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Abstract. We investigate strongly tilted (in the—z GSM 1 Introduction
plane) current sheets (CSs) in the Earth magnetotail using

data from the Cluster mission. We analyze 29 CS crossingshe current sheet (CS) is a fundamental element of the Earth
observed in 2001-2004. The characteristic current denSitYmagnetotaill(\less 1965. The local structure of the CS mag-
magnetic field at the CS boundary and the CS thickness ohetic field is roughly described by the modified Harris model
strongly tilted CSs are similar to those reported prewoust(HarriS 1962: B = Botanh(z/L.)e, + Bye, + B.e,, where

for horizontal (not tilted) CSs. We confirm that strongly tilted ;. js the CS thickness, arkb, B, andB, are conétént&( y,

CSs are generally characterized by a rather large northwargnd; define the GSM system). In this model the current den-
component of the magnetic field. The field-aligned currentsity is in the dawn—dusk direction and the CS normal vector
in strongly tilted CSs is on average two times larger tha“(direction of inhomogeneity) is along theaxis.

the transverse current. The proton adiabaticity paramejer,  Cluster measurements allow for the determination of lo-
is larger than 0.5 in 85% of strongly tilted CSs due to the cal CS characteristics: the CS orientation (i.e., the nor-
large nor'thward magnetic field. Thu;, the proton dynamics isyg| vector), the flapping velocity, etcZlfang et al. 2002
stochastic for 18 current sheets witlb6 xp < 3 and pro-  petrukovich et a).2003 Shen et al.2003 Sergeev et a.
tons are magnetized for 6 sheets with> 3, whereas elec- 2004 Runov et al, 2005. Zhang et al(2002 have shown
trons are magnetized for all observed current sheets. Stronghyat, in particular CS crossings, the CS normal vector is sig-
tilted CSs provide a unique opportunity to measure the elecnificantly inclined toward they axis. Sergeev et al(2004

tric field component perpendicular to the CS plane. We findhaye shown that such tilted CSs are frequently observed at
that most of the electric field perpendicular to the CS planethe magnetotail flanks. The specific property of tilted CSs
is due to the decoupling of electron and ion motions (plasmgs the dominance of the northward (or southward) compo-
polarization). For 27 CSs we determine profiles of the elec-nent of the current density (i.ej;) (Sergeev et al.2004.
trostatic potential, which is due to the plasma polarization.|n g sequence of CS crossings, has different signs for
Drops in the potential between the neutral plane and theyeighboring tilted CSsSergeev et a1.2004. Zhang et al.

CS boundary are within the range of 200V to 12kV, while (2005 have presented simultaneous observations of the tilted
maximal values of the electric field are within the range of cg by the Cluster mission & ~ —17Rg and by the Dou-
0.2mvnr! to 8mVnrt. For 16 CSs the observed poten- pe Star mission ak ~ —11Rg. These observations showed
tials are in accordance with Ohm'’s law, if the electron cur- that the CS deformation is large-scale in the Earth-Sun di-
rent density is assumed to be comparable to the total currerfaction. Petrukovich et al(2008 have suggested arRiong
density. In 15 of these CSs the profile of the polarization po-gt g1.(2010 have investigated the model of the wavy CS de-

tential is apprOXimate|y Symmetl’iC with respeCt to the neutralformation explaining the appearance of tilted CSs:
plane and has minimum therein.
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134 I. Y. Vasko et al.: Statistical study of strongly tilted current sheets

wherezo((y — vot) /1) determines the deformation of the CS cedine Za
neutral plane, is the characteristic wavelengthg is the projections :
phase velocity and, <« B, (Petrukovich et a).2009, so
that magnetic field lines lie almost in th&Z planes. Figurd
presents a schematic view of the CS geometry according to _
modell. Tilted CSs are observed as Cluster crosses Ieading\?
or trailing fronts of the wavy neutral plane. One of the tilted
CSs is marked by blue dashed lines in Hig.

The CS structure determines the magnetotail dynamics
(Baumjohann et al.2007) and the rate of charged particle Fig. 1. The model of the wavy CS: thick dashed cueve zo(y) is
acceleration Birn et al, 2012. In particular, the CS tear- the bent neutral plane; black dashed vertical lines show projections
ing instability can be responsible for the substorm onset (seef the magnetic field lines onto theZ plane; circles show the di-
Schindler 2006 and references therein). Thus, detailed in- rection of By ; red arrows show the current densjtycolored points
formation about the CS structure is required to investigateC1-C4 present Cluster; blue dashed lines show a tiltech@Sthe
various transient processes in the magnetotail. Cluster dataS normal vector; the angje determines the CS inclination.
have substantially advanced our understanding of the equi-
librium structure of horizontal CSs (with the normal vector
along thez axis) (see e.gArtemyev and Zelenyi2012 and 2 The Data and approach

references therein). On the other hand, there is still no de- _ ) )
tailed study of the equilibrium structure of tilted CSs. We investigate 29 crossings of the magnetotail CS by Clus-

