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Abstract. We study the kinetic structure of intense ion-scale the evolution of the magnetotail configuration (see, e.g.
current sheets with strong electron currents and the guid&ergeev et al.1993 2012 Baker et al. 1996. The local
field having a bell-shape profile. We consider four crossingsstructure of the magnetic field in the CS can be usually de-
of the Earth magnetotail current sheet by the Cluster missiorscribed asB = Bgtanh(z/L)e, + Bye, + B e, (the GSM co-
in 2003. The thickness of these current sheets is about the ioardinate system is used), wheleis the CS thicknessBg
inertial length and significantly smaller than the characteris-is the magnetic field at the CS boundary, shear (or guide)
tic ion gyroradius. We analyze the asymmetry of the electronB, and perpendiculaB, components are generally uniform
velocity distribution functions and show that the electron cur- across the CS and significantly smaller ttig
rent is provided by the small electron subpopulation inter- The Cluster mission has substantially advanced the un-
preted as an electron beam or two counter-streaming eleaderstanding of the CS structureRynov et al. 2006
tron beams. The beam (counter-streaming beams) has a bulkkrtemyev and Zelenyi 2013 and dynamics Nakamura
velocity of the order of the electron thermal velocity and et al, 2006 Baumjohann et al.2007). Asano et al(2005
a density (difference of beam densities) of about 1-5% ofandRunov et al(2006 have shown that the CS structure of-
the plasma density. To describe the observed current sheeten cannot be described by the Harris moditartis 1962).
we develop a kinetic model with particle beams. The modelOn contrary the CS is embedded into the thick plasma sheet
predicts different thickness of the current sheet for different(McComas et a).1986 Petrukovich et a).2011). The CS
types of current carriers (one electron beam or two counterthickness is often about several ion thermal gyrordgiiirfov
streaming electron beams). The observed ion-scale curremt al, 2006. The current is frequently provided by electrons
sheets can be explained assuming that the current is carrigdisraelevich et a).2008 Artemyev et al. 2009.
by one electron beam and a co-streaming ion beam. Although The results obtained by the Cluster mission have stim-
the ion beam does not carry a significant current, this beam isilated the development of kinetic CS models (see review
required to balance the electron current perpendicular to théy Artemyev and Zelenyi2013. Sitnov et al.(2000 and
current sheet neutral plane. The developed model explainZelenyi et al.(2000 have developed a 1-D thin CS (TCS)
the dominance of the electron current and the ion scales omodel assuming that the current is provided by transient
the current sheets. (or Speiser) ionspeiser 1969. In contrast to 2-D mod-
els with an isotropic pressure tens@&irf et al, 2004 Yoon
and Lui 2005 Nickeler and Wiegelmani201Q Vasko et al.
2013 in the TCS model the magnetic field tension along the
x axis is balanced by the ion pressure anisotrdfgstwood
1972 1974). Detailed comparisons with spacecraft obser-
1 Introduction vations have shown that the TCS model well describes the
CS structure Artemyev and Zelenyi2013. The observed
The current sheet (CS) is a critical element of the Earthdominance of the electron currensr@aelevich et a).2008
magnetotail Ness 1965 1969, where charged particle Artemyev et al.2009 is explained by the Hall effect caused
acceleration and magnetic field energy dissipation occumby the earthward electrostatic fieldglenyi et al, 2010. The
(Birn et al, 2012. Moreover, the CS dynamics determines
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1350 I. Y.Vasko et al.: Thin current sheets with strongB,

corresponding cross-field drift decreases the ion current an@ Observations
increases the electron one.

Until recently, observations have been focused on CSdVe consider four CSs (referred to as CSs nos. 1-4) ob-
with a small shear componest,. On the other hand, Clus- served by the Cluster mission in 2003 on the following
ter data have shown the presence of CSs with a strong shedates: 24 August (18:43:00-18:43:15), 27 August (18:53:15—
component B, ~ Bg) having uniform §hen et al.2008a 18:54:10), 19 September (22:38-22:39) and 24 September
Rong et al,2012 or bell-shapeNakamura et a]2008 Rong (14:21-14:24). The detailed analysis of CSs nos. 1-4 can be
et al, 2012 Artemyev et al.2013 Grigorenko et a].2013 found in the paper byArtemyev et al.(2013 (called fur-
profiles. Due to the stron@, the current has a significant ther paper AA2013). Before analyzing electron distribution
field-aligned component. For CSs analyzed 3fyen et al.  functions we present an overview of CS no. 4. The follow-
(20083, Nakamura et al(2008, andArtemyev et al(2013 ing data from the Cluster Active Archivenitp://caa.estec.
the current is generally provided by electrons. The particu-esa.int/cad/are used: FGM (fluxgate magnetometer) mag-
lar feature of CSs reported byakamura et al(2008 and netic field with 5Hz time resolutionBalogh et al. 2001),
Artemyev et al.(2013 is the CS thickness of about several CIS (Cluster ion spectrometry)/CODIF (composition and
tenths of the characteristic ion gyroradius. distribution function) proton momentfk€me et al.2001),

