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[1] A self-consistent theory of relatively thin anisotropic current sheets (TCS) in
collisionless plasma is developed, taking into account the presence of a guiding field By

(all notations are used in the GSM coordinate system). TCS configurations with a finite
value of guiding field By are often observed in Earth’s magnetotail and are typical for
Earth’s magnetopause. A characteristic signature of such configurations is the existence
of a magnetic field component along the direction of TCS current. A general case is
considered in this paper with global sheared magnetic field By = const. Analytical and
numerical (particle-in-cell) models for such plasma equilibria are analyzed and compared
with each other as well as with Cluster observations. It is shown that, in contrast to the case
with By = 0, the character of “particle-current sheet” interaction is drastically changed in
the case of a global magnetic shear. Specifically, serpentine-like parts of ion trajectories in
the neutral plane become more tortuous, leading to a thicker current sheet. The reflection
coefficient of particles coming from northern and southern sources also becomes
asymmetric and depends upon the value of the By component. As a result, the degree of
asymmetry of magnetic field, plasma, and current density profiles appears characteristic of
current sheets with a constant By. In addition, in the presence of nonzero guiding field, the
curvature current of electrons in the center of the current sheet decreases, yielding an
effective thickening of the sheet. Implications of these results for current sheets in Earth’s
magnetosphere are discussed.
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1. Introduction

[2] Thin current sheets (TCS) with thicknesses of about
one or a few ion gyroradii ri play a key role in the colli-
sionless plasma of Earth’s magnetosphere. Numerous in situ
measurements by CLUSTER, GEOTAIL or THEMIS [e.g.,
Sergeev et al., 2003; Asano et al., 2004; Runov et al., 2009;
Baumjohann et al., 2007], laboratory experiments [e.g.,
Yamada et al., 2010; Frank et al., 2008] and observations of

various astrophysical objects [e.g., Arons, 2011] confirm that
these magnetic and plasma structures are responsible for
accumulation and release of stored magnetic energy in a
variety of cosmic configurations. Different types of magnetic
topology deformations characteristic of a guiding magnetic
By component can be observed in magnetotail current sheet
[e.g., Petrukovich, 2011; Shen et al., 2008a, 2008b] such as
twisting, tilting, bending and others. Despite a long history
of investigation of current layers in space plasma, this sub-
ject becomes especially important nowadays because of the
necessity to understand the large variety of in situ TCS
observations by various space crafts.
[3] Kinetic models are more appropriate for TCS descrip-

tion in comparison with MHD because the characteristic
scale of the observed structures often is comparable with ion
Larmor radii and particles can be nonmagnetized inside the
TCS. The first (and most famous) model of self-consistent
current sheet was proposed by Harris [1962]. It is a mathe-
matically simple kinetic model of current configuration
where magnetic fields with two opposite directions are sup-
ported by the diamagnetic current in an almost isotropic
plasma concentrated near the neutral plane. The normal
magnetic field component Bz was not explicitly taken into
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account in this model. Nevertheless, it was subsequently
considered for the description of current sheets at the mag-
netopause and in the magnetotail during quiet conditions
when the plasma is almost isotropic. The one-dimensional
Harris model has been further generalized to the two-
dimensional case with self-consistent tangential and normal
components of the magnetic field [e.g., Schindler, 1972;
Kan, 1973] that describe relatively thick current layers with
thicknesses much larger than the ion Larmor radii.
[4] When the Harris model was used to investigate TCS

stability, a number of questions emerged. As an example, the
Harris current sheet was found to be unstable for tearing
perturbation [e.g., Coppi et al., 1966; Schindler, 1974]. But
if one takes into account the small normal component of the
magnetic field Bz that exists in the magnetotail owing to
Earth’s dipole field, such current sheet becomes absolutely
stable in a linear approximation owing to the effect of elec-
tron compressibility (electrons are magnetized by a very
small Bz component) [e.g., Pellat et al., 1991]. This para-
doxical situation (namely, theory is unable to explain the
formation of X line in the magnetotail as manifested in many
observations) existed for almost two decades [e.g., Galeev
and Zelenyi, 1976; Kuznetsova and Zelenyi, 1991, Sitnov
et al., 1997; Brittnacher et al., 1998]. The necessity to
develop new TCS models with normal magnetic component
Bz became clearly apparent.
[5] The application of the theory of quasi-adiabatic

invariants of motion [e.g., Büchner and Zelenyi, 1989] led to
the development of a separate class of 1-D models with a
self-consistent tangential magnetic field component and a
constant normal magnetic field [Kropotkin and Domrin,
1996; Kropotkin et al., 1997; Sitnov et al., 2000; Zelenyi
et al., 2000]. Unlike models with isotropic pressure where
the tension of magnetic lines is counterbalanced by a gradient
of plasma pressure along the current sheet, the balance
between magnetic tension and plasma pressure in these
models is provided by the anisotropy and/or nongyrotropy
of the pressure tensor, that is, by the inertia of ions moving
across the current sheet. Such models proved to be successful
for the description of various TCS types observed in the
magnetotail [e.g., Artemyev et al., 2008].
[6] In conjunction with the development of TCS models

with nonzero normal component of the magnetic field,
another class of models has been developed; that is, models
with Bz = 0 but with a magnetic shear By ≠ 0 [e.g., Alpers,
1971; Lemaire and Burlaga, 1976]. These models have
often been applied to the description of the magnetopause
TCS [see, e.g., Lee and Kan, 1979; Panov et al., 2011] and
TCS in the solar wind [e.g., Keyser et al., 1996]. A com-
prehensive review of these plasma equilibria has been made
by Roth et al. [1996]. Because TCSs are important elements
of planetary magnetospheres that play the role of reservoirs
of magnetic energy which can be accumulated and subse-
quently released in the form of kinetic energy of accelerated
plasma streams [see, e.g., Baker et al., 1996; Zelenyi et al.,
2008; Angelopoulos et al., 2008], we consider the investi-
gation of TCS with magnetic shear to be an important and
up-to-date task. To our knowledge, no analysis of self-
consistent sheet structures with By ≠ 0 has been presented
thus far. Earlier investigations of the shear influence on
particle dynamics in current sheets were made with the help
of particle tracing for relatively thick current sheet [e.g.,