In the present paper we study the structure of tilted CSder observed in 2001-2004 (Takig. The events for 2001
with the normal vectorn directed almost along the axis, ~ nd 2004 can be found in the large databizs:/geo.phys.
i.e., the angle’ of the CS inclination is smaller than 3(see spbu.ru/~runov/and we have_ included eight events for 20(_)2
Fig. 1). In these strongly tilted CSs, the current flows almost2nd 2003. We use the following data from the Cluster Active
along thez axis. Since, in tilted CS$B, < B, (Petrukovich ~ Archive (hptp://caa.espec.esa.mt/c)aalFGM magnetic field
etal, 2009, there is significant field-aligned current near the With @ 4 s time resolutionHalogh et al, 200, CIS/CODIF
neutral plane$hen et a].2009. In this respect strongly titled ~ Proton momentsReme et al.2001), PEACE electron mo-
CSs are similar to horizontal CSs with substanBiacompo- ~ Ments Qwen et al.2001), EFW electric field with a 4 s time
nent Rong et al,2012). In this paper we compare properties "€solution Gustafsson et a12001).

of strongly tilted and horizontal CSs and discuss the nature e use CS 29, presented in Fig.to describe methods
of the current in strongly tilted CSs. applied in our analysis. Panels-ay show thex, y, and

In horizontal CSs the electric field due to the decouplingZ components of the magnetic fiel® measured at the
of electron and ion motions (plasma polarization) is alongSPacecrafCa (« =1,2,3,4) and the same companents of
t_hez axis (Zelenyi et al, 2004 Sphindler et al.2012. This the magnetic fieldB. in the barycenterB. = 0‘25ai B@.
field has not been observed, since Cluster measures electric a=1
field components in the spin plane (approximatély GSE).  Panel d presents the component of the electriE @ mea-

In strongly tilted CSs the polarization electric field is almost sured at spacecrafie (¢ = 1,2, 3,4). Panels g-h. show
along they axis and can be reliably measured by Cluster.proton and electron bulk velocitiag, ¢, densitiesnp ¢ and
Thus, strongly tilted CSs allow one to address the importantemperaturedy, . The proton moments are provided by C1,
problem of the distribution of the polarization electric field. while the electron moments are provided by C2.

In Sect.2 we describe our data set, approach and selec- Cluster four-point measurements allow for the determi-
tion criteria. In Sect3 we compare properties of strongly nation of the current density by the curlometer technique
tited and horizontal CSs. In Seet.we suggest a technique j.= Mglcurl B (Chanteuy 2000 (uo is the permeability
that allows one to extract the polarization electric field from of vacuum). The accuracy of the curlometer technique de-
the electric field measured by Cluster. We discuss also th@ends on the tetrahedron shape and size (see,Robert
theoretical profiles of the polarization potential based on the200Q Vallat et al, 2005. In all CS crossings selected for the
Ohm'’s law. In Sect5 we obtain the profiles of the polariza- present study both elongation and planarity of the Cluster
tion electric field, determine the profiles of the correspondingtetrahedron are smaller than 0.35, i.e., the tetrahedron shape
electrostatic potential, and compare them with the theoreticals close to perfect. Thus, the curlometer technique can un-
profiles. derestimate the current density only due to finite separation

between spacecraft.

We study each CS crossing in the local coordinate system
(I,m,n) (Runov et al.2005. The maximum variance direc-
tion I is determined via minimum variance analysis (MVA)
(see, e.g.Sonnerup and Sheihl@000 using the magnetic
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Table 1. List of events. In the rows presentirif;,) and (jiim), the numbers in parentheses are root mean square devidtipns/,;) and

8jiim/ (jtim)- The CS thickness is given in megameters, Mm =3am.

Date (UT) (Bm) B[mln Bext (Vi) At L {(jem) (Jtim)  (Jpm) (Jem)
((Bn)) (B"™)
nT nT nT kms1 s Mm nAm 2

1. 24 Jul 2001: 18:05-18:09 59(1.6) -15(29) 38 49(0.15) 90 22 108 17.6(0.25-154 226
2.27 Jul 2001: 10:40-10:45 1(11) -93(65 29 31(003) 210 33 25 26(009) 22 -1
3.5 Aug 2001: 14:46-14:49 154 (2.1) —12.3(5.6) 39 34(0.09) 90 15 61 7.4(0.23)-06 7.6
4.12 Aug 2001: 15:26-15:29 98(3) —6.4(17.3) 40 24(0.09) 100 12 67 116(0.32)—1.6  17.2
5.12 Aug 2001: 15:29-15:32 —6.5(1.7) —-7.6(12.1) 40 29 (0.03) 80 1.2 7.5 12.4 (0.1) 7.2 12
6. 14 Sep 2001: 22:53-22:57 72(0.2)-20.7(12.2) 32 22(0.07) 125 14 99 135(0.09)—6.1  42.9
7.14 Sep 2001: 23:08-23:12 7.1(15) -6.9(10.3) 32 23(008) 60 07 62 123(0.3)-92 -125
8.24 Sep 2001: 08:01-08:06 —0.9(1.6) -9.1(28.8) 27 24(0.1) 125 15 97 92(0.18) -4 13.4