Artemyev (2011 has generalized the TCS model to take PEACE (Plasma Electron and Current Experiment) electron
into account the strong bell-shags. The model assumes moments Johnstone et gl1997). We use measurements of
that ion beams are the main current carriers and predicts the PEACE-HEEA (high energy electron analyser) sensor to
CS thickness of about several ion thermal gyroradii. Thus,obtain electron moments and distribution functions. We have
the TCS model is incapable of describing the CSs reportedlso checked that PEACE-LEEA (low energy electron anal-
by Nakamura et al(2008 andArtemyev et al(2013. First, yser) sensor give similar values for electron bulk velocities in
the model does not explain the dominance of the electrorall investigated CSs. Electron moments (densifytemper-
current. In contrast to CSs with smal, the current in CSs  atureTe, bulk velocitywve) and electron distribution functions
with strong B,, is unlikely due to the Hall effect, since the are provided by C2, while ion moments (temperatréulk
current is generally field-aligned. Second, the thickness ofvelocity v;) are provided by C1. We assume that the electron
the observed CSs is by an order of magnitude smaller thamlensity is equal to the plasma density.
predicted by the TCS model. Thus, these CSs differ from CSs
with small B, having ions for the main current carriersand a 2.1  Overview of CS no. 4
thickness of about several ion thermal gyroradii.

The present paper aims at the understanding of the kiFigure la—c present magnetic field profiles for CS no. 4.
netic structure of CSs reported bjakamura et a{200§ and ~ The shear componem®, is ~ 30nT so thatB, is unlikely
Artemyev et al(2013. We consider two questions. (1) What due to the IMF (interplanetary magnetic fieldyajrfield,
is the origin of the field-aligned electron current from the ki- 1979 Petrukovich2011). The particular feature presented in
netic point of view? (2) What determines the spatial scaleFig. 1d is a weak variation of the magnetic field magnitude
of the CS? We analyze electron distribution functions to ad-|B| = (B2 + B2 + B2)Y/2 across the CS. The magnetic field
dress the first question, and develop an analytical model tanagnitude is within the range from 26 to 32 nT. The plasma
address the second question. We note that CSs analyzed lpyessureg = ne(Te+1;) shown in Fig.le is within the range
Nakamura et a2008 andArtemyev et al(2013 have been  from 0.2 to 0.3 nPa, i.epg varies weakly as well. The mag-
observed in 2003, when the Cluster spacecraft separation wawetic field in magnetotail IobeBéXt = B2+ 8mpo is gener-
suitable for observation of CSs with a thickness of aboutally constant in agreement with the vertical pressure balance
300km. These CSs represent only a subclass of CSs withcross the CS. On averafigy: is about 38 nT. Panels d and e
strongB,. The separate study is required for thicker CSs ob-indicate that the observed CS is almost force-free suggesting
served byRong et al (2012 andGrigorenko et al(2013 in the presence of a significant field-aligned current. Fidlfire
other periods of the Cluster mission. presents the current density determined via the curlometer

The paper is organized as follows. In Seztve analyze technique Chanteur 2000, while Fig. 1g presents field-
the structure of electron distribution functions. In S&ave alignedj; = jB/|B| and perpendiculaf, = |j — j;B/|Bl||
develop the analytical kinetic model and compare it with thecomponents. The field-aligned component does actually ex-
Artemyev(2011) model. In Sect4 we compare Cluster ob- ceed the perpendicular component by a factor of 5.
servations with our model. In Se&we summarize and dis- The study of the CS in the local coordinate system
cuss our results. (I,m,n) allows us to find out whether the CS can be lo-

cally considered as a 1-D structure. We determinen, n)
following Runov et al.(2009: vector! is along the maxi-
mum variance direction determined by the MVA (minimum
variance analysis) metho&¢nnerup and Cah]lL968; vec-

tor m is along the average current density direction and is
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Figure 1. CS observed by the Cluster on 24 September 2(83(b), (c) magnetic field components observed by four Cluster spacecraft;
dashed lines mark the interval used to determine the local coordinate sysiem); (d) the magnetic field magnitude in the barycen®@y

and in the magnetotail lobe&&eyt; (€) the electron density and the total plasma presgyre ne(Te + T)); (f) the current density determined
using the curlometer techniqug) current density components parallel and perpendicular to the magnetic(fielimagnetic field and
current density in the local coordinate systéimm, n); (j) field-aligned components of the curlometer, ion and electron current densities.