Birn and Hesse, 1994; Larson and Kaufmann, 1996; Hilmer
and Voigt, 1987] as well as in TCSs [Kaufmann et al., 1997;
Holland et al., 1996; Delcourt and Belmont, 1998; Delcourt
et al., 2000]. In the study of Delcourt et al. [2000], the par-
ticle dynamics was analyzed over a wide range of para-
meters, from the magnetized regime to the unmagnetized
one. It was shown that particle scattering in the presence
of a guiding field is asymmetric and depends upon the
position of a plasma source with respect to the current sheet
plane. Kaufmann et al. [1994] also put forward that the
presence of guiding field leads to the destruction of energy
resonances in particle scattering.
[7] However, there are many studies of magnetic recon-

nection in sheared configurations where the quadrupole sys-
tem of magnetic Hall components has been observed [e.g.,
Nakamura et al., 2008; Runov et al., 2003; Shay et al.,
2007]. The role of electron currents in the formation of Hall
reconnection structures is well known but for TCS plasma
equilibria, this question was not properly addressed. Self-
consistent one-dimensional hybrid simulations of a field
reversal in the near-Earth magnetotail have shown that an
odd magnetic component By appears in the center of CS
accompanied by a “bell-shaped” longitudinal current density
[e.g., Richardson and Chapman, 1994; Chapman and
Mouikis, 1996].
[8] An important result that motivates the present study

was provided by Rong et al. [2011] in a study devoted to
statistical analysis of the shear magnetic component in
Earth’s magnetotail. In this latter study, it is shown that
two characteristic cases can be distinguished in spacecraft
observations: (1) global (almost constant) current aligned
magnetic field component in the magnetotail, and (2) local
magnetic shear component that changes its sign across the
current layer and tends toward minimum values at its edges.
In the present study, we investigate in detail the first case,
that is, the structure of self-consistent configurations for the
externally driven sheared magnetic field. The second case of
magnetic shear (with unipolar and bipolar By modes across
CS) supported by longitudinal currents in TCS will be con-
sidered in a future study.
[9] The formation of asymmetric TCS profiles [e.g., Runov

et al., 2006] is an interesting problem of its own that is not
well understood at present. One possible mechanism respon-
sible for this asymmetry was proposed based standard kinetic
TCS model taking into account the natural asymmetry of
plasma sources in different hemispheres [Malova et al., 2007;
Mingalev et al., 2009]. Here, we suggest another possible
mechanism for the formation of skewed plasma configura-
tions in the magnetotail. This latter mechanism relies on
asymmetric particle scattering at TCS in the presence of a
global sheared magnetic component. In this study, we gen-
eralize two complementary models of anisotropic TCSs:
(1) an analytical model based on a solution of Vlasov-
Maxwell equations [e.g., Zelenyi et al., 2004], and (2) a
particle-in-cell (PIC) numerical model [Mingalev et al.,
2007, 2009].

2. Particle Dynamics in the Sheared Magnetotail
Current Sheet

[10] As a preliminary comment, it is useful to compare
the present results for a sheared configuration with the case
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By = 0 where particle dynamics is well known [e.g., Büchner
and Zelenyi, 1989; Chen, 1992]. Since the TCS thickness L
is much larger than the electron gyroradius (L � ri ≫ re),
one can consider the electrons as totally magnetized. As for
ions, there are three basic types of trajectories: (1) Speiser
ions [e.g., Speiser, 1965] with open orbits that are going
from/to infinity, (2) quasi-trapped ions that can be temporarily
trapped within TCS and experience many oscillations before
being detrapped, (3) ions with closed (totally integrable)
orbits that do not scatter and do not leave the TCS region.
These three types of ion orbits are schematically shown in
Figure 1. According to analytical models [e.g., Zelenyi et al.,
2000] and spacecraft observations [e.g., Artemyev et al.,
2011], Speiser ions in Figure 1 are the main current carriers
in the TCS. As for quasi-trapped and trapped ions, they do
not carry any net current because their orbits are closed but
the local current they carry can significantly alter the CS
structure. Indeed, owing to strongly curved serpentine-like
motions near the neutral plane, these latter ions can support
local currents that are directed oppositely to the general cross-
tail current carried by Speiser particles [e.g., Zelenyi et al.,
2000, 2002a, 2002b, 2003].
[11] In the following, we use the standard GSM coordinate

system where the X axis is directed from the center of Earth
toward the Sun, the Y axis is along the “dawn-dusk” direc-
tion, and the Z axis is in the south-north one. In the
deHoffmann-Teller reference frame where the dawn-dusk
electric field cancels, the remaining electric field only has
one component in the Z direction, that is, E = {0, 0, Ez}. The
particle equation of motion then has the form:

m
d2r
dt

¼ e

c
v� B½ � þ eE ð1Þ

The above component Ez is the ambipolar electric field that
appears owing to the different dynamics of ions and

electrons. Also, B = {Bx, By0, Bz0} is the magnetic field with
constant components By0, Bz0. Conservation of the total
particle energy immediately follows from integration of (1)
with potential field E = �r8:

mv2

2
þ e8 ¼ const ≡ W0 ð2Þ

Here, one has v2 = vx
2 + vy

2 + vz
2 while W0 = mv0

2/2 is the
total particle energy. In this configuration, the generalized
momentum Py0 is also conserved:

Py0 ≡ mvy0 ¼ mvy þ e

c
Bzx�

Zz
0

Bx z″ð Þdz″
0
@

1
A ð3Þ

Here, equations (2)–(3) are exact integrals of the motion.
[12] It has been shown in previous studies [e.g., Sonnerup,

1971; Büchner and Zelenyi, 1989] that the third (approxi-

mate) integral of motion Iz ¼ 1
2p∮mvzdz is also conserved

during ion motion across the CS. That is, when ions are
traveling toward the CS midplane, they cross a separatrix
(regions coded in gray in Figure 1) that separates two dif-
ferent dynamical regimes, namely, crossing and noncrossing
of the tail midplane. In the course of these separatrix tra-
versals, small quasi-random jumps of invariant DIz occur
[e.g., Neishtadt, 1987] for both Speiser particles and quasi-
trapped particles:

DIz≅k ln2 sinqsep
�� �� ð4Þ

The parameter of adiabaticity k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rc=rmax

p
in (4) char-

acterizes the particle motion. Here, rmax is the maximum
ion gyroradius and Rc is the minimum curvature radius of
the magnetic lines while qsep is the phase of the particles
at the separatrix. In the simplest model of magnetic field