9. 20 Oct 2001: 09:36-09:41 34(1.1)—-205(27.3) 28 32(0.08) 150 24 66 6.4(0.08)—48 7.7
10. 20 Oct 2001: 09:41-09:45 —2.4(1.2) —16.3(27) 26 57(0.05) 140 40 66  7.1(0.1) —2.8 17.2
11.20 Oct2001: 09:58-10:01 —1.6(1.1) -8(11.3) 26 63(0.04) 35 11 51 83(0.23) 03 11
12.20 Oct 2001: 10:07-10:09 —1.1(0.6) —21.7(3.5) 26 65(0.13) 70 23 44 54(0.11) 1 51
13. 30 Jul 2002: 13:45-14:07 8.1(4.4) -1.5(22) 33 14 (0.25) 1000 7.0 1.4 1.5(0.12) 3 2.6
14. 4 Aug 2002: 15:20-15:35 48(23) —15(175) 28 16(0.34) 800 6.6 24 35(0.12) 34 7.1
15. 9 Aug 2002: 06:03-06:12 7.8(04) —1.2(29.7) 34 15(0.11) 400 3.0 6.4 7.8(0.18) —3.6 10
16. 9 Sep 2002: 04:10-04:40 6.5(1.4-10.3(24.6) 30 9(0.12) 800 35 39 45(019) 64 6.1
17. 27 Jul 2003: 05:53-05:55 —19.3(1.9) —15(7.6) 42 80 (0.09) 30 1.2 111 12.4(0.08) 10.4-14.9
18.5 Aug 2003: 19:36-19:38 —3.1(0.5) -16(152) 35 42(007) 45 10 7.1 7.2(0.151-305 215
19. 15 Aug 2003: 12:19-12:23  1.5(0.9) —20.8(7.1) 33  36(0.1) 340 6.2 4 420 09 51
20. 22 Sep 2003: 06:45-06:52 99(32)-57(11.7) 29 17(0.35) 350 29 35  3(0.16) 11 15
21. 12 Jul 2004: 20:17-20:19 76(06) —7.6(55) 26 120(0.09) 40 24 28 25(0.15)  04-35

22. 13 Jul 2004: 00:53-00:55 96(28) —115(15) 33 24(0.1) 30 04 273 521(0.16) -84 121
23. 13 Jul 2004: 00:55-00:57 7+1.7) —13.6 (21) 31 30 (0.04) 25 04 29.8 50 (0.31) 21.7 30
24.22 Jul 2004 12:08-12:13  7.90.04) —10.4(9.6) 38 46(0.16) 120 28 36 46(0.05 06 49
25. 22 Jul 2004: 14:32-14:36 6.7(2.2-10.7 (13.5) 42 24(0.33) 150 18 4.7 6(0.3) 92 4
26. 22 Jul 2004: 15:05-15:07 3.9(1)-10.5(14.3) 37 84 (0.16) 55 2.3 5.2 5.5(0.03)-15.6 22
27. 3 Aug 2004: 09:07-09:17 6.1(0.8) —11.7(9.5) 29 11(0.24) 430 23 45 38(0.13) 04 2.1
28.3Aug 2004: 09:17-09:20 —5.8(1.2) —12.8(13) 29 24(0.09) 220 2.6 65 68(007) 19 5.2
29.7 Sep 2004: 14:18-14:26 —10.9 (4.8) —4.4(151) 34 29(0.1) 8 12 7.6 11(0.18) 15 63

field B in the barycenter. The vecter is directed along the The timing method can be used to determine the CS nor-
component of the curlometer current density perpendiculamal vectoraym, and the velocityy,,, of the CS motion along
tol. The CS normal vector i = [, m]. nim (Dunlop and Woodward200Q Schwartz 2000. The

In strongly tilted CSs is directed almost along theaxis  timing technique is illustrated for CS 29 in Figag. The
(see criteria below). Therefore we calculate the perpendicutime delaysy; — #, between different spacecraft are used to
lar electric fieldE = nE© by neglectingc andz com-  determinen;y, and V,, at fixed B; (shown in Fig.2ag for
ponents ofE®, i.e., E\*) = n,E\®. Figure2 presents the ~Bi = 0). We determine/, andniim with 1 nT B;-step across
I,m,n components of magnetic field®, B (panels a— the CS and calcula_te the averaged valug) ac_ross the CS
cr) and the electric fieIcE,(,“) (panel &) for CS 29. Pan- and the corrgspondlng rpot_mean square deviatiqnin our
els &, fr showl, m, n components of the curlometer current 29 .CSS the timing velocity IS rather stabd, /(V,,) = 0.35,
Jjc as well as its field-aligned = (jcBc)/|B¢| and trans- Wh'leh‘.s‘llz/“/") = 0'_15 only |n25evr(]an CSS'. W‘; esotllmat.e the
versej. = |jc— jiBc/|Bc|| components. One can see that CS thickness ad. = (V,)Ar/2, where At is the duration

the field-aligned current substantially exceeds the transvers :/theVCSAcroszlzg (see pangt)aTable 1 presents(V,,),
one. We determine minimuB™" and maximums"®* val- n/(Va), At andL. . . -

ues of B; (panel &), the magnetic field at the CS bound- The cur(re)nt den.?lt)y can be es(ugnated by the timing tech-

. 3 - (o o o

ary Bo = max(|B™"|, | BM®)) and averaged values 8f, and ~ MlAU€ 8Sjgy = c(B; "(r +d1) — B, (1)) /4 (Va)dt, where