perpendicular to vectol; vectorn =1 x m completes the Figurelh, i show that CS no. 4 can be considered as a 1-D
right-handed system. We use the data within the interval in-structure with variations oB; and B,, along vectom. Fig-
dicated in Figla—c and find that =[0.91,0.37,0.14], m = ure 1j presents the field-aligned components of curlometer,
[—0.38,0.91,0.1], andn = [—0.1, —0.15, 0.98]. Figurelh, i ion and electron current densities. The latter are determined
present the magnetic field in the Cluster barycenter and th@senev; and—eneve, respectively. The curlometer current is
curlometer current density in the local coordinate system.generally described by the electron current.

The magnetic fieldB; has the classical profile with a value  Thus, CS no. 4 is an almost force-free electron-dominated
Bo~20nT at the CS boundary. The shear comporgnt  1-D CS. CSs nos. 1-3 have similar properties being however
has the bell-shape profile beirg22 nT at the CS boundary partially force-free (see paper AA2013). The thickness of
and~ 32 nT in the neutral plang3 ~ 0). The magnetic field CSs nos. 1-4 is about 300 km, that is only about one tenth of
B, is~ 4 nT and uniform across the CS. There are two majorthe characteristic ion gyroradius. The characteristic plasma
current density componenjsand j,, having asymmetricand  density for these CSs s 0.15cnT 2 so that the CS thick-
symmetric profiles relative to the neutral plane, respectively.ness is about the ion inertial length (see paper AA2013).
The current density, is significantly smaller thagy, and ,,.
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2.2 Electron distribution functions ~ 0.01cnT2 or equivalently about 6% of the plasma den-
sity in reasonable accordance with the previous estimate.
The regions with the positive phase densities may also cor-
In CSs with smallB, the current is in the dawn-dusk di- respond to two counter-streaming electron beams. In this sce-
rection and is generally perpendicular to the magnetic fieldnario the regions with positive phase densities arise due to
(Runov et al. 200§. Theory predicts that the electron cur- different densities of the beams. The bulk velocities of the
rent is due to the drift motion of the whole electron popula- beams should be approximately equal, since otherwise the
tion, so that the electron distribution functigig(v) is shifted region with positive phase densiti&gv,) and D(v,) would
along thev, axis. The distribution function remains symmet- pe observed at both sides with respeci,te= 0 andv, = 0.
ric with respect to the drift velocityyy, = vp. Given that the Figure 2 also presents the analysis of the asymmetry of
drift velocity is significantly smaller than the thermal veloc- the electron distribution function in CSs nos. 1-3. The first
ity, vte ~ 16 000 1%/2 kms! (Te is in keV), the distribution  column presents the distribution functions owgrand vy,
function should be practically symmetric even with respecti.e. [ fe(v)dv,dv, and fe(v)dv,dv,, observed at some dis-
tov, =0. tance from the neutral plane in CS no. 1. The regions with

There are two scenarios for the formation of almost positive phase densitig®(v,) and D(vy) can be seen. The
field-aligned electron current in CSs with stromy. In second column presents the distribution function ayenb-
analogy to CSs with smaB, the current may be provided served in CS no. 2 near the neutral plane and the distribution
by the field-aligned flow of the whole electron popula- functions overv, observed farther from the neutral plane.
tion, so that the distribution function remains symmetric The regions of positive phase densiti2év,) andD(v,) are
with respect to the bulk velocity. On the other hand, the present again. The third column shows that there is a small
current may be provided by a small subpopulation of asymmetry of the electron distribution function in CS no. 3.
electrons (i.e. electron beam/beams). Then, the distributiomhus, the distribution functions in CSs nos. 1-3 have the
function becomes in principle asymmetric. To determinedasymmetry similar to the one observed in CS no. 4. The
the asymmetry of the distribution function with respect current density profiles presented in FR).and the elec-
to v, =0 and v, =0 one can consider phase densitiestron temperatures and densities presented in Table 2 in pa-
D(vy) = f (fe(vx, vy, Uz) — fe(—vx, vy, vz))dvydvZ and per AA2013, allow to estimate the beam density (difference
D(vy) = [ (fe(vy, vy, v2) — fe(vx, —vy,v;))dv,dv,.  The  of beam densities). We have found that in CSs nos. 1-3 the
regions where phase densitiBgv,) andD(v,) are positive  beam density (difference of beam densities) is about 5.3, 3.7
correspond to the subpopulation providing the current. and 1.3 % of the plasma density, respectively.