Figure 1. Schematic view of Earth’s magnetotail with stretched magnetic field lines in the nightside
sector and characteristic dynamical regimes: Speiser particles and quasi-trapped and trapped particles
at ring orbits. The direction of the cross-tail current jy (dashed line) is shown in GSM system of reference.
Regions marked in gray indicate the separatrix of particle motion where particles change their motion
between regimes of crossing and noncrossing of the TCS midplane.
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reversal B = {Bx0(z/L), 0, Bz0} the value of this adiabaticity
parameter is k ¼ Bz0=Bx0ð Þ ffiffiffiffiffiffiffiffiffi

L=ri
p

where L is the CS thick-
ness, ri, the ion Larmor radius and B0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
x0 þ B2

z0

p
. When k

≫ 1, the motion of charged particles can be described by the
guiding center theory. At k of the order of 1, the particle
motion becomes stochastic and experience large jumps
DIz � Iz . This latter dynamical chaos in the magnetotail has
been described for instance by Büchner and Zelenyi [1986,
1989] andChen and Palmadesso [1986]. Finally, when k≪ 1,
jumps of the adiabatic invariant of motionDIz become smaller
than the value of the invariant Iz itself, and the particle motion
can be considered as quasi-adiabatic [e.g., Büchner and
Zelenyi, 1989]. This quasi-adiabatic regime of motion there-
fore consists of two regular segments before and after separ-
atrix crossings during which Iz ≈ const and which are separated
by small stochastic jumps DIz at separatrix crossings. One
important property of quasi-adiabatic motion is the existence
of resonances during particle interaction with the current sheet
depending upon energy or, in dimensionless form, depending
on parameter k [e.g., Chen and Palmadesso, 1986; Burkhart
and Chen, 1991; Büchner and Zelenyi, 1991; Ashour-
Abdalla et al., 1993]. At resonances k = kres, the jumps of
invariant Iz at entry of particles into CS are exactly compen-
sated by the one at exit and, as a result, particles leave CS
without any scattering. This property explains the appearance
of accelerated plasma flows along magnetic field lines, or so-
called “beamlets” [e.g., Ashour-Abdalla et al., 1992; Keiling
et al., 2004; Zelenyi et al., 2007]. For other nonresonant
conditions, the particle motion can be considered as diffu-
sion in the Iz space.
[13] It should be noted here that the above expression for

the jumps of adiabatic invariants (4) was obtained for the
case By = 0. From a general viewpoint, one expects these
jumps to depend upon the value By0 at the edges of CS. In

the presence of sheared magnetic field, the effective value of
the parameter k is increased. More specifically, it was esti-
mated as ky = k[1 + (By0/Bz0)

2]3/4 [Büchner and Zelenyi,
1991] in the case of a parabolic field reversal. In the present
study, we will neglect this dependence on By which is justi-
fied for the small values of guiding field (By0 ≪ B0) consid-
ered. Accordingly, we assume that estimate (4) can be
applied for our quasi-adiabatic model even for By ≠ 0.
[14] As mentioned above, particle dynamics in current

sheets with magnetic shear remains largely unexplored.
Kaufmann et al. [1994] established that, in the presence of
guiding field, pitch angle scattering is enhanced. In terms
of quasi-adiabatic theory, this may be viewed as the result
of resonance destruction by the By field. This result is at
variance with those of Chapman and Rowlands [1998] who
showed that adiabatic integrals of particle motion are gener-
ally conserved in the presence of magnetic shear. Still, at
specific energies, the invariant surfaces of trapped motion in
phase space can be destroyed, and these regions can then be
occupied by transient particles. In other words, constant By

possibly leads to particle detrapping from the system.
[15] We first examine qualitatively the influence of mag-

netic shear on a few specific particle orbits. Examples of
trajectories with different pitch angles are shown in Figure 2
that illustrates the evolution of transient ion dynamics. Here,
particles are launched from Northern and Southern Hemi-
spheres without (Figure 2a) and with (Figures 2b–2c) guiding
field By0/Bx0 = 0.2. Only {X-Z} projections of the orbits are
shown, the particle initial position being indicated by closed
black circles. A notable feature in Figures 2a, 2b, and 2c is
the varying height of particle deviation from the neutral plane
during serpentine-like motion. In the presence of a guiding
field, this deviation occurs at a large Z height in Figure 2b
because trajectories are more twisted than in Figure 2a.

Figure 2. X-Z projections of four ion trajectories in TCS: (a) for a magnetic configuration without mag-
netic shear By0/Bx0 = 0.0 (k = 0.12), (b) in the presence of a guiding field with a relative value By0/Bx0 = 0.2
for particles from the northern source, and (c) for conditions similar to Figure 2b but for particles launched
from the southern source. Here By0 is the value of the guiding magnetic field, and Bx0 is that of the tangential
magnetic field at the TCS edges. Space variables are normalized to the ion Larmor radius. Initial energies
are identical, while pitch angles are q0 = 0.15 (dark blue line), 0.35 (green line), 0.65 (red line) and
1.35 (violet line).
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From this qualitative result, one may suspect that the CS
thickness which is determined by the length scale of
serpentine motion may be larger in sheared configurations.
In Figure 2c, particle deviation from the CS plane occurs at
some intermediate height as compared to Figures 2a and 2b.
Figure 2 also reveals that particle scattering does not change
significantly in the presence of nonzero positive By compo-
nent if particles are launched from the Northern Hemisphere.
In contrast, if particles are launched from the Southern
Hemisphere, prominent scattering may occur and particles are
preferentially reaching the opposite hemisphere, as apparent
from Figure 2c.
[16] Another characteristic of quasi-adiabatic ion dynamics

in the sheared CS configuration is the enhanced particle
trapping near the CS midplane for ions from the northern
source in comparison with those from the southern one. The
trajectories of quasi-trapped particles also become more and
more tangled depending upon the value of the guiding field.
Note that, in the case of By < 0, symmetrical results are
obtained with respect to the X-Y plane. The comparison of
Figures 2a–2c demonstrates that the general topology of
ion trajectories is conserved in all cases. More specifically,
the topology of Speiser orbits is conserved up to values
By0/Bx0 � 0.4 � 0.5 according to our numerical experiment.
For larger values of By, Speiser orbits are transformed into
quasi-trapped ones that cannot support a net cross-tail
current. For By0/Bx0 � 1, almost all particles in the system
are magnetized by the field By and the current sheet is now
supported by the drift motions of the particles near the current
sheet center.
[17] To study the bulk properties of particle scattering,

we launched an ensemble of particles having a shifted
Maxwellian distribution function with an average speed
parallel to the magnetic field lines at the edges of CS. In

