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ABSTRACT

Current sheets with strong transverse (cross field) currents are commonly observed in planetary magnetospheres and serve as a natural
energy source for magnetic reconnection. As the most investigated current sheet, the current sheet in the Earth’s magnetotail forms in a
high-f plasma, with hot ions dominantly contributing to the diamagnetic currents. Spacecraft observations have shown, however, that a
superthin electron dominated current sheet can be embedded in the Earth’s magnetotail current sheet. In this paper, we develop a model of
such superthin current sheets with strong currents produced by anisotropic electrons. We also compare the model with spacecraft
observations, which shows reasonable agreement in spatial profiles and magnitudes of the current density. The spatial scale (thickness) of the
superthin current sheet is controlled by the equatorial magnetic field component, whereas the current density magnitude is controlled by the
electron fire-hose parameter at the equator. Although the current density peak within the superthin current sheet can significantly exceed
the background (embedding) current density, the magnetic field magnitude at the superthin current sheet boundary does not exceed 10%
of the total magnetic field magnitude. These superthin current sheets are sub-ion (or even electron-scale) structures, which are not suffi-
ciently large/intense to perturb ion dynamics. We discuss applications of the proposed model for the analysis of plasma instabilities in super-
thin electron-dominated current sheets.
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The Earth’s magnetotail is a high-ff region where strong elec-
tric currents support self-consistent magnetic fields.'””*°° The
intensity and spatial distribution of these currents control the mag-
netotail stability’**>”* and determine the efficiency of charged
particle acceleration during magnetic reconnection.”’ Multiple
spacecraft missions'*"*” probing the Earth’s magnetotail have
provided detailed information about the current sheet, which
allows for the development and verification of current sheet
models.””*"”>”° These models can be further used for the analysis

and planetary magnetotails.

The magnetotail plasma is characterized by hot ions (mostly pro-
tons) with a pressure p; well exceeding the electron pressure, p;/p.
~5 (see Refs. 8 and 89). Thus, diamagnetic currents ~cB
xVp/B? are dominated by ions, and properties of the ion population
mainly control the current sheet configuration.'”*"”"”” Formation of
thin current sheets is associated with strong polarization electric
fields,”””” E. Although E x B drift redistributes ion and electron
currents and supports strong electron currents at the expense of ion
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diamagnetic currents,” © the configuration of such polarized
(with E # 0) thin current sheets is controlled by ions, and the current
sheet thickness is on the ion kinetic scale.' """

In the high-f magnetotail plasma, ion anisotropy is well con-
strained by efficient pitch-angle scattering due to magnetic field line
curvature,”” as well as a competition between field-aligned cold ion-
ospheric ions and hot transversely accelerated transient ions.””" These
lead to a low level of ion temperature anisotropy (see the discussion in
Ref. 64).

Unlike ions, the magnetotail electrons are generally anisotropic
with the field-aligned pressure p,| exceeding the transverse pressure
Pei (see Refs. 16 and 88). Although electron anisotropy is not large
(typical pe/per € [1.05,1.2]), the large electron f, = 8mp,, /B
> 10 provides strong electron anisotropic currents with a relative
magnitude (compared to the total current) of ~f,(pe|/per —1).""
In contrast to ion currents on a spatial scale of thermal jon gyrora-
dius,”®”" electron currents have their own spatial scale that can be sig-
nificantly smaller than the ion gyroradius.”*”” These electron currents
form superthin current sheets'“*”°" embedded into the ion-scale cur-
rent sheets. The strongest electron current sheets are formed by aniso-
tropic electrons around the magnetic reconnection region,””">”
where anisotropy is self-consistently supported by electron trapping
and acceleration by polarization electric fields.”””” Away from the
reconnection region, the anisotropic electron population can be
formed by field-aligned outflow of ionospheric electrons.””