Figure2 presents the analysis of electron distribution func-  Thus, the current in CSs nos. 14 is provided by a small
tions. Four columns correspond to CSs nos. 1-4. The two upsubpopulation of electrons. The present analysis does not
per rows present magnetic field and curlometer current denshow whether this subpopulation is formed by one electron
sity profiles. First, we consider the electron distribution func- beam or two counter-streaming electron beams with approx-
tions in CS no. 4 (the last column). The distribution functions imately equal bulk velocities. In the next section we develop
have been measured in points 1, 2 and 3 indicated in théhe simple analytical CS model demonstrating that the CS
upper panel. Point 2 is located in the neutral plane (wherghickness turns out to be different for these alternative sce-
Jy has maximum), while points 1 and 3 are located farthernarios.
from the neutral plane (wherg, # 0). Therefore we ana-
lyze the distribution function/” fe(v)dv,dv, in point 2 and
the distribution functions/ fe(v)dv,dv, in points 1 and 3. 3 The analytical model
The three lowest panels present the corresponding distribu-
tion functions. The blue regions corresponding to positiveWe consider a magnetoplasma structure with the magnetic
phase densitieB (v,) andD(v,) show that the electron dis- field
tribution function is asymmetric with respect tg =0 as
well asv, = 0. B = Bogsin(kz)e, 4+ Bocoskz)ey + B:e;. Q)

The regions with positive phase densitiésv,) and
D(vy) may correspond to an electron beam streaming alondlinetic models of such structures have been developed to de-
the magnetic field with a bulk velocity of the order of the scribe large-amplitude circularly polarized electromagnetic
thermal velocityvte. The beam density is proportional to the waves in magnetized plasm8gll, 1965 Lutomirski and
area of the blue filled region. An estimate of this area showsSudan 1966 Sonnerup and SU967 Vasko et al. 2014.
that the beam density is about 5 % of the plasma density. Al-The half periodkz € [—7/2, /2] of this structure shown
ternatively, the beam density can be estimated gg/evTe, in Fig. 3 represents a force-free 1-D CS with a bell-shape
i.e. we have taken into account that the beam provides mosB,. Self-consistent kinetic models allow to determine the
of the current. In CS no. 4 we havg ~ 40 nA m2, Te~ CS thicknesg. = k1 for specified particle distribution func-
2keV andne ~ 0.15cnt 3 resulting in a beam density of tions.
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Figure 2. The analysis of electron distribution functions observed in CSs nos. 1-4. Four columns correspond to CSs nos. 1-4, respectively.
The first and second rows show profilesladind m-components of the magnetic field and the curlometer current density. The lower rows
present electron distribution functiorfsfe(v)dv,dv; or [ fe(v)dvydv, at points indicated with arrows in the first row. In each panel the

true distribution function normalized over its maximum value is shown by crosses. Circles present the reflection of one of the wings of the
distribution function with respect to, = 0 or v, = 0. The difference of the true distribution function and the reflected part is indicated by

the blue filled region.
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1354 I. Y.Vasko et al.: Thin current sheets with strongB,

We develop these models and obtain estimates of the CS
thickness choosing particle distribution functions in the sim-
plest form.

3.1 Electron-scale electron-dominated CSs

B/B,

Let us assume that the current s carried by electrons. The ion
distribution function is chosen ag = fi(W;). The electron
distribution functionfe = fe(We, Ie) is an arbitrary function.

For illustration we choosg; in the simplest form:

sy le+ W, s_Ie+ W,
fe=Crexp| 25— |+ C_exp| ——5— ).
2u4 2u

kz/n

Figure 3. The magnetic fieldX), where for the illustration we have  wheres.., C+, u4 are constant parameters. This distribution
assumedB;/Bo = 0.5. The half period corresponding to the CS function can be written as a sufn= f, + f_ of distribution
with bell-shapeB, is marked. functions of two Maxwellian beams:

_ne(l4ss) (v, —v2)? (v —v1)?
In the absence of electrostatic fields the particle dynamicsfjE o (2nu2 )3/2 B 213 B 203 (1+s5:0)1 |

in the magnetic fieldX) can be described using three inte- *

grals of motion. We assume that there is no electrostatic fieldvhere ny, 1+ are beam densities and thermal velocities,

in a rest frame and show in Appendix that the exact chargewhile the bulk velocity is determined as

neutrality may be actually satisfied. The adequacy of this as-

sumption from the point of view of observations is discussedy,_, — s, <52y, = 5% eBL )
in Sect.5. The integrals of motion are the particle energy mek 1+se mek
W, the generalized momentum,, and the helical integral The constant parametess satisfy the following inequal-
I, (Bell, 1969 conserved due to the helical symmetry of the jty 5, > —1, since otherwise the distribution function does
magnetic field {): not decrease at infinity. We assume thatis positive so