these simulations, 2 ⋅ 105 ions were traced for different
values of Bz (Bz0 = 0.5, 1, 2, 3, 4 nT) and for a magnetic field
at the edges of TCS Bx0 ≃ 20 nT. Here, we considered
By(z) ≡ 0. The Maxwellian ion distribution is such that
VT/VD = 0.5 (VT and VD being the thermal and flow plasma
velocities, respectively) and the temperature is T = 4 keV.
We determined the reflection coefficient as the number of
particles that return back to the source hemisphere (over the
entire time of tracing) normalized to the total number of
particles that are launched. The dependence of this reflection
coefficient upon the Bz value for By(z) ≡ 0 and Bx0 = 20 nT
is shown in Figure 3. Not surprisingly, Figure 3 demon-
strates that reflection coefficients for particles started in the
Northern and Southern Hemispheres are equal, their values
being in the 0.6–0.75 interval. It can be seen in Figure 3
that the reflection coefficient for a typical magnetotail ratio
Bz0/Bx0 ≈ 0.05 is about 0.7. Note also the resonant character
of the reflection coefficient profile. That is, four minima can
be seen in Figure 3 that coincide with the ion resonance
reported by Chen [1992]. In this latter study, a phenomeno-
logical dependence of adiabatic parameter k on resonance
number N was obtained as k = 2�1/4/(N + 0.6). Resonance
occurs when the ratio wz/wx acquires some integer value
N = 1,2,3,… (wz and wx being the particle oscillation fre-
quencies in Z and X directions, respectively).
[18] Figure 4 shows the variation of the reflection coef-

ficients for different magnetic shears By and for a fixed
value of Bz. It can be seen in Figure 4 that the reflection
coefficient for particles originating from the northern
source does not depend upon the By value. In contrast, the
coefficient r for particles originating from the southern
source decreases in inverse proportion to By, reaching
about 0.3 for By0/Bx0 = 0.3. This feature confirms the
qualitative result of Figure 2 where most transient particles
from the southern source were found to cross the current
sheet without any scattering and gain access to the opposite
hemisphere. It can therefore be anticipated that an increase

Figure 3. Particle reflection coefficient r from TCS as a
function of Bz component of the magnetic field in the
presence of zero guiding field. Red circles show the com-
puted r values.

Figure 4. Particle reflection coefficient from TCS for
plasma sources located in Northern and Southern Hemi-
spheres as function of By0 (see section 6 for PIC simulation
results). The following parameters were used in the simula-
tions: Bz0 = 1 nT, Bx0 = 20 nT.
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of the guiding field should lead to an asymmetry of the TCS
structure because of the asymmetry of the plasma density.
For the case k ≥ 1, the scattering asymmetry has been
explained by Delcourt et al. [2000] in terms of perturbation
of the gyromotion by an impulsive centrifugal force acting in
the vicinity of the CS plane. Here, a nonzero By leads to a
rotation of the centrifugal impulse in the gyration plane. The
effect is either attenuated or enhanced when the direction of
this rotation opposes or goes in the same direction as the
gyromotion, respectively. As a result, particles originating
from opposite hemispheres behave quite distinctly, experi-
encing for instance large or negligible magnetic moment
changes depending on the direction of particle propagation.
The results above suggest that the presence of a guiding field
should lead to some asymmetry of thin current sheets (k≪ 1).
In the following, we explore this result further using both
analytical and numerical self-consistent models.

3. General Description of the Analytical Model

[19] In this section, we present a generalization of the
analytical self-consistent model of thin current sheet in colli-
sionless plasma [Zelenyi et al., 2004] that includes an addi-
tional By component of the magnetic field. The current sheet
is supposed to be quite thin with characteristics depending
only upon z coordinate [see, e.g., Sitnov et al., 2000; Zelenyi
et al., 2000]. For our 1-D TCS model, we consider all three
components of the magnetic field B = {Bx(z), By, Bz}with
By = const1 and Bz = const2. As for Bx(z), it changes sign in
the equatorial plane z = 0. The plasma equilibrium in the
current sheet is supported by the balance between tension of
the magnetic field lines and finite inertia of the ions [Zelenyi
et al., 2000]. When constructing this model, the following
general assumptions are made:
[20] 1. Counter-streaming plasma flows from both northern

and southern sources similar to the magnetospheric plasma
mantle intercept the TCS as illustrated shown in Figure 5.

These plasma flows may be reflected or transmitted after
interaction with TCS (in the following, these particles are
referred to as reflected or refracted, respectively).
[21] 2. The value of the By component is significantly

smaller than that of Bx. Accordingly, the resulting magnetic
field at the TCS center is still too small to magnetize all the
incoming ions. As a matter of fact, part of the ion population
is demagnetized inside TCS and follows quasi-adiabatic
trajectories as discussed above. These particles are respon-
sible for the buildup of the cross-tail current.
[22] 3. The incoming ion population consists of two

main groups, namely, Speiser ions and quasi-trapped ions
(trapped ions are not considered here). As discussed
above, for quasi-adiabatic trajectories, the action integral

Iz ¼ 1
2p∮mvzdz is conserved [e.g., Sonnerup, 1971; Whipple

et al., 1986; Büchner and Zelenyi, 1989].
[23] 4. The TCS considered is “thick” for electrons.

Therefore, their motion can described with the help of the
guiding center approximation. Assuming that the electron
motion is fast, we consider their distribution along the mag-
netic field lines as a Boltzmann one [Zelenyi et al., 2004].
The electron drift current reaches a maximum value in the
neutral plane because curvature drifts are maximum inside
the TCS where the curvature radius of the magnetic field
lines is minimum.
[24] 5. The quasi-neutrality condition ni ≈ ne is assumed

to hold in the model, which allows us to calculate the
ambipolar electrostatic field. The large-scale dawn-dusk
electric field Ey is removed from our system of equations by
transformation into deHoffmann-Teller reference frame that
moves earthward with the velocity vdHT = cEy/Bz. The
ambipolar electrostatic field Ez(z) that results from the dif-
ferent dynamics of ions and electrons inside TCS is taken
into account, whereas one has Ex = 0 for this 1-D current
sheet model. The detailed description of model equations
taking into account electrostatic effects is done in the work of
Zelenyi et al. [2004].

