to the magnetic field may
be considered as a proxy for the parallel temperatures. This
(f (v) is the distribution function), bulk velocity as way we have sorted temperatuf®s 7>, T3 asTj|, T min and
1 3 T, max:
V= [ureay @
3 Results

and pressure tensor as

3 Figure 4 shows the results of averaging of all electric current
Pij=m / Wi = Vi) (v; = Vj) f () d*v (®)  density measurements over 1nT bins&f There are two
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MINIMAL ANGLE BETWEEN EIGEN VECTOR AND MAGNETIC FIELD
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Fig. 3. Probability density for occurrence of the minimal angle  Fig. 5. The electric current density distributionig(By) for differ-
between the temperature tensor eigenvector and the magnetic fielght jon temperatures.

vector normalized by sip.

10° CURRENT DENSITY 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+T>+T3)/3, namely, (1) data witl' <2 keV, (2)
2keV<T <4keV, (3) 4ke\xT <6keV, and (4)T>6keV.

For each subset, the averaging of the measured current den-
sity over 1 nT bins ofB, was made, and the dependencies
Jy(By) 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-
0 s 0 s e clusion that current sheet bifurcation does not depend on the
ion temperature value.
Fig. 4. The averaged (over the whole data) set distribution of the Next, we consider the current profile structure for differ-
electric current versus the magnetic field comporint ent anisotropies of the temperature. Let us introduce the
temperature anisotropy factor &=2(T3—T1)/(T3+Ty). If
we sort the data set in four subsets, according to the value
double off-centered maxima gf,.. Thus, the averaged dis- of R1: (1) R1<0.2; (2) 0.2<R1<0.4; (3) 0.4<R1<0.6 and
tribution of the electric current depicts the bifurcated current(4) R1>0.6, the difference between the current density pro-
sheet as well as individual distributions of electric current files becomes distinct — see Fig. 6. For the subset of mea-
density for some of geotail current sheet crossings. Accordsurement points with isotropic temperatur®; £0.2), the
ing to Asano et al. (2005), the majority of current sheet cross-electric current density has a single-peak profile, with max-
ings is indicative of single-peak current density distribution, imal current density of 810-3nT/km (2.4nA/n?). All
but distinctly double-peak current sheet crossings constitutesubsets with strong temperature anisotroRy=0.2) corre-
a significant part (at least 17%) of total number of crossings.spond to double-peaked bifurcated current sheet. Moreover,
The fact that double-peaked current sheet structure remainiie maximal electric current density systematically increases
clearly visible after the averaging means that electric currentith the growth of the anisotropy, reaching 803 nT/km
density in double peaked current sheet is much stronger tha(6.4 nA/n?) for R1>0.6.
in single-peaked one. If for giveB, -values,j, (B, )oxdB,/dz On the contrary, current sheet structure does not depend
is larger for one current sheet than for another, this means thain the fact whether or not the intermediate eigenvalue of

Jy (nT/km)

0.5 =

Ann. Geophys., 26, 1759765 2008 www.ann-geophys.net/26/1759/2008/



P. L. Israelevich and A. I. Ershkovich: Bifurcation of the tail current sheet and ion temperature anisotropy 1763

o 10° CL‘JRRENT‘ DENSITY ‘ | | i 10° ' ' CL‘JRRENT' DENSITY ‘ .

S
: f Tuimd s Tor> T
. 2 Pvs , ---R1> 0.6 y

[&)]

Jy (nT/km)
Jy (nT/km)

9 ‘ . ‘ ‘ . ‘ ' w %5 20 15 0 5 0 5 10 15 20 25
%5 20 45 40 = 0 5 10 15 20 25 Bx (nT)
Bx (nT)

Fig. 6. The electric current density distributiofig(By) for differ- Fig. 8. The electric current density distributiofis(By) for 7j <7,

ent temperature anisotropy ratifig. (solid line) and7j; >, (dashed line).
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Fig. 9. The electric current density distributiorig(B,) for differ-

Fig. 7. The electric current density dlStrlbUthﬂ§(Bx) for differ- ent temperature anisotropy ra“ﬁg

ent temperature anisotropy ratifis.

of them is responsible for the current sheet bifurcation we
temperaturd’; is close to maximal eigenvalu or to min-  will use the sorted data set of temperature eigenvalues (de-
imal eigenvaluery, as it is characterized by the anisotropy scribed above), where the parallel temperatfjrés deter-
ratio Rz=%- Figure 7 shows the functiofy(B,) ~ mined as the eigenvalue corresponding to the eigenvector
for different ratiosR: (1) R2<—0.2; (2) —0.2<R2<—0.1; with smallest inclination to the magnetic field direction.
(3) —0.1<R2<0.1; (4) 0.k R2<0.2 and (5)R2>0.2. All Figure 8 show current sheet profiles f@jj<7, and
current profiles are very similar. T,>T, . According to Cowley (1978) double-peaked current
Therefore, bifurcation of geotail current sheet is ob- sheet exists in the first case, and single-peak current sheet —
served when the ion temperature is anisotropic. As menin the second one. It is not true for the considered Cluster
tioned above, there are two different types of temperaturedata. Both profiles in Fig. 8 are double-peaked, and, more-
anisotropy — the anisotropy of parallel and perpendicularover, practically identical.
to the magnetic field temperatures characterized by the ra- On the contrary, if we introduce non-gyrotropicity fac-
tio 7/T.., and the anisotropy of perpendicular temperaturetor Ry=~22climn,  the data subsets sorted By val-

.. . _TJ..maX+TLmin)/2’
(non-gyrotropicity)T | max'T1 min- 1IN order to check, which ues exhibit strong change of the current sheet structure

www.ann-geophys.net/26/1759/2008/ Ann. Geophys., 26, 1I7B%5-2008
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MAGNETIC FELD butions shown in Fig. 9, by integration
25 . ; ; : -
—R3<02 g
A cdB
200 |---02<R3<0.4 T g 7= | ——— + Const )
0.4<R3<0.6 A 4 j,(By)
15 |---R3>06 HE 7 1 ’

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.

Bx (nT)

Zkm ' ' T ot 4 Conclusions

GERGRMIBRRITY = Current density distribution in the geomagnetic tail is shown
not to depend on the ratio between the parallel and perpen-
0012k ! i dicular ion temperature. Double-peaked as well as single-
i i peaked distributions are observed both for the daseT |
0.01r o L and forT <T, . The average distributions of current density
7 ! are shown to be the same for both cases.
o N We have shown that tail current sheet bifurcation is

: - controlled by non-gyrotropicity of plasma pressure: dou-
8 ble peaked current density distribution is observed when
the ion perpendicular temperature exhibits anisotropy, and
] the electric current density is stronger for larger ratio
“(TLmax—T1Lmin)/T.. Generally, double-peaked current
sheets are thinner than single-peaked sheets. The current
sheet thinning is accompanied by the perpendicular temper-
% o8 06 04 02 _0 02 04 06 08 1 ature anisotropy.
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