B,, across the CS central regio®;| < 5nT. Furthermore 3t is the time resolution of magnetic field measurements.
all averaged values are denoted by angle brackets. Table In contrast to the curlometer technique, the accuracy of the
presents(B,), (By) and Blmin BMfor all CSs from our timing technique is not affected by the finite separation be-
data set. tween the spacecraft. Figuggr presentsjéﬁq) for CS 29.
Petrukovich et al(2008 have pointed out that for strongly
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Fig. 2. Right and left panels present parameters of CS 29 in GSM and local coordinate systems, respactivety. ) X, Y, Z andl, m,n
components of the magnetic fieRI(*) measured at spacecraftr (« = 1—4) and the same components of the magnetic fRddn the
barycenter (bc);dL r) y andr components of electric fieldE@ (measured a€«); (e, f) components of proton and electron bulk
velocitiesvp andve; (gL, hr ) proton and electron densitiegye) and temperatured ¢); (€r) I, m, n components of the curlometer current
density j¢; proton jom and electronjem current densities along vecter; (fr) field-alignedj; and perpendiculay, components of the

curlometer currenj¢; (gr) current densitieg‘t(i"r;) determined by the timing methodig) electron pressurpe = neTe. We use the proton

moments provided by C1 and electron moments provided by C2.

tited CSs, the maximum of the current density can be lo-and jt(if‘n) reach maxima. Tablé presents(jcm), (jtim) and

cate_d out of the the neutra[ pl_ane. For examp!e_, BBhOWS i /(im), Where (jim) = 0'25Za(jt<iz1)) and §jim is the
profiles of curlometer and timing current densities for CS 29. @)

) ) root mean square deviation °ﬁ€m> from {jtim)-
The curlometer currener hg? maximum aB; = 0, while In the CSs of our data set, proton and electron densities

maxima of timing currentgy,, are indeed displaced from .5, giffer up to 40% as for CS 29 (see Fig). In the
Bl(“) = 0. We calculate averaged values ffy, jj, j. and  present paper we use the electron density as the estimate

jtﬁ"r;) over 5nT vicinities ofB; values, where respectivejym of the actual plasma density (see discussion in Sgcf he

Ann. Geophys., 32, 13346 2014 www.ann-geophys.net/32/133/2014/
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4. The CS is observed during quiet conditions, i.e., the
x componenty, of the proton bulk velocity, is small
during the CS crossingyp, | < 150kmst.

(1
— i

i(2
— i@

i (3
— @

3 CS parameters

j (NA/m?)

7777777777777777 In this section we present the statistics of the following CS

parameters: the characteristic current density, magnetic field
' U magnitudes, the CS thickness and particle adiabaticity pa-

8 -4 0 4 8 1216 -8 -4 0 4 8 12 16 . )

B, (nT) B, (nT) rameters. The properties of strongly titted CSs are compared

with those of horizontal CSs reported in previous studies

Fig. 3. CS 29:(a) componentsig|, jem, jen Of the curlometer cur-  (See, e.g.Runov et al, 2005 2006 Artemyev et al,2010).

rent jc and particle currentgpm and jem across the CSp) timing The comparison of curlometerjcm), and timing currents,
Currentsjt(i?n) across the CS. (jtim), iS presented in F|g4a Th|S ﬁgure doeS not inC|ude

very intense CSs223 with (jtim) ~ 50 nAm2 and(jiem) ~
30nAm 2. Black points correspond to the CSs observed in
proton and electron current densities along vesiare de- 2001, 2002 and 2004, while orange points correspond to the
termined asjpm = ene(vp, m) and jem = —ene(ve, m). Fig- CSs observed in 2003. The curlometer and timing currents
ure 2eg shows that the electron current significantly exceedsare generally consistent for the CSs Withm) < 8 nAm—2.

the proton one for CS 29. In our analysis we use the avFor more intense CSs, i.e., Withiim) > 8 NAm~2, the tim-
eraged valuegjom) and (jem) Of proton and electron cur- ing current exceeds the curlometer one. This occurs because
rent densities, respectively. The proton current is averagethe curlometer technique underestimates the current density
over 5nT vicinity of theB; value, where the maximum is for intense (or, equivalently, thin) CSs due to the substantial
reached b)g't(hﬂ (since proton moments are provided by C1). spacecraft separation.

The electron current is averaged over 5nT vicinity of e Figure 4b confirms that the difference betweéficm)
value, where the maximum is reached Jif. Figure2hr ~ and (jim) is larger for the CSs, whose thickneds is
presents the profile of the electron presspge= neTe. The ~ smaller than (or comparable to) the average spacecraft
electron pressure reaches the maximurﬂl(gﬂ =0, ie., as SeparationAR. The correlation coeffilcientr, between

C2 crosses the neutral plane (since electron moments are prét/tim) — (jem)) /(jem) @nd logo(L/AR) is 0.7. The aver-
vided by C2). The magnetic field in the tail lobes is estimated2€ Separation k between spacecraft was 2000 km in 2001,
aSngt = (8 (npTp+npTe) + B2), where angle brackets de- 3600 km in 2002, 230 km in 2003 and 1000 km in 2004. As a

note averaging across the CS. Tablpresentsjom), (jem) result, for the CSs observed in 2003, current densitigs)
and Beyt. and(jtim) are very close to each other. We conclude that for
The investigation of the CS equilibrium structure requires CSS from our data set the timing technique provides a better

the selection of “close to perfect” CS crossings. We have seéstimate of the current density than the curlometer technique,
lected CS crossings using the following criteria: since it is not affected by the finite separation between space-

