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[1] Current sheets are one of the key elements of the
Earth’s magnetosphere, determining the magnetic energy
storage and release. An analytical self-consistent model of
multicomponent thin current sheets, where the plasma
consists of ions of both solar wind and ionospheric origin, is
presented. The influence of the electron population is taken
into account assuming Boltzman-like quasi-equilibrium
distribution in the electrostatic field, which can lead to a
sharp peak in the electron current density in the center of the
current sheet. We include the contribution of non-adiabatic
O+ ions in our model as one of the terms in the
Grad–Shafranov-like system of equations describing
the quasi-equilibrium configuration. The contribution of
the oxygen ions to the total cross-tail current usually
does not exceed 30% for realistic conditions, but
current ‘‘wings’’ carried by O+ ions produce
significant broadening of the current profile.
Citation: Zelenyi, L. M., H. V. Malova, V. Y. Popov,

D. C. Delcourt, N. Y. Ganushkina, and A. S. Sharma (2006),

‘‘Matreshka’’ model of multilayered current sheet, Geophys.

Res. Lett., 33, L05105, doi:10.1029/2005GL025117.

1. Introduction

[2] Recent in-situ measurements by CLUSTER space-
crafts [Sergeev et al., 2003; Runov et al., 2003; Asano et
al., 2005] demonstrated that current sheets in the Earth’s
magnetotail can be as thin as 1–2 ion Larmor radii and
have complicated internal structures with a hierarchy of
spatial scales [Sergeev et al., 1993]. As a rule, the cross-
tail current profiles are substantially different from the
well-known Harris model [Harris, 1962]. Although the
plasma mantle has been considered as a primary source
for populating the Earth’s magnetotail [Pilipp and Morfill,
1978], the composition measurements of the magneto-
spheric plasma [Lennartsson and Shelley, 1986] have
shown the important role of particles of ionospheric
origin.
[3] The ion composition measurements in the lobes at

distances 10 RE > X > 22 RE have shown the presence of
relatively low energy (�10 eV – 1 keV) heavy ions

streaming anti-sunward [Vaisberg et al., 1996; Delcourt
et al., 1996; Sauvaud and Kovrazhkin, 2004]. It was
demonstrated that O+ ions dominate the plasma sheet during
substorms and their contribution to the current across
magnetotail could be substantial. One should note here that
generally the density of oxygen current might depend on the
history of the system, e.g., if O+ ions are ejected from the
ionosphere without any substantial momentum in the main
current direction, the momentum conservation will prevent a
formation of strong oxygen currents. We are not considering
here the mechanisms of magnetosphere population by iono-
spheric ions, but in our modelling of the magnetotail current
sheet are taking into account its multicomponent composition
including solar wind (H+, He++) and ionospheric (O+, He+)
ions. Until now the effects of such complicated compositions
both on the structure of kinetic quasi-equilibria and
dynamical processes are not well understood. Recently
Kistler et al. [2005] estimated the upper limit for the
contribution of oxygen ions to the total cross-tail current
to be as much as 10%. This is already a considerable
effect and we show in this paper the important con-
sequences of the presence of oxygen ions, viz. it
dominates the cross-tail current outside the rather narrow
tail midplane.
[4] We present here a quantitative analysis of the con-

tributions of O+ ions to the structure of Vlasov equilibria in
the magnetotail plasma. In this first attempt to model
the effect of ions other than H+, we will neglect other
relatively minor ions, such as He+ and He++. Using the
semi-analytical kinetic model of magnetotail Vlasov quasi-
equilibria developed earlier [Sitnov et al., 2000; Zelenyi et
al., 2000, 2004a] we study the dependence of the shape
of the cross-tail current profile on a number of parameters,
viz. Bn/B0, nO+/nH+, TO+/TH+, Te?/Ti, Tek/Te?. Here Bn is the
normal component of the magnetic field and B0 is the total
magnetic field, n and T are the density and temperature
(parallel and perpendicular) of the plasma components,
respectively.