4. Basic Equations of the Analytical Model

[25] Let us denote the distribution function of northern and
southern sources as f1 and f2. The particle reflection coeffi-
cients will correspondingly be r1 and r2. Then, the distribu-
tion function of Speiser ions in each hemisphere may be
written as:

fz>0 ¼ f1; vII < 0
r1 f1 þ 1� r2ð Þ f 2; vII > 0

�
ð5Þ

fz<0 ¼ r2 f 2 þ 1� r1ð Þ f 1; vII < 0
f2; vII > 0

�
ð6Þ

The distribution functions of incoming ions have the standard
shifted form:

f1;2 ~vð Þ ¼ n01;2ffiffiffi
p

p
VT1;2

� �3
1þ erf ɛ1;2

� �� � exp � v∥ � VD1;2

� �2 þ v2?
V 2
T1;2

( )

ð7Þ

Figure 5. Sketch of the modeling scheme; namely, particles
streaming from northern and southern sources (N and S,
respectively) toward TCS (light blue region) are either
reflected from TCS or refracted through TCS (the direction
of streams is shown by dashed lines of corresponding color).
The asymmetric shape of TCS is a result of asymmetric
particle scattering.
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Here, we use the following notations: ɛ1,2 = VT1,2/VD1,2, VT1,2

and VD1,2 are thermal and plasma flow velocities, n01,2 are
plasma densities in the Northern and Southern Hemispheres,
and the signs “+” and “�” correspond to flows parallel
(vII > 0) and antiparallel (vII < 0) to the magnetic field
direction. Below, we assume that plasma sources have similar
parameters; that is, n01 = n02 ≡ n0, VD1 = VD2 ≡ VD ,
VT1 = VT2 ≡ VT , ɛ1,2 ≡ ɛ. However, the values of coefficients
r1 and r2 are different as shown in Figure 4. The values
of refraction coefficients are correspondingly 1 � r1 and
1 � r2. These coefficients are free parameters of the
model, their values being derived from the PIC simula-
tions described below.
[26] TCS equilibria are described in details in the review

by Zelenyi et al. [2011]. In the following, we focus on the
generalization of the system of stationary Vlasov-Maxwell
equations in a configuration with magnetic shear:

df1;2 v; zð Þ=dt ¼ 0

dBx

dz
¼ 4p

c

Z
V 3

vy fz>0 v; zð Þ þ fz<0 v; zð Þ þ ftrap v; zð Þ	 

d3vþ je zð Þ

8<
:

9=
;

Bx zð Þ z¼L ¼ Bx0; 8 zð Þ z¼L ¼ 0 ð8Þjj

where Bx0 is the value of magnetic field outside TCS, 8 is the
electrostatic potential, je is the electron current density, fz > 0

and fz < 0 are determined by (5)–(6). For simplicity, the
distribution function of quasi-trapped plasma ftrap v; zð Þ is
chosen to be the same for both hemispheres. Such an
assumption is motivated by the fact that quasi-trapped parti-
cles are bouncing inside TCS, so that their distribution
spreads over the domain containing both Northern and
Southern Hemispheres. These latter distributions are added
in the form of a thermal Maxwellian ftrap � exp{�v0

2/VT
2}

that is sewed with the distribution (7) at the point where
v∥ ≡ v0

2 � v?
2 = 0, v0 and v?being the total and perpendicular

velocities [Zelenyi et al., 2000]. Also, the magnetic moment
m ≡ mv?

2/2B0 and adiabatic invariant Iz are related by the
ratio 2mB0/m ≈ (w0/m)Iz [Sitnov et al., 2000]. Because the
distribution function of quasi-trapped particles belongs to
the region of large Iz [Zelenyi et al., 2004], that is, at the
tail of the distribution as a function of Iz, the density of
quasi-trapped population is small in comparison to that of
Speiser ions and we do not investigate their effect further.
The third equation in (8) represents boundary conditions
for both vector and scalar potentials.
[27] Taking into account the integrals of motion (2)–(3),

the quasi-adiabatic invariant outside the TCS Iz ¼
1=2pð Þ∮mvzdz ¼ m=2pð Þ∮

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 � 2e=mð Þ8� v2x � v2y

q
dz in

the presence of By ≠ 0 may be written as:

The limits of integrations over z of this contour integral
are determined as solutions of the equation for turning
points vz = 0

� e

mc

Zz0;1
z

Bx z″ð Þdz″ ¼ vy

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 þ 2e

m
8 zð Þ � 8 z0;1

� �� �� vx þ e

mc
By z� z0;1
� �� �2r

ð10Þ

Using the relation between particle magnetic moment m
and adiabatic invariant Iz outside the TCS m = (e/2mc)Iz
[Kropotkin et al., 1997], one can rewrite the source dis-
tribution function in terms of invariants of motion {v0, Iz}.
Using the Liouville theorem df1,2/dt = 0, we can calculate
this distribution function for any point of the phase space
trajectories [Zelenyi et al., 2000]:

f1;2 vð Þ ¼ n0

pVTð Þ3 1þ erf ɛ�1ð Þð Þ

� exp �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 � w0

m Iz þ 2e
m 8

q
� VD

� �2
þ w0

m Iz

V 2
T

8><
>:

9>=
>; ð11Þ

This distribution function for transient ions is valid for
values of adiabatic invariant such that Iz ≤ (m/w0)v0

2. The
same approach is used for the distribution of quasi-trapped
particles fqt � exp{�[VD

2 + (w0/m)Iz]/VT
2}. Finally, the

second equation in (8) can be transformed to a nonlocal
equilibrium equation similar to the Grad-Shafranov one:

dBx

dz
¼ 4p

c

Z
V 3

vy fz>0 W0 vð Þ; Iz v; zð Þð Þ þ fz<0 W0 vð Þ; Iz v; zð Þð Þ þ fqt
	 
8<

:
� d3vþ jye zð Þ

)
ð12Þ

As for electrons, they are taken into account using the
semihydrodynamic description, described in details in the
work of Zelenyi et al. [2004], where the electron motion
within equilibrium thin current sheet is given by equation
rp̂e=ne ¼ �e Eþ 1=cð Þ v� B½ �ð Þ � merB. Here the last
term is the repulsive diamagnetic force acting on the elec-
trons with magnetic moment me, p̂e is the tensor of electron
pressure, electron and ion densities are equal (ne = ni) owing
to quasi-neutrality condition. In a frame of this approach a
fluid approach is used to describe the electron motion across
the magnetic field lines and a guiding center approximation
is applied for the parallel motion. Pressure anisotropy plays
an important role in the generation of narrow though intense
electron currents in our configuration with a strongly curved