) craft. In the following analysis the curlometer current is used
1. The CS has an approximately 1D planar structure.  only to estimate the relation between current density com-
a. The magnetic field changes similarly at the lo- po_nents parallel and perpend_lcular to the mggnetlcfleld. We
cations of four spacecrafRunov et al, 2008. point out that the characteristic current densities for strongly
The timing current%ﬁ? determined at different gltses Rcusri)\?:aet ;f?o%egaiblee ttr?etzgrsreer?tbdseer:\s/ﬁg i?;:ﬁ:éﬂgtal
spacecraft are close to each othgy i i o
0p3 iim/ (im) < g aller than 15 nA m2 (Fig. 4a).
S Figure 4c presents the comparison of proton and elec-
b. jem > Jjels jen _ tron current densitie$jpm) and (jem). The proton current
c. CS normal vectors: and nyim determined by  exceeds the electron current only in seven CSs. We could
two different techniques are close to each otherconclude that strongly tilted CSs are statistically electron-
(Runov et al, 2008, i.e., (n, (ntim)) > 0.95 (an-  dominated, i.e.{jem) > (jpm). However, Fig4d shows that
gle brackets denote averaging across the CS).  the sum of proton and electron curreiifigm) + (jpm) does
; : not properly agree with the timing curretitim); the corre-
2. The CS is strongly tilted;, > 0.85 30°). . s .
gly tiltedy > (v <307 lation coefficienty, between jem) + (jpm) and{jim) is 0.2,
3. The CS inclination is steady, i.e., normal vectags, and Q7(jtim) < (jpm)+ (jem) < 1.3(jtim) onlyin 11 CSs. The
determined with 1 nTB;-step are close to the axis, same discrepancy has been previously observed for horizon-
(ntim, ey) > 0.8. tal CSs (see, e.g., Fig. 3 isano et al.2003 and Fig. 1 in

www.ann-geophys.net/32/133/2014/ Ann. Geophys., 32, 1336 2014
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Fig. 4. (a) The comparison of current densitiégm) and (jiim) determined by curlometer and timing techniqu@s. The correlation
between the difference of curlometgem) and timing(jiim) currents and the ratio of the CS thickndsand the average separation between
spacecraftAR. (c) The comparison of prototyjpm) and electron jem) currents(d) The comparison between the sum of particle currents
{(jpm) + {jem) and the timing currentjiim ). In panelga) and(c) we do not show CSs22d23 with jijm ~ 50 nA 2.

average=18 nT average=6.8 nT average=1.6 nT Figure6c presents the distribution of the ratig)|/(j.) of
@) ) 2 field-aligned and transverse currents for all CSs. On average,
5 4 12 . the field-aligned current is about two times larger than the
E . transverse current.
5 4 4 Figure 7 presents the distribution of the CS thickndss
¢ and shows that, generallf, < 3000 km andL < 10pp (pp.e
O 0 ‘ ‘ e are characteristic proton and electron thermal gyroradii in the
PR " NS e kesiem . field B). Thus, thicknesses of strongly tilted and horizontal

CSs are comparabl®&@nov et al. 2006. Particle dynamics
Fig: 5._Pane|(a) shows the distribution 0By, the value of the mag- in the CS withB,, # 0 is defined by the dimensionless adi-
netic field B; at the CS boundary. Pandls) and(c) present distri-  apaticity parameter&iichner and Zelenyil989 Buechner

butions of absolute values of perpendicukarand sheaB,, com- and Zelenyj1991):
ponents. The averaged values (over all 29 CSs) are shown at the
top.

o\ 3/4
B, | L B,
Kp_ye = — [ — 1+ —_— .
Bo\ ppe By,
Zelenyi et al, 2010. Therefore we cannot always reliably de-
termine the main current carriers based on estimates of ProFigure 8a shows that in 85% of the CSg > 0.5 (due to
ton and electron currents (see discussion in gct. large shear componem®,,). By contrast, for horizontal CSs
Figure 5a presents the distribution do, i.e., the value . “is smaller than 0.5 in about a half of the cases stud-
of B, at the CS boundary. The average valueBafis ~  joq py Runov et al.(2006. Thus, protons cannot be con-
18nT. Similar values oBy are characteristic for horizontal gjqered in the quasi-adiabatic approximatiep & 1) as in
CSs Runov et al. 2005 2006 Artemyev et al. 2010. Fig- 45 of horizontal CSZ¢lenyi et al, 2017). The proton dy-
ur.e5b confirms that in strongly tilted CSs the shear (CLIJrrent—n‘,jmﬂCS in strongly tilted CSs very likely becomes stochas-
aligned) componenB,, ~ B, is rather large Retrukovich tic, kp ~ 0.5—3, or protons are magnetizegh > 3 (Biichner
et al, 2009, and that the averaged (over 29 CSs) value ofnq Zelenyj1989. Figuresb shows that electrons are gener-
|(Bm)| is about 6.8 nT. The perpendicular compons8ptis 5|1y magnetized«, > 3) and hence can be considered in the

generally smaller than 2nT and the averaged (over 29 CSsjame of the magnetohydrodynamics (MHD) approximation.
value of |(B,)| is about 1.6 nT (Fig5c). Figure6a presents

the distribution of the rati®{B,,)|/|{B)|. The perpendicular
component is on average three times smaller than the current-
aligned component.