2 2 that £, describes the beam streaming from the southern
Wo =v] +v; lobe to the northern lobe. On the other haifd, describes

. Ga By Q the counter-streaming beam required to balance the current

Pya=vy+ myk 8k along thez axis, i.e. to satisfy conditior2}. This condition

Q, GuB. 2 impli_es thatn v,y +n_v,_ = 0 and results in the following
Iy =2—uv, + (vL + ) , relation:

k myk

n_s_+ nys4 = 0 (4)

wherea = i, e corresponds to ions and electrogg, m, are
particle charges and massgs£ —ge = ¢), Q4 = go B;/mg
is the particle gyrofrequency,; =v,e, +vye, andB | =
Bye, + Bye,. To develop a stationary model, the particle | n4St n_s_\ B
distribution functions are chosen as functions of the inte-/+ =~ <1+s+ 1+s_>

grals of motion. Sincep, , depends on the coordinate ] N )
the distribution functions for 1-D CS should be chosen as USiNd Eq. ) and beam velocities,. = |v.| determined
fu = fa(We, Iy). In the Appendix we show that distribu- by Eq. B) we faxclude parametess. from the latter expres-
tion functions of this general form allow developing a self- Sion and obtain

consistent model of the magnetoplasma structure with the. wﬁ B (nivy —n_v_)?

magnetic field {). The distribution functiong,, should sat- J1 = ’k 5 ,

isfy only one condition: "pU+V-

The net current density provided by both beams is

mek '

wherenp =ny +n_ is the density of both beamsgy, e =
> o / v, fadv =0, (2)  (npe?/meco)Y? is the beam plasma frequenay (s the di-
a=i,e electric permittivity of vacuo). Finally, the Ampere equation
rot B, = uoj1 (1o is the permeability of vacuo) allows to

implying the absence of the current along theis in accor- determine the CS thickness:

dance with the magnetic field configuratid).(
The particular choice of particle distribution functions al- _ ¢ np(vyiv_)?
: . L=f1=_" "0+ (5)
lows to develop models of electron- and ion-dominated CSs.™ = " wpelnivs —n_v_|’

Ann. Geophys., 32, 13491360 2014 www.ann-geophys.net/32/1349/2014/
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where ¢ = (eono) Y2 is the speed of light. Thus, the CS By|,—. o = Bo, By has a bell-shape profile with a constant
thickness scales as the inertial length of electron beams andalue at the CS boundary, i.B,|;_, - = const, and magnetic
depends on the bulk velocities of the beams. The estimatéield lines are assumed to be stretchBd Bg. In the TCS
of the CS thickness can be also expressed in terms of chamodel the current density is carried by counter-streaming ion
acteristic electron gyroradipn. = vime/eBg (note that this  beams. The ion population is assumed to be unmagnetized
electron gyroradius depends on the electron bulk velagity and the ion dynamics is described using quasi-adiabatic in-
rather than the thermal velocity. and could be called for variant Blichner and Zelenyil989. The electron popula-
the sake of brevity a “beam gyroradius”). Equati@ ¢an  tion is magnetized and is described in the frame of the MHD
be written in the following form: (Magnetohydrodynamics) approach.
Sq In contrast to the TCS model the magnetic field in our
l+siL model is non-uniform atkz| > 7/2 (see Fig.3) and B, is
zero at the CS boundarikz| = n/2. At the same time in
We exclude parametets. using Eq. 4) and obtain the  poth models the current is provided by counter-streaming
following estimate of the CS thickness: ion beams. Thus, the TCS model and our model are simi-
PP lar from the kinetic point of view. Moreover, both models
m~ (6) predict the CS thickness of the order of the ion beam inertial
length or the ion gyroradius. In contrast to the TCS model, in
Comparing estimatess) and @) we find that the elec- our modelB, has an arbitrary value with respect Bg and
tron inertial length can be expressedcdsn e = (o4 p_)Y2. the electron population is taken into account in the frame of
Thus, the CS thickness scales as the characteristic electrahe kinetic approach. Therefore, the developed model com-
gyroradius as well. In the particular case of equal bulk veloc-plements the TCS model and allows to extend estimates of
ities of beamsy; ~v_, p4 = p_, and different densities, the CS thickness for the case where the dominant current is

pr==%

L=

n_ —ny = Anp, We obtain carried by the electron population.
L= ()= p, 2 3.3 lon-scale electron/ion-dominated CSs
wp,e \ Anp Anp