Properties of the superthin current sheets, as supported by aniso-
tropic electrons, significantly differ from properties of classical current
sheets supported by diamagnetic currents. Due to the sub-ion scale of
superthin current sheets, ion motion is not perturbed by magnetic field
variations within these current sheets. Thus, these current sheets may
be a source for electron-dominated instabilities”**”* and electron-
dominated magnetic reconnection.”” Moreover, electron anisotropic
currents in the magnetotail are often associated with field-aligned cur-
rents observed within reconnection regions™””' and in thin current
sheets.”” Investigation of these sub-ion scale current sheet instabilities
and reconnection requires realistic superthin current sheet models
with strong currents carried by anisotropic electrons. This study aims
to develop such a model. We use the observed electron distribution
function to determine the equation of state and the current density of
anisotropic electrons. The electron-dominated current sheet is embed-
ded into the background diamagnetic current (produced predomi-
nantly by ions), with a self-consistent magnetic field configuration. To
verify this model, we use MMS observations™* of superthin current
sheets in the Earth’s magnetotail.

Il. ELECTRON EQUATION OF STATE

A crucial element of current sheet models is the equation of state
that is used to describe the relation between plasma pressure compo-
nents and magnetic field, pe|, per = pe| (B), per (B). For 2D and 1D
current sheet configurations (current density is along y, the strongest
spatial gradient is along z, the reversing magnetic field component is
Bi(z), and the magnetic field component B, < max|By|), there
are two classical examples of such equations of state. For an
Maxwellian plasma drifting along y, the pressure can be written as
p~ exp(—A,/Ay) with Ay(x,z) being the vector potential
cornponentzu’zz’m’75 B =V x e},Ay); for an anisotropic Maxwellian
plasma with the following velocity distribution
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equation of states are

B
— T .
Pe| = Moljo {Beq(l — )+ Br}
B 2
— -z
Per = noT 1o |:Beq(l s Br}

where B = [B|, T | are plasma temperatures at the equatorial plane
z=0 (where B,=0and B = B,; = B.), v, are velocity components
atz=0,r = Ty, /Ty|. These equations of state describe non-polarized
plasma (E = 0) and are widely used in constructing current sheet
models. 710 Equations (2) describe pressure components for aniso-
tropic Maxwellian plasma trapped within the current sheet, i.e., all par-
ticle trajectories can be integrated, by conserving energy
me(v} +v1)/2 and magnetic moment m.v? /2B, to calculate the
velocity distribution for any given B along magnetic field lines. This
distinguishes Eq. (2) from the equations of state on transient electrons
crossing the current sheet from one boundary (with B, > 0) to
another boundary (with B, < 0); see examples of such equations of
state in Refs. 35 and 97.

We aim to generalize Eq. (2) for a realistic electron distribution
in the magnetotail current sheet, 1686

5 —1-xK
1 (muy  moi  ep
v)=Cl1+= + -
f( ) ( K <2T0 ZTOL TOH

2
xexp [ — Tl _ ™Mb, €9 3)
ZT()H ZT()L T()H ’
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where k € [0, 1], and ¢ is the scalar potential at the equatorial plane
(¢ can be set zero at the equator, but off-equator ¢ is nonzero in
polarized current sheets with E # 0). Using Liouville’s theorem, we
recalculate this distribution function at any position (any B) along
magnetic field lines,

) —1-K
B 1 (muj  mo’ ((1 —r)+ rb)
f_c<1+K(2TO+2T0L b ®

muv? 2 —
omvt (1 r)+rb)
xexp ( 2Ty 2To, ( b + (D)’ @
where b = B/B,, is the magnetic field in units of its equatorial mag-
netic field magnitude and ® = eq/Ty. Figure 1 shows that electron
anisotropy decreases with b and distribution (4) tends to be isotropic
far from the equatorial plane.

Using Eq. (4), we calculate electron density n.(B, By, ®) and
pressure components p,| | (B, By, @). For an arbitrary r, there are no
analytical expressions for #1,(B, Beg, ©) and pe| 1 (B, Beg, @); thus we
numerically integrate Eq. (4). Note that the main differences between
pressure components given by Eq. (2) and components obtained from
integrating Eq. (4) are: the exponential factor ~e~® and power-law
distribution of low-energy particles. Equation (2) has been written for
an electroneutral plasma, and in a more general case, the factor ~e @
should be added to these equations. Contribution of low-energy
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FIG. 1. Distribution function (4) for two values of equatorial anisotropy: r=2/3
(left), r=1/3 (right). Blue curves show equatorial electron distributions and red
curves show electron distributions at b = B/B,q = 5. Velocity components are nor-
malized to the equatorial thermal velocity vo = +/2Tq) /m.

particles to the pressure component is not significant, but the factor
~(1 —®/Kk)""* can be large (see @ profiles below). Thus, although
there is no analytical form for the pressure components of distribution
function (4), we can speculate that these components mostly differ
from Eq. (2) for significantly charged current sheets (i.e., large ).