Thus, the current in strongly tilted CSs has a significant4 Electrostatic effects: Ohm’s law
field-aligned component near the CS neutral plane, as pre-
viously noticed byShen et al.(2008. Moreover, Fig.6b In this section we discuss the distribution of the electric field
shows thatB,, can be comparable tBg, on averageB,, is E, (Fig. 2dr) from the theoretical point of view. In 1D pla-
about 0.45, so that the current density can have a signifi- nar CS all CS parameters depend on the distancdrom
cant field-aligned component even far from the neutral planethe neutral plane along the normal vectorWe write the
Figure 2fr illustrates both of these conclusions for CS 29. Ohm’s law for electrons, i.e., the MHD stress balance along
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Fig. 8. Distributions of protor(a) and electror(b) adiabaticity pa-

0 rameters.
(a)
8

etal, 2010, we neglect its variation and obtain the following
estimateipo ~ pe/ene-+const~ —(poa/ene) B2/ BZ,. Thus,
¢o has a parabolic profile with a maximum in the neutral
plane fora > 0 and a minimum foe: < 0. In fact, the elec-
tron pressure usually has a maximum in the neutral plane, so
thata > 0 andgg has a maximum. We conclude that for suffi-

0 2000 4000 5 10 ciently smalljem (S0 thaip, < ¢o) the polarization potential

L (km) L/p, ¢ has a maximum in the neutral plane.
Now we investigate the role of the potentjgl. We denote

Fig. 7. The distribution of the thickness of strongly tilted CSs in the fraction of the total current density carried by electrons
absolute unitga) and in the units of proton thermal gyroragfi). by x, so thatjem = Malx (rn)d B, /dr,. Then the polarization
potentialg is determined as

6

4

CS number

the normal vector§hkarofsky et al.1966: o
0 ¢ (rn) = ol )+/X(r") ) (5 )q )
rn = rn -~ P l”n .
eneEp, = —f — jemBi — enevelBp, ) 0 ene dry \ 2u0
n 0

where vg| is the electron earthward (tailward) bulk veloc- Let us assume that(r,) does not significantly vary across

ity. E, is the sum of the polarization (the first two terms . . .
) . ) ) the CS, i.e., ~ const. Neglecting the electron densit
on the right-hand side) and convection (the third term) elec- 8. (ru) glecting o

o ’ o . variation in Eq. (4), we obtain the following estimate:
tric fields. Let us consider the polarization electric field near a. (4) g

the neutral plane. According td@elenyi et al.(2010 the po B? B2 B2
profile of the electron pressure can be approximated by the¢ (r,) ~ —a—B—é + XTpB—zl ~ (xTp —aTe)B—Zl, (5)
parabolic function of the magnetic fieR}, i.e., pe = po(1— Mte Dext ext ext

aB?/B2y), wherepg anda are constants. Therefore in the
neutral plane we hawépe/dr, ~ 0. Taking into account that
JemB; ~ 0 in the neutral plane as well, we conclude that the
polarization field drops to zero therein. As a result, the con-
vection fieldE,,o can be determined as a value Bf at the
CS neutral plane, while the polarization fieldAg — E,,o.

The electrostatic potentiad of the polarization electric
field is the sum of two terms) = ¢o + ¢, , wheregyg is due
to the electron pressure gradient, whilg is due toj x B
force:

where we have taken into account thﬁxt= 2uone(Tp+

Te) + B2 + BZ ~ 8rneTyp, sinceTp/ Te ~ 4— 7 (Baumjohann

et al, 1989 Artemyev et al. 2011). The potentiaky has a
parabolic profile with a maximum in the neutral plane for

x < aTe/Tpand aminimum fory > aTe/ Tp. SinceTp/Te ~

4—7 and the parametaeris of the order of unity, the polariza-

tion potential has minimum in the neutral plane jotarger
than~ 0.25. Finally, we note that in reality the paramejer

can vary across the CS, so that in general case the second
integral in Eq. (4) cannot be estimated straightforwardly.

'n

19 171
¢(rn)=¢0+¢)(= —_— pedrn+2/n_jemBldrn- (3)
e
0

ene dry 5 The observed profiles of electrostatic field

Since the plasma density does not substantially vary acrosk this section we determine the electric field and the corre-
the CS McComas et a).1986 Runov et al.2006 Artemyev  sponding electrostatic potential, which are due to the plasma
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Fig. 9. Panelga)Hc) present the comparison between convection electric fléjﬁ)sdetermined by use of electric fields measured at different

spacecraft. Panétl) presents the comparison between the convection Eé@i (the value ofE,(ll) at Bl(l) = 0) and the averaged value of

E,ﬁl) across the CS central regio|rBfl)| <5nT).

polarization. The comparison of observed and theoretical pothe neutral plane. The other CSs are referred to as set B and

tentials allows us also to draw the conclusion about the elecare discussed in the end of this section. Now we focus on the

tron current density magnitude. analysis of the polarization potentials observed for the CSs
The convection field can be estimated as a value of meaef set A.

sured electric field£(® at the neutral plane (denoted as  According to Eqg. (3) the polarization potential is the sum

E'%)). Fig. 9 shows that () correlates well withe 5@ of two terms,g¢o and¢, . The potentialpo can be calculated

(correlation coefficients and slopesk are presented in in a similar manner t¢®:

Fig. 9), so that four spacecraft observe generally the same ¢
convection field. We have also calculated averaged vaIue:;,) [ 1 dpe
(@) . (@) 0 = — —(V)dr. (7)
(E, ) over the CS central region&;”’| < 5nT). For exam- ) ne dry
O

ple, Fig.9d presents a good correlation betwe(éjiﬁl)) and
E,%) (r =0.94,k = 1.07). We conclude that the estimate of

the convection field as a value ﬁf{” at the neutral plane is
reliable.