We have assumed heretofore that the current is provided
by counter-streaming electron or ion beams. The counter-
treaming beam is required to satisfy E2). (Alternatively,

g. () can be satisfied assuming the presence of one electron

We can easily take into account the presence of back
ground ions and electrons with distribution functiofis=
fo(Wy). The background plasma does not contribute to the>
current and hence does not influence the estimate of the C T X L
thickness. The density of background populations is uniform. eamanda co_—gtreamlng ion beam. In th'sf subsection ion and

Denoting the total plasma density (beams plus backgroun(?IeCtron quantities are denoted by subsceipie.g.m,. and

plasma) byne we write the estimate of the CS thickness in m_ correspond to ion and electron masses). To develop an il-
lustrative model we choose electron and ion distributions as

the form . -

12 above in the form of Maxwellian beams:

¢ (npne)
L=— J @) ne(1+s4) (v: —v;1)? (vi —vg)?
a)pve Anb fi = X - - )
| (2nu3)¥? 7 2ud (st

where wp e = (nee?/meeg)V/? is the electron plasma fre-
quency. where bulk velocities are

. . B, B
3.2 lon-scale ion-dominated CSs Vgt = FS+ i Ve =7F L

mik 1+s4 myk

In analogy we develop the model of an ion-scale ion- Densities:. of ion and electron beams do not necessarily

dominated CS. The electron distribution function is cho- coincide. The exact charge neutrality may be reached by in-
sen asfe = fe(We). Assuming the ion distribution function clusion of background ion and electron populations with ap-

fi(Wi, I) in the from of two counter-streaming Maxwellian propriate densities (note that densities of background popu-
beams we obtain an estimate of the CS thickness similar tgations with distribution functiong,, = f,(W,) are uniform

the previous section (electron parameters should be replace@ee Appendix)).

by ion ones). In particular case, ~ v, the CS thickness Equation ) results in the following relation:

is determined ag = p (np/Anyp), so that the CS thickness

scales as the ion beam gyroradius. nysy/my+n_s_/m_=0. (8)

It is instructive to compare this model with the TCS
model developed byrtemyev (2017). In the TCS model
the magnetic field iB = B, (z)e; + B,(z)e; + B:e;, where ) e’B) nys, S_—s4
B.(—z) = —B\(z2), By is uniform at the CS boundary, i.e. /L =77 my (L+sp)(Lts_)

The net current provided by electron and ion beams is

www.ann-geophys.net/32/1349/2014/ Ann. Geophys., 32, 13436Q 2014
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Using Eq. 8) and the expressions for beam bulk velocities

v+ = |v+| we exclude parametess from the latter expres-
sion and obtain

EZBJ_
k vyv_(myn_+m_ny)
In realistic situations we haveiyn_+m_ny ~myn_

(nyvy —n_v_)?

ji=-

I. Y.Vasko et al.: Thin current sheets with strongB,

In the presence of two counter-streaming electron beams
with coinciding bulk velocities and different densities the CS
thickness is determined by Eq)(According to Sect2.2we
haveAny ~ 0.01ne for CS no. 3 and\np ~ (0.03— 0.05)n¢
for CSs nos. 1, 2, 4. Therefore, for CS no. 3 we have

L ~ 100(np/ Anp)*? km,

and obtain the following estimate of the CS thickness:
< (ngven_v_)¥? while for CSs nos. 1, 2, 4 we have
pj [nyvy —n_v_|’ L ~ 5001/ Anp) M2 km.
wherewyp j = (n4e?/m ¢o) is the ion beam inertial length.
For electron-dominated CSs we havev_ > n v, and the

CS thickness is

1/2
C nyv
L~ [ 1 ,

Wp,j \N—_V_

In Sect.2.2 we have determined the difference of beam
densitiesAnp, while the total density of the beamsg could
not be determined. Observations show that the thickness
of CSs nos. 1-4 is about 300 krAremyev et al. 2013,
so that our estimates are in agreement with observations if
while for ion-dominated CSs, vy > n_v_, we have np ~ 10Anp ~ 0.1ne for CS no. 3 andiy, ~ 30Anp ~ ne for

1/2 CSs nos. 1, 2, 4. Thus, the presence of two electron beams
L~ <"‘v‘) . seems to be realistic for CS no. 3 and is quite unrealistic for
@h,i \N+V+ CSsnos. 1,2, 4.