Iz ¼ 2m

p

Zz1
z0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 þ 2e

m
8 zð Þ � 8 z′ð Þð Þ � vx � e

mc
By z� z′ð Þ

� �2
� vy þ e

mc

Zz
z′

Bx z″ð Þdz″
0
@

1
A

2
vuuut dz ð9Þ
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magnetic field lines. The presence of By component results
into a magnetic field inclination with respect to the equa-
torial plane (with inclination angle a = arctg(By /Bz)). An
electric current jz appears in the system owing to the par-
ticle drifts directed orthogonally to the magnetic field lines.
We assume that the ambipolar electrostatic field directed
along these magnetic field lines supports the parallel cur-
rents j∥. As a result, the net current in the z direction that
consists of two terms jz = �j? sina + j∥ cosa ( j? being
the drift electron current perpendicular to the magnetic
field lines), should vanish for one-dimensional configurations
(i.e., ∂/∂x = ∂/∂y = 0) as is the case here. This is because
jz = (c/4p)(∂By/∂x � ∂Bx/∂y) ≡ 0. Finally, taking into
account the condition jz = 0, the expression for the cross-
tail current jye in (8) and (12) can be simplified as:

jye ¼ j? cosaþ j∥ sina ¼ j?= cosa ð13Þ

5. Results of the Analytical Model

[28] In the following analytical calculations, r1 was chosen
constant and equal to 0.7 consistently with PIC simulation
results (see below). As shown in Figure 4, the coefficient r2
was decreased linearly from 0.7 at By0/Bx0 = 0.0 down to
r2 = 0.3 at By0/Bx0 = 0.3 (this ratio value corresponds to
By0/Bz = 1.5 for Bz/Bx0 = 0.2 in PIC simulations). We also use
dimensionless variables, namely, Z coordinate z = zw0/ɛ

4/3VD,
magnetic field Bx;y;z ¼ ~Bx;y;z=Bx0; plasma density n = ñ/N0,
and current density Jy = Jyd/en0vDɛ

2/3 [Zelenyi et al., 2004],
Jyd and ~Bx;y;z being the dimensional values of current density
and magnetic components.
[29] Figure 6 shows the self-consistent profiles of nor-

malized current density jy(z), and magnetic field component
Bx(z) for different values of By0 component. These profiles

were obtained using (8)–(13) and including electrostatic
effects. Figure 7 also presents the corresponding profile of
plasma density. Several features of interest are noticeable.
First, in accordance with Figures 2b and 2c that display the
changes of ion trajectories for By ≠ 0, TCS becomes much
thicker for larger values of guiding magnetic field. This is
due to the distortion of ion trajectories when the meandering

Figure 6. (a) Dimensionless cross-tail current density and (b) magnetic field in TCS for different values
of the guiding field By0 and ɛ = 0.1. The coefficient By0/Bx0 is set to 0.0 (red line), 0.1 (blue line), 0.2
(violet line), 0.3 (green line), and 0.4 (brown line).

Figure 7. Self-consistent TCS plasma density profiles for
different values of guiding field. The format is identical to
that of Figure 6.
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parts become more tangled. The amplitude of the cross-tail
current decreases while TCS thickness increases. Second, an
asymmetry of plasma density profiles (Figure 7) in the
north-south direction is apparent that depends upon the value
of shear magnetic field component. This asymmetry devel-
ops as a result of different reflection coefficients that depend
upon the value of By0. The profiles of current density and
magnetic field in TCS are, correspondingly, asymmetrical as
well. The formation mechanism of this asymmetry here
differs from that investigated by Malova et al. [2007] where
asymmetrical plasma sources were considered. For sheared
magnetic field configurations, asymmetry appears even in
the case of symmetrical sources and is due to different
reflection coefficients. More specifically, the serpentine
motion of Speiser ions near the neutral plane supports the
stable “bell-shaped” current density at the TCS center. At
the edges of TCS, magnetized particles that are not crossing
the midplane experience substantial diamagnetic drifts in the
negative Y direction, yielding small negative currents or
“diamagnetic wings” at the edges of TCS as described by
Zelenyi et al. [2000]. Since the plasma density is larger
in the Northern Hemisphere than in the Southern Hemi-
sphere, the reduction of the cross-tail current owing to the
negative diamagnetic currents is larger, and an overall
southward shift of the current profile occurs.
[30] Another feature of interest in Figure 7 concerns the

electron current that is supported mainly by curvature drift.
Taking into account the proportionality of this electron
current to the inverse of the magnetic field line curvature
radius Rc

�1 [e.g., Zelenyi et al., 2004] as well as the relation
Rc � k2 and the estimate of parameter ky by Büchner and
Zelenyi [1991] (see section 2), one can estimate the electron
current density as je � (1 + (By0/Bz0)

2)�1. Figure 8a indeed
displays a fast decrease of the electron current density as By

increases. For By0/Bx0 of about 0.3 and above, the

contribution of the electron current to the total one becomes
negligible, and the TCS profile is only controlled by the ion
motion. Figure 8b shows the dependence of the maximum
current density as a function of By0. It can be seen that for
By /Bx ≠ 0 values, this maximum current density decreases
when the guiding field increases. For small By0 values, this
is due primarily to the decrease of the electron current. For
larger By0, the effect of the ion current decrease also
becomes important.

6. Basics of the PIC Model

[31] The analytical results presented above have been
compared with those from self-consistent PIC simulations.
On this purpose, we developed 1D3V numerical model
with one spatial and three velocity coordinates. The general
assumptions of this model are identical to those discussed
in section 4. The only difference with analytical model is
that electrostatic effects were not taken into account in PIC
model. Therefore we consider below only ion-dominated
sheets. We consider de Hoffman–Teller coordinate system
where the external electric field Ey is transformed to zero. Thus
in PIC simulation we jointly solve the stationary 1D3VVlasov
equation for protons and 1-D Ampere equation for magnetic
field: vz

∂f
∂ z þ e

mp
v� B½ �; ∂f∂v

� � ¼ 0; d Bx
d z ¼ m0 jy zð Þ. The mag-

netic field and current density in the CS are assumed to
have only one self-consistent component; that is, B zð Þ ¼
Bx zð Þ;By;Bz

� �
; j zð Þ ¼ 0; jy zð Þ; 0� �

; By and Bz are constant.
Below and above CS, the magnetic field is constant:
B z≥Z0 ¼ Bx Z0ð Þ;By;Bz