2. Multi-component Model of the Magnetotail
Current Sheet

[5] We develop in this paper a self-consistent equilibrium
model of 1D anisotropic current sheet with a small normal
component of the magnetic field Bz, in the GSM system of
reference. The tension of the curved magnetic field lines is
balanced by the centrifugal force acting on ions crossing the
sheet midplane, leading to a 1D equilibria with @/@x = 0
(i.e., with no gradients along the tail axis). The plasma in
the source region at the edges of the system move toward
the central region (as shown in Figure 1) where they carry a
cross-tail current (Jy in our geometry) consistent with the
magnetic field reversal in the vicinity of the z = 0 plane. The
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electric field component Ey can be neglected without loss of
generality by selecting a suitable deHoffmann-Teller frame
of reference. The dynamics of ions and electrons are
different inside the thin current sheet (TCS), so one can
use a hybrid approach to describe the behavior of the
different particle species. The non-adiabatic hydrogen H+

and oxygen O+ ions moving across the sheet with Speiser
orbits will be described in the so called quasiadiabatic
approximation [Sitnov et al., 2000; Zelenyi et al., 2000].
The electrons are considered as magnetized particles with
finite inertia for motion across field lines and negligible
inertia for field-aligned motion. The resulting charge
separation generates an ambipolar electric field Ez support-
ing the quasineutrality of the plasma. The problem is
then reduced to the solution of a Grad–Shafranov type
equation, where currents from all particles species are self-
consistently calculated from the equations of particles
motion in the electric and magnetic fields generated by
these currents.
[6] When ions cross the current sheet (CS) region, their

motion is characterized by three integrals of motion: the
total energy W0 = m(vx

2 + vy
2 + vz

2)/2 + ef, the canonical
momentum Py = mvy � (e/c)Ay (z) and the approximate
integral of motion Iz =

1
2p

H
mvzdz (here ~v is the particle

velocity, Ay(z) is the vector-potential, and f is the electro-
static potential). Iz, the so called Speiser CS invariant, is
approximately conserved in a TCS where particle oscilla-
tions along z and x coordinates are decoupled because of the
widely separated oscillation frequencies: wx/wz � 1
[Buchner and Zelenyi, 1989; Chen, 1992]. In the
quasiadiabatic approximation, the invariant Iz � const is
used to render the equations of motion integrable and to
obtain the ion distribution at any position using Liouville
theorem. As mentioned above, the value of Bn, the normal
component of the magnetic field is a small parameter with a
specified value, and the only assumption is that it is strong
enough to keep the electrons magnetized. In this paper we
set Bz = 0.1 B0, and the electron motion along the field lines
is assumed to be fast enough to support a quasi-equilibrium

Boltzmann distribution in the presence of an electrostatic
potential and mirror forces.

3. Basic Equations of the Model

[7] The CS model in the presence of O+ is derived
following of our earlier theoretical model where only two
plasma components, protons and electrons, were taken into
account [Zelenyi et al., 2004a, 2004b]. The Maxwell equa-
tion in the 1D case takes the simple form:

dBðxÞ
dz

¼ 4p
c

jH þ jO þ jeð Þ ð1Þ

[8] The magnetic field Bx in the TCS arises from the
currents carried by H+, O+ and electrons e�. The boundary
condition is Bx(1) = B0 and the current densities jH and jO
are

jH ;OðzÞ ¼ e

Z1

0

dvx

Z1

0

dvz

Z1

0

vy fH ;Oð~v; zÞdvy ð2Þ

with the distribution function fH,O to be a shifted
Maxwellian function at the position of plasma source,
i.e., at the boundary of the system z = ±L (Figure 1):
fH,O � exp {� [(vk � vDH,O

)2 + v?
2 ]/vTH,O

2 } (where vTH,O

are the thermal velocities, and vDH,O
are the drift velocities

of H+ or O+ ions). The electron currents are taken into
account, with the pressure anisotropy (pk 6¼ p?) which
corresponds to the curvature drift of electrons in the
reversed magnetic field:

je? ¼ �enec

~E ~h
h i

B
þ c

B
~h ~r?p?e

h i

þ c

B
pIIe � p?eð Þ ~h ~h ~r

� �
~h

h i
; ~h ¼

~B

B
ð3Þ

Figure 1. The general scheme of 1D model of thin current
sheet. (top) Plasma particles cross CS moving from the
edges of the system toward the center. (bottom) Four levels
of current sheet embedding are shown.