In both cases the CS thickness scales as the ion beam iner- Let us assume that there is only one electron beam. To
tial length and depends on the relation between electron antlalance the electron current along thaxis one requires the
ion currents. presence of a co-streaming ion beam. It seems reasonable to

Taking into account the presence of the backgroundassume that the ion beam density is of the order of the
plasma the estimate of the thickness of the electron-€lectron beam density. Thus, the CS thickness of electron-
dominated CSs can be written as dominated CSs nos. 1-4 is determined by B3, (vhere

< (ne 1/2 vy 1/2 © according to Seck.2we haven, ~n_ ~ (0.01— 0.05n¢.
wp,i \n4 n_v_ ’

Then, the thickness of CSs nos. 1-4 is
wherew, ; = (nee?/migg)Y/? is the ion plasma frequenoye L~ 45— 10)L <n+v+)1/2
is the plasma density. The estima® éhows that the CS ' Wp,i \N_V_ ’

thickness is proportional to the ion inertial length multiplied

by two parameters_ The first parameter is |arger than unityNhere the ion inertial Iength for the characteristic denSity
and is determined by the ion beam density. For the beam derize ~ 0.15¢cnm3 in CSs nos. 1-4 is about 500 km. The ra-
sity of 1-5 % of the plasma density this parameter is within tio of electron and ion currents is not well-defined due to the
the range 4.5-10. On contrary, the second parameter is sma#mallness of the ion current. However, for a quite reasonable
due to the dominance of the electron current. If the electrorfatio of electron and ion current ranging from about 10 to
current is 10100 times larger than the ion current this pa-100 we obtain a CS thickness of the order of the ion inertial
rameter is within the range 0.1-0.3. Thus, for more or lesdength in agreement with the observations.

realistic parameters the CS thickness is of the order of the We conclude that the structure of CS no. 3 can be ex-
ion inertial length. plained by both scenarios (counter-streaming electron beams

or co-streaming electron and ion beams), while the structure
of CSs nos. 1, 2, 4 can be better explained assuming the pres-
ence of one electron beam and a co-streaming ion beam.

4 Comparison between cluster observations
and models

The asymmetry of the electron distribution function observeds Discussion

in CSs nos. 1-4 has been ascribed either to one or two

counter-streaming electron beams. Our model predicts thaiVe have analyzed the structure of CSs with stréhgre-

the CS thickness scales as the electron inertial length in caggorted earlier byArtemyev et al.(2013. The observation

of two counter-streaming electron beams and as the ion inef one similar CS has been presented Mgkamura et al.
ertial length in the case of one electron beam and the co{2008. The peculiar features of these CSs is the dominance
streaming ion beam. Thus, the comparison between observaf the electron current and the thickness of about the ion in-
tions and our model helps to understand the kinetic structurertial length (but only several tenths of the characteristic ion
of CSs nos. 1-4. gyroradius). We have answered both questions posed in the

Ann. Geophys., 32, 13491360 2014 www.ann-geophys.net/32/1349/2014/
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Introduction. (1) What is the origin of the field-aligned elec- TCS model the current is always assumed to be carried by
tron current from the kinetic point of view? (2) What deter- counter-streaming ion beamariemyey, 2011). The kinetic
mines the spatial scale of the CS? We have shown that thdescription of electron and ion populations is important for
electron current is provided by the electron beam (or beam®ur analysis, since the CS thickness can be determined only
for CS no. 3) streaming along the magnetic field with veloc- in the frame of the kinetic approach. Second, in the devel-
ities of the order of the thermal velocity and having density oped model thé8, component can be arbitrary large. On the
(difference of densities) of about 1-5% of the plasma den-other hand, the developed model is not sufficiently flexible,
sity. We have developed a simple analytical model demon-since the magnetic field has a specific prescribed configura-
strating that a co-streaming ion beam for CSs nos. 1, 2, 4ion (1). Thus, the development of CS models with strong
(or counter-streaming electron beam for CS no. 3) should beiniform/bell-shapeB, with a more flexible magnetic field
present. The ion beam is required to balance the electron cuconfiguration is required.

rent perpendicular to the CS neutral plane. The CS thickness In the developed class of models the densities of beams
predicted by the model is in agreement with observations. Weand background populations are uniform across the CS. We
have not analyzed the asymmetry of ion distribution func- have chosen these densities so that the exact charge neutral-
tions to prove experimentally the presence of co-streamingty is satisfied. As a result the plasma polarization does not
ion beams. In fact, the method of the asymmetry analysisoccur and the corresponding electrostatic field is absent. In
used in the present paper for electrons is not likely appropri-observed CSs the charge neutrality may be satisfied only ap-

ate for ions due to smallness of the ion current. proximately resulting in the appearance of the electrostatic
The CSs reported bilakamura et al(2008; Artemyev  field directed perpendicular to the CS neutral plane (approx-
et al. (2013 form only a subclass of CSs with strorRy. imately along the; axis). A sufficiently strong electrostatic