Figure 11 shows that the potentigly (presented by dashed
curves) has maximum in the neutral plane for all CSs of
set A. Therefore the profiles ¢f® andgg are qualitatively
L different. For example, for CS 28 have minima in the
The g:onvectlon f"_eld pan _be novy subtracted frﬁl;&’f) t,o neutral plane, whilesg has a maximum therein. Thus, the
determine t_he polarmaﬂ(g)n f|elgx.) Figui® presents profiles polarization potential in principle cannot be described by the
of the polarization fieldZ,” — E, ;" across the CS. There are first term on the right-hand side of Eq. (3), so the second term
27 panels, since the electric field was not measured for CSs 2hould be taken into account.
and 12. Several panels include less than four profiles, because Tpe potentialp, depends on the parametecr, ), whose
some spacecraft did not measure the electric field during COmprofile across the CS is unknown. Therefore some assump-
responding CS crossings. Figuréshows that maximal val-  tions should be done to determine the profileof Lets sup-
ues of the electric field are within the range of 0.2mv'm pose thaty does not vary across the CS. Then the theoretical

CS flapping velocity, we can determine the profile of the po-

larization potentialp@: Fo1 dB?
=t x [ 5 —Lar ®)
t 21pene ory,
0o
6 ) = — / (E@ - Eg) (Vadr, (6)
) For each CS one can accurately tune the parametar as
O

to reach an agreement between obsem/&tand theoretical
wherer, is the moment of the neutral plane crossing by ¢ potentials. We follow a less intricate approach and assume
spacecraf€a, so thaip®@ = 0 atthe neutral plane. INE)(  x = 1 for all CSs. Figurel1 shows that this assumption re-
we have used the averaged velodjWy,), sinceV, does not  sults in theoretical potentials whose profiles are similar to
significantly vary across the CS. Figuté presents profiles profiles of observed potentials. For example, for CS 29 both
of the polarization potential. Drops of the potential betweenthe theoretical and observed potentials have minimum in the
the neutral plane and the CS boundary are within the rang@eutral plane. We do not introduce any quantitative criteria of
of 200V (e.g., CSs8) to 12kV (CS 1). the agreement betwegn® and¢, although in the majority
Each panelin Figllis marked by the label A or B. Set A of the CSs profiles of theoretical and observed potentials are
includes 15 CSs, where profiles of the polarization potentialactually close (see, e.g., CSs 1, 4, 8, 10, 11, 15, 16, 17, 27,
observed at four spacecraft are similar and have minima irand 29). We conclude that the polarization potential observed
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Fig. 10. Profiles of electric fieldsE,(,“) — Er(l"é). Black, red, green and blue curves correspond to the measurements of C1-C4, respectively.
Central ticks at horizontal axes of each panel correspoiil to 0, while one large tick interval is equal to 0.4.

for the CSs of set A can be explained under assumption thathe theoretical profile (obtained usigg= 1) are similar only

the significant fraction of the total current density is carried for CS 20. We have found that the potentials observed for

by electrons. CSs 7, 9, and 22 cannot be explained under the assumption
Finally, we discuss the CSs of set B. For CSs 7, 9, 20, andy (r,) ~ const. For these CSs, the parametedoes likely

22, profiles of the potential observed at four spacecraft arevary across the CS.

similar, although they have neither minima nor maxima in  For CS 23, potentials observed at four spacecraft are sim-

the neutral plane. Figurkl shows that observed profiles and ilar and have maxima in the neutral plane. Potenti&)
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Fig. 11. Electrostatic potentials corresponding to electric fie‘.’dﬁg) — E,(l"é) (black, red, green and blue curves correspond to C1, C2, C3,

and C4, respectively). Black dashed curves present profiles of theoretical potentials, which are due to the electron pressure gradient only
The gray curves present profiles of theoretical potentials derived from the Ohm’s law under the assumption that the electron current density
is comparable to the total current density. Central ticks on horizontal axes corresp@ne t while one large tick interval is equal to 0.4.

cannot be due to the electron pressure gradient, since for C8ie total current density. The proton current should be then
23, the potentiadp has a minimum in the neutral plane. On positive and two times larger than the total current density.
the other hand, these potentials can be explained under thdowever, this assumption seems to be rather unrealistic. It
assumptiory = —1 (see Fig11), implying that the electron is also not supported by observed particle currents, for which
current density is negative, while its magnitude is equal toCS 23 is in good agreement with the timing current (Tdble
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Thus, the potential observed for CS 23 can be explained onlyith x > 3.5 (see, e.g.Christon et al. 1989 Haaland et aJ.
under rather unrealistic conditions. 2010. Kissinger et al.(2012 have presented the statisti-
In other CSs of set B, the profiles of the polarization po- cal study of the proton temperature magnitude within the