Figure 2. Total and part ial current densit ies
Jy ¼ jy= en0vDH

ð Þ (a) and corresponding magnetic fields
(b) in TCS as a function of dimensionless coordinate
z � Z=ri.
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Here B = jB(±1)j, ~E is the ambipolar electric field Ez. The
detailed description of a semi-hydrodynamic approach for
obtaining the electron current je, the electric field Ez(z) and
its influence on electrons and protons is given in our
earlier paper [Zelenyi et al., 2004a]. Finally we solve the
full system of equations for Bx, jy, f and n (plasma
density) using the integrals of motion W0, Py and Iz.

4. Results and Conclusions

[9] The self-consistent system of equations for the mag-
netic and electric fields, total and partial current densities as
well as electrostatic potential and plasma densities were
solved numerically using a two-step iteration procedure for
ions and electrons [Zelenyi et al., 2004a, 2004b]. The results
of this model are shown in Figure 2, where the profiles of
the current densities and the magnetic fields of the different
plasma constituents and the total profiles are shown. The
parameters of the system were chosen to be close to the
observed values, e.g., the oxygen to hydrogen temperature
ratio outside the sheet are T0/TH = 1, 0.5, 0.25, 0.1, and 0.0.
The initial density of oxygen is varied as (0, 0.1, 0.25, 0.5,
1.0) nH outside the sheet. In Figure 2 one of these cases
where TO+/TH+ = 1 and nO+/nH+ = 1 are shown for the
reference. The role of electrons is most substantial in the
center of CS, where they dominate and support a very
narrow and peaked current embedded in the proton current,
which in turn is embedded in the oxygen current. The
currents of O+ are comparable with that of H+, but the half-
thickness of the oxygen current density (�6rL) is three
times larger than that of the protons (�2rL). It is clear from
Figure 2 that both the ion populations contribute approxi-
mately equally to the total cross-tail current, although the
total CS thickness is determined generally by the oxygen

ion current. Also the net contribution of O+-current density
is seen to be about 30% of the total current density.
[10] As the role of O+ in Figure 2 could be somewhat

exaggerated, the parameters were varied over a wider range
and the results are shown in Figure 3. The observations
[Vaisberg et al., 1996; Delcourt et al., 1996; Sauvaud and
Kovrazhkin, 2004] show that the relative fraction of oxygen
in the magnetotail may vary widely during different phases
of magnetospheric activity (but very rarely exceed the
density of hydrogen ions) and accordingly we have inves-
tigated the dependence of IO/Itotal (where IO and Itotal are the
O+ and total currents, respectively) as a function of the ratio
of densities nO to nH (Figure 3a) and of the temperature ratio
TO/TH (Figure 3b). An increase of oxygen ion content in the
magnetotail plasma from 25% to 100% leads to an
enhancement of its the relative contribution to cross-tail
current from 18% to �30%. Similar results are achieved if
one decreases O+ temperature in comparison with that of
H+. Here we also see that the oxygen current contribution,
although being sensitive to O+ temperature, still remain in
the (20–30)% range.
[11] The contributions of oxygen ions to the magnetotail

current, shown in Figure 3 can be compared with the
estimates of the oxygen currents in the magnetotail from
the spacecraft observations. Estimates using Cluster mea-
surements [Kistler et al., 2005] yield the relative density of
oxygen ions to be of the order of 15%. One should mention
that our estimate of 30% is the upper limit, and it depends
strongly on the oxygen flux at the source and on the oxygen
temperature. In general our results provide estimates of the
same order as the observations. Our principal conclusion
concerns the role of oxygen in the formation of the local
structure of thin current sheets in the Earth’s magnetotail.
The local current of O+ ions leads to an effective thickening
of the total current profile and is dominant in the outer
regions of the sheet.
[12] A combination of the contributions of the oxygen

ions, presented in this paper, and our earlier models of
TCS [Zelenyi et al., 2004a, 2004b], yields a multilayer
structure of the current sheet resembling a ‘‘matreshka’’,
a popular Russian nesting doll. A very thin electron layer
L � ri (Bn/B)

4/3 � 0.05 � 0.1ri is embedded in a thin
proton sheet with L � ri, which in turn is embedded in a
thick oxygen sheet (L � 7 � 10ri). Further, the CS as whole
is embedded inside the thicker plasma sheet [Zelenyi et al.,
2004a, 2004b], i.e., generally there are four levels of
embedding (Figure 1).
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