First, in these CSs the shear componBntas a bell-shape field violates the conservation of the helical integral. Thus,
profile (CSs with uniformB, profile have not been discussed our model cannot be straightforwardly generalized to take
in this paper). Second, these CSs are very thin (observed binto account polarization effects as in 1-D models of tangen-
Cluster in 2003) and hence very intense. Such thin and intial discontinuities B, = 0) (Yoon and Luj 2004 De Keyser
tense CSs are usually formed in the vicinity of the reconnec-and Echim 2013 De Keyser et a).2013. The development
tion region explaining the presence of electron and ion beamsf 1-D CS models withB, # 0, the bell-shap, and taking
reported in the present studghen et al(20080, Rong etal.  into account possible polarization effects presents significant
(2012, andGrigorenko et al(2013 have reported observa- interest. At the same time, such models could not be com-
tion of CSs with strong uniform/bell-shap®, with larger  pletely verified using currently available experimental data,
thickness. The investigation of properties of these CSs resince electric fieldE, is not reliably measured by the Cluster
quires a separate study. The model developed in the presespacecraft. Finally, we note that our model being rather sim-
study can be also useful for such analysis. plified describes well the magnetic field distribution and the
The kinetic CS models taking into account the presencestructure of the electron distribution functions in observed
of the guide field have been developed in nhumerous studie€Ss.
(Roth et al, 1996 Harrison and Neukirct2009 Panov et al.
2012, De Keyser and Echin?013 De Keyser et a).2013.
However, in these models the magnetic fiBlds zero, while
this component is always present in the Earth magnetotalil
There are only few kinetic models describing CSs with strong

6 Conclusion

The results of the present study are summarized below

uniform/bell-shapeB, and non zeraB,. Artemyev (2011 1. In the analyzed CSs the electron distribution function
andMingalev et al.(2012 have developed the TCS model has an asymmetric structure attributed to the presence
with strong bell-shapa&, and smallB.. The kinetic models of an electron beam (two counter-streaming electron
of CSs with strong unifornB, have not been developed yet. beams) with a bulk velocity of the order of the thermal
The development of CS models with stroRg is important velocity and a density (difference of densities) of about
not only for the description of CSs in the Earth magnetotail. 1-5% of the plasma density.

CSs with strong bell-shap®, are frequently observed in the >
Jovian magnetotailBehannon et a11981; Artemyev et al.
2014.

In the present paper we have developed a rather sim-
ple analytical model having several advantages with respect
to the TCS model. First, in this model both electrons and
ions are considered in the frame of the kinetic approach. 3. In case of one electron beam the model predicts the
We have considered the cases when the current is carried presence of a co-streaming ion beam required to bal-
by counter-streaming electron beams, counter-streaming ion  ance the electron current perpendicular to the CS neutral
beams, an electron beam and a co-streaming ion beam. Inthe  plane.

. We have developed an analytical model of the force-free
1-D CS with bell-shapes, and a finiteB,. The devel-
oped model well describes the properties of observed
CSs (the observed CS thickness, the dominance of the
electron current).

www.ann-geophys.net/32/1349/2014/ Ann. Geophys., 32, 13436Q 2014
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Appendix A:

Distribution functions . (We, L) depend on the magnetic ; — y~ qafvi Sin(¢ — kz) fu (vz, v, Sing)dv,dv, d@,
field B, only in combinationv; + g4 B, /myk. Therefore a=ie
ion and electron densities
whereg = ¢ +kz. We note that for any functiog = g(sing)

Ng = Wy, I)dv.d?v, = const . 2 .

* /f“( w la)lvzd 0L the integral [ cosgg(sing)dg = 0. Therefore the current

. . L 0
are uniform. Thus, the exact charge neutrality can be satisfiedensity may be presented in the following form
by choosing equal densities of electron and ion populations,
i.e.nj =ne. Jj1=F(BoB_, (A1)
Introducing cylindrical coordinates in the velocity space .

vy = v cosp andvy = v, sing and taking into account that Where function

B? = B2 = const we write the helical integral in the form o o B
F(Bg) = Z 9a B, /vLSIngofa(vz, v, sing)dv,dv, d¢

Q Bo . B a=ie
Ia=2_"‘vz+vi+2vlqa OS|n(<p+kz)+(qa O) . o .
k mak mok depends only on the magnetic field magnitutie The cur-

rent density determined by EcAT) is in agreement with the
magnetic field 1), i.e. j1 x B, = 0. Thus, the distribution
functions of the formf, = f, (W, I,) do allow to develop
self-consistent kinetic models of the magnetoplasma struc-
ture with the periodic magnetic field,

Then the net current densitigs and j, are determined as

=) 4 / v3 COSP — k2) fu(v;, V1, SiNg)dv vy d§

a=i,e
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