tential observed at four spacecraft substantially differ fromplasma sheet using THEMIS (Time History of Events and
each other (see, e.g., CSs 5, 6, 13, 14, 19, 24, and 25). Thdacroscale Interactions During Substorms) data including
discrepancy may be due to the significant electric field vari-measurements of high-energy protons (upper energy limit—
ation in space (or time) on the scale of spacecraft separatiof MeV). They have found that in quiet periods, the proton
(or the scale of CS crossing). The other reason may be thaemperature can hardly exceed 10keV. We point out that
the perpendicular electric fieldl,, is calculated using only for CSs from our data set, the proton temperature (given by
E,, while E, andE; are neglected. The potentials observed CODIF) also does not exceed 10 keV.
for these CSs in principle cannot be interpreted in the frame Let us assume that for CSs from our data set, energetic
of our model. tails of proton distribution functions can be describedcby

distribution withx = 3.5. The maximum proton temperature

is the quarter of the CODIF cut-off enerdp ~ 40 keV. We
6 Discussion have found (not shown here) that in this worst case, CODIF

underestimates the density by about 20 %, the velocity by
For strongly tilted CSs, the characteristic current density,about 40% and the proton temperature by no more than a
magnetic field at the CS boundary, and CS thickness ardactor of 2.5. Therefore in the worst case, the proton current
found to be similar to those for horizontal CSs. In contrastdensity can be underestimated by 50 %. Such an error can be
to horizontal CSs, strongly tilted CSs are characterized bythe reason for the inconsistency between particle and timing
the rather large shear magnetic field component and the sigzurrents. This error should be accurately estimated for each
nificant field-aligned current. Strongly tilted CSs provide a CS crossing and requires a separate study. At the same time
unique opportunity to study the distribution of the electric we note that the inconsistency may be due to the inaccuracy
field, which is due to the plasma polarization. The polariza-of the electron current as well. In the present study we have
tion potentials observed for 15 CSs of set A and one CS ofnot used particle currents, so that this problem does not affect
set B suggest that the electron current density is comparableur conclusions.
to the total current density. The underestimate of the proton temperature also does

Analyzing the structure of strongly tilted CSs, we have en-not significantly influence our conclusions. We have used

countered several problems. First, there is a disagreement b€ODIF temperature to estimate the proton thermal gyro-
tween the sum of particle currenfse + jmp and the timing  radius ¢ Tpl/z) and the proton adiabaticity parametex (
current jim. Although we clearly observe the dominance of T4

_ Y p ). Therefore the proton gyroradius can be underesti-
the electron current in the majority of the CSs, any conclu- i by a factor of- 1.6, while the adiabaticity parameter

sions based on particle currents should be treated with Calsan be overestimated by a factorofL.25. These uncertain-
tion. In fact, the same discrepancy betweg+ jmp @nd  ies are not critical for our conclusions (see conclusions 1

Jim has been observed Bsano et al(2003 using the Geo- 4 3 in the next section). Finally, we note that the adia-

tail data. This discrepancy may be due to the measuremenyici, parametety has been estimated for thermal protons.
uncertainties or substantial natural time (or space) variabilityg energetic protons the adiabaticity parameter is substan-
of the electron current. This will be the focus of future stud- tially smaller. Such protons can move along “Speiser” orbits

ies. The other problem is that electron and proton denSitie?Speiser 1968 and carry some portion of the total current
provided by Cluster can differ up to 40 %. We have used the}:

! X see, e.g.Lyons and Speiser1985. The estimate of their
electron density, but the use of the proton density does Not,ntribytion requires a separate study. On the other hand, we

influence any of our conclusions. o point out that in CSs of class A their current is not large, since
We have calculated the proton current density using proton,, j<t of the current should be carried by electrons.

density and bulk velocity provided by the CODIF (COmpo- |, gect. 4 we implicitly indicated that the wavy defor-
sition and Distribution Function) instrument (with upper cut- -5 z=2z0(y/%) propagates along the axis with the

off energyEp ~ 40 keV). Because we have not taken into ac- dphase velocityg. The corresponding induction electric field
count high-energy protons, the proton current density could_ voley, B]/c does not have the component along thexis
be underestimated. This error can be a cause of the incor£

) ) o or, equivalently, along the normal vectey. Therefore this
sistency between particle and timing currents. The errors o omponent is absent in Eq. (2) fé,. In fact, the phase ve-

proton moments (density, velocity, temperature) caused by, of the wavy deformation can haweandz components,
CODIF cut-off energy depend on (1) how heavy the energetiqypije the perpendicular electric fiele, and the polarization

tail of the proton distribution function is; (2) the relation be- .14 E, — E,o can include some part of the induction field.
tween the proton temperature and the cut-off energy. This induction field cannot be distinguished frafp, sincex

Statistical studies show that proton distribution function 5. components of the phase velocity cannot be determined
has energetic tails; these can be described-dystribution
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using Cluster measurements. On the other hand, the generBF Presidential Program for the State of Leading Schools (project
agreement between theoretical and observed potentials fdiSh-248.2014.2.). The work of A. V. Artemyev was supported by

16 CSs shows that the induction field containe&jn— E,q the Russian Foundation for Basic Research (projects 14-02-01269).
is likely smaller than the polarization field. The work of R. Nakamura was supported by the Austrian Science

Fund (FWF) 1429-N16. I. Y. Vasko would like to acknowledge the
hospitality of IWF, Graz, Austria.

7 Conclusions Topical Editor I. A. Daglis thanks |. Dandouras and one anony-
mous referee for their help in evaluating this paper.

We have studied properties of strongly tilted CSs using a data
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