� �
;B z≤�Z0 ¼ Bx �Z0ð Þ;By;Bz

� ����� . Here
Z0 is half of the model region size in Z direction, which is
much larger than current sheet half-thickness L. The bound-
ary values of the self-consistent component Bx are defined in
terms of their changes across CS DBx = Bx(Z0) � Bx(�Z0);

Figure 8. Profiles of electron current and total current density in TCS for different values of the sheared
magnetic field: (a) cross-tail profiles of electron current for different By0 (format is identical to that in
Figure 6) and (b) maximum value of the total current density as a function of the By0 value.
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the change of the Pz,z component of the stress tensor DPz,z =
Pz,z(Z0)�Pz,z(�Z0) via the relationshipsBx(�Z0) = m0(DPz,z/
DBx) � (1/2)DBx follows from condition of the force bal-
ance along the Z axis: Pz,z(z) + |Bx(z)|

2/2m0 ≡ const.
[32] Current density and the stress tensor components are

defined by the formulae

j zð Þ ¼ e

Z
v f z;vð Þd3v;P i;k zð Þ ¼ mp

Z
vivk f z;vð Þ d3v:

The CS is supported by impinging plasma flows along
magnetic field lines from the boundary of the calculation
region toward its center. The input parameters of the model
are the constant magnetic field components Bz and By,
plasma flow velocity along magnetic field lines VD and ion
thermal speed VT of impinging ion flows from magneto-
sphere plasma mantle, and also the jump DBx of magnetic
field component Bx across the sheet. The distribution func-
tions of ions in the impinging ion flows have the form of the
Maxwellian distributions:

f �ð Þ z; vð Þ ¼ f0 z; v; n �ð Þ; T ;VD

� �
¼ n �ð Þ

VT

ffiffiffiffiffiffiffi
2p

p� �3 exp � v� U zð Þj j2
VT

2

 !
ð14Þ

Indexes (+) and (�) signify ion flows, correspondingly, from
the northern and southern sources, n(�) are corresponding
plasma concentrations, T is the ion temperature and VT is
the thermal speed of ions, while U zð Þ ¼ �zVDb zð Þ= zj j is
the average flow velocity along the unit magnetic vector
b zð Þ ¼ B= Bj j. The distribution function of ion flows at the
boundary f0 z; v; n �ð Þ; T ;VD

� �
is sampled using the generation

of 3 ⋅ 217quasi-particles per second in the incoming flow.
Under such conditions, the instantaneous number of particles
in the system is about 1.5 ⋅ 108. For these calculations,
we consider the following parameters: DBx = 40 nT,
Bz =D Bx/20 = 2 nt, T = 4 kev, VT ≈ 619 km/s, VD = 2VT, and
seven values of By = 0, 0.5, …, 3 nT with a step 0.5 nT.
The half of the system size Z0 was taken as Z0 ≡
RE = 6400 km (Z0 ≫ L; L ≈ 0.1 RE), step of the space grid
is h = RE/512 = 12.5km. We note that for received in the
simulation concentration value n ≈ 0.25 cm�3 the electron
skin depth le ¼ c=wpe takes the value le ≈ 10 km, and
electron Debye length lDe for the characteristic tempera-
ture Te = 0.5 kev takes the value lDe ≈ 0.3 km, that is
smaller than the step of the space grid h. Also we note that
in the magnetic field B ≈ 20 nT at the boundary of the CS
cyclotron radius for protons and electrons take the values
Rci ≈ 322 km and Rce ≈ 2.7 km, respectively.
[33] In order that self-consistent simulation should rapidly

converge toward a stationary configuration, the simulation
was performed in two stages. In the first stage (the so-called
“self-consistent tracing” of macroparticles from the boundary
of the simulation region), a nearly equilibrium TCS config-
uration was obtained, which served as the initial condition
for the self-consistent simulation in the second stage.
[34] The self-consistent tracing was performed as follows.

For the chosen set of input parameters, the initial magnetic
field was specified. From the sources located close to the
boundaries |z| = 1.5Z0 of the system, macroparticles

simulating the distribution function in plasma flows were
launched. For each macroparticle its trajectory was calculated
until the macroparticle left the simulation region {|z| < 1.5Z0}.
After each time interval t0 (in present runs t0 = 1/512 s) a
macroparticle was “weighted”; that is, its contribution to the
grid arrays was calculated using the fourth-order PQS
weighting. In result ion’s concentration n(z), current density
j zð Þ and stress tensor P̂ zð Þ were calculated at the grid points.
After this the self-consistent magnetic field component Bx(z) in
the next approximation were calculated. The calculations were
performed until the iterative process converged, that is, until
the relative change in the self-consistent magnetic field in
successive iterations became sufficiently small.
[35] The second stage is the self-consistent numerical

simulation using the implicit iterative scheme of the joint
solution of the 1-D Ampere equation for the magnetic field
and the Lorentz equations for macroparticles, and the adequate
implicit algorithm for calculating the particle trajectories. In
the case of a rather strong magnetic field, this algorithm is
much more efficient that the “leap-frog” algorithm. This
approach allowed us to use about 200 millions of model
particles. Owing to the first stage, the equilibrium TCS con-
figuration in the second stage was established rather rapidly
and this equilibrium satisfied with enough good accuracy
the magnetostatic equation divP̂ zð Þ ¼ j zð Þ � B zð Þ½ � , which
yields the following force balance equations along the X, Y,
and Z axes, respectively:

Px;z zð Þ� BzBx zð Þ
m0

≡ const; Py;z zð Þ ≡ const; Pz;z zð Þ þ Bx zð Þj j2
2m0

≡ const:

7. PIC Model Results

[36] Figure 9 shows the profiles of current density jy(z)
(at left) and plasma concentration n(z) (at right) for By = 3 nT
as obtained from PIC simulations. The contribution from the
northern source is indicated by the red line while that from
the southern source is shown by the blue line. The total
profile is shown by the black line. It can be seen that particles
coming from the southern side can cross the TCS region
without significant scattering and support the “classical”
shape of current density profile with a single strong maximum
in the center. In contrast, ions originating from the northern
side of TCS are strongly scattered and become trapped in the
TCS region. Correspondingly, the net current that they con-
tribute is significantly reduced. More specifically, the current
produced by these “Northern” Hemisphere–originating par-
ticles is characteristic of the trapped population current. It
exhibits a negative excursion in the center and two positive
maxima at the TCS periphery. This effect is clearly notice-
able in Figure 9a where the red line corresponds to the current
density of protons from the northern source. Figure 9 also
reveals some deflection of the current plane from its initial
position owing to small changes in TCS balance. These
changes of TCS balance and deviation of TCS equilibrium
position can be explained by the “north-south” asymmetry of
plasma density as displayed in Figure 9b.
[37] Figure 10 shows profiles of (Figure 10a) magnetic

field, (Figure 10b) current density, and (Figure 10c) plasma
density for different values of guiding field. The various
effects discussed above, namely, CS thickening, decrease of
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the current density magnitude, and asymmetry of profiles
depending upon By, can clearly be seen in Figure 10. On the
whole, PIC numerical results are thus in a good agreement
with the analytical model described in section 5. Both

analytical and PIC results confirm that, in the case jx = jz = 0,
thin current sheets are strongly influenced by the external
magnetic shear. This shear clearly affects the particle
dynamics and leads to an asymmetry of particle scattering

Figure 9. Profiles of (a) current density jy(z) and (b) plasma concentration n(z) obtained by numerical
simulation of TCS sheared equilibrium for By = 3 nT. The contribution from the northern source is shown
by the red line, that from the southern source by the blue line. The total profile is shown by the black line.

Figure 10. Profiles of (a) magnetic field component Bx(z), (b) current density jy(z), and (c) plasma den-
sity n(z) obtained by numerical simulation for relative values By/Bz = 0, 0.5, 1.0, 1.5 (corresponding to the
dashed black, red, blue, and green lines, respectively).
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in the north-south direction. Conversely, the asymmetry of
ion scattering leads to the formation of asymmetric profiles
of self-consistent current density and corresponding mag-
netic field. The guide field also yields an effective thickening
of the TCS profile.

8. Comparison of Models and Spacecraft
Observations

[38] Finally, we briefly compare the above model results
with Cluster observations in Earth’s magnetotail. One of the
main results obtained above is the decrease of the jy ampli-
tude with the increase of By (see Figure 8b). To further
investigate this outcome, we use the statistics of 70 horizontal
TCS crossings by Cluster in 2001, 2002 and 2004. The list of
these crossings together with the main TCS parameters can
be found in the work of Artemyev et al. [2011]. For each TCS
crossing, we determine the amplitude of the current density
j curl ¼ ey c=4pð Þ rotB and the ratio By/Bz in the central region
where |Bx| < 5 nT. All current sheets from our statistics rep-
resent the relatively fast (duration less than 10 min) crossings
of thin current sheets (thickness about one to three proton
Larmor radius; see details in the work of Petrukovich [2011]
and Artemyev et al. [2011]). During these crossings Bz
component varies weakly and the averaged value of Bz can
be considered as relatively reliable parameter. Details of this
technique can be found in the work of Runov et al. [2006],
Artemyev et al. [2008], and references therein. Then, we plot

the averaged value of jcurl corresponding to the given value
of By/Bz as shown in Figure 11a. In Figure 11a, one can
clearly see that the growth of By/Bz goes together with a
decrease of amplitude jcurl in agreement with the above model
predictions. Further comparison of the theoretical results with
in situ measurements (this comparison has exclusively qual-
itative character here) is presented in Figure 11b where all
current densities are normalized to their largest values. His-
togram of the normalized to maximum current density values
Cluster data (filled by gray color) is shown together with the
normalized results from the PIC model (blue line with
crosses), from the semianalytical model (red line) and from
analytical estimates for electron currents in section 5 (green
line). Figure 11b is in agreement with the above analytical
considerations, where one expects a fast decrease of the
current density maximum owing to the decrease of the elec-
tron current (green line) in the presence of a growing values
of guiding field. This effect is not accounted for in the ion
PIC model, the corresponding blue line demonstrates very
weak dependence from guiding field. At large values of
guiding field when electron currents become negligibly
small the current density continues to decrease because of
enhanced ion trapping near current sheet. As we mentioned
above, contrary to Speiser’s ions, quasi-trapped ones do not
carry significant cross-tail current. Thus the results of ana-
lytical model taking into account electrostatic effects dem-
onstrate (red line) the domination of electron-related effect
of current density decrease at smaller By values and slower

Figure 11. Maximum values of current density versus values of sheared magnetic field. (a) Current
density amplitude jcurl obtained from Cluster via the curlometer method as a function of the By/Bz ratio
(standard deviations are also shown). (b) Identical to Figure 11a but showing the current density
Jnorm(By/Bz) normalized to 1 for comparison with normalized results of the semianalytical model (red line)
in Figure 8b, PIC model (blue line with crosses) in Figure 10b, and analytical estimate for electron currents
from section 5 (green line).
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ion-related dependence at larger values of guiding field.
One should notice that the role of electron currents in thin
current sheets in the presence of guiding field is some-
times difficult to identify in Cluster observations because of
insufficient space resolution of spacecraft. Still, a decrease of
the current density maximum in sheared magnetic fields is
clearly noticeable in both theoretical estimates and in situ
measurements.

9. Conclusion

[39] We have developed two models (semianalytical and
numerical) of anisotropic magnetotail current sheet, taking
into account the presence of a finite guide component By of
the magnetic field. The following conclusions can be drawn
from these models:
[40] 1. TCS equilibria can exist in the presence of externally

driven magnetic shear. The electron curvature current in the
center of TCS decreases as je � (1 + (By0/Bz0)

2)�1 owing to
the local increase of the field line curvature radius by
magnetic shear.
[41] 2. Ion current profiles conserve the general topology

and characteristic serpentine feature near the TCS center.
Still, in the presence of an external By component, serpentine
trajectories are more tangled. As a result of these changes in
particle dynamics, the TCS thickness becomes substantially
larger and depends upon the value of By.
[42] 3. Ion reflection coefficients after interaction with

TCS are different for northward and southward propagation
when By0 ≠ 0. Reflection coefficient for particles originat-
ing from the Northern Hemisphere does not change for the
case By ≠ 0, but the coefficient for Southern Hemisphere–
originating particles decreases �1/By value. As a result, the
profile of plasma density becomes slightly asymmetric owing
to enhanced diamagnetic currents in the more populated
northern region. Simultaneously, a new force balance leads
to TCS deflection away from the center plane (assumed at
z = 0 for By = 0).
[43] 4. A qualitative agreement is obtained between the

modeling results and experimental data based on Cluster
TCS statistics in Earth’s magnetotail.
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