The scalar potential @ is defined by the quasi-neutrality condi-
tion, n, = n; for a given ion density. Multiple approaches can be used
to introduce #;, e.g., for isotropic isothermal Maxwellian distribution
of ions, n; ~ exp (—A, /Ay — e/ T;) (see Refs. 55 and 93); for aniso-
tropic Maxwellian distributions, n; ~ exp (—e@/T;)N(B, B,,) (see
Refs. 14, 50, and 92); for sophisticated non-gyrotropic ion distribu-
tions, n; ~ exp (—ep/T;)N(A,/A¢) (see Refs. 21, 27, and 76). We are
looking for an ion distribution within a superthin current sheet domi-
nated by electron currents, and thus we can assume ions to be demag-
netized within these thin current sheets around the equatorial plane,
ie, nj ~ exp (—ep/T;) = exp (—®/1) with = T;/Ty. The scalar
potential @ is determined from the (B, By, ®) — ng exp (—®/17) = 0
equation.

Figure 2 shows @ for different system parameters. Stronger elec-
tron anisotropy 1/r and larger 7 result in larger |®|, which reaches

FIG. 2. Distribution of scalar potential ® = e¢/ T along magnetic field lines for
different system parameters: k=1/2, t=1 (solid) and ©=5 (dashed), r=2/3
(red) and r=1/3 (blue).
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~30% of the electron temperature. The potential is negative and
decreases away from the equatorial plane with 9®/0B < 0, ie., the
field-aligned electric field Ej ~ —0®/0B is directed away from the
equator and should confine electrons within the current sheet. This
spatial distribution of Ej is typical for both thin current sheets'* and
current sheets around the reconnection region.”””***

Substituting the scalar potential @ into the pressure component
equations, p, and p,, we plot the equation of state p, , (B) in Fig. 3.
Both parallel and transverse pressure components grow along mag-
netic field lines, as expected for the field-aligned anisotropy 1/r < 1
(more energetic electrons have smaller pitch angles and elongated
bounce orbits).

The pressure components determine the parameter of the elec-
tron fire-hose instability, which plays a crucial role in models of elec-
tron current,

A= 47IP6H(B) 7p€i(B) _ &pEL(B) ﬂ —1 , (5)
B? 2 bzpeL,eq PeL

where f, ., is the ratio of electron thermal and magnetic pressures at
the equator. The maximum value of A is Ap,—o = f,(1/r — 1)/2.
The spatial localization of A leads to a localization of the anisotropic
electron currents. Figure 4 shows that A does not depend on 7, i.e., the
electrostatic potential barely affects the p,| /p.. ratio. The parameter
of the velocity distribution (4) controls the low-energy part of the dis-
tribution and does not alter the pressure components dominated by
hot electrons. A drops to zero for B/B,; > 3, and thus the current
density of anisotropic electrons is expected to be strongly localized
around the equatorial plane.

lll. EMBEDDED CURRENT SHEET MODEL

To incorporate anisotropic electron currents into the current
sheet model, we use the ambient (ion and electron) diamagnetic cur-
rents given by the Harris"’ model j,; = jo cosh’(z/L) or 2D general-
izations of that model.””*'" Background current density j, and
current sheet thickness L determine the magnetic field magnitude
By = 4mjoL/c. The electron superthin current sheet with the current
(see a review in Refs. 14, 48, 64, and 78)

a
1.5, @) -
/’—
14 7 =
-

o134

c]_31.2'

FIG. 3. Profiles of electron pressure components pg) (solid) and pe (dashed)
along B for model (4). All pressure components are normalized to equatorial
values. Parameters are: (a) k=1/2, r=2/3, t=1 (red), and t=5 (blue); (b)
k=1,r=2/3, t=1 (red), and = =5 (blue).
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FIG. 4. Profiles of 2A(B)/f, for different system parameters: (left) 2A/f for
k=1/2,r=2/3, 7=1 (red and = =5 (blue); (right) 2A/f for k=1, r=2/13, =1
(red), and =15 (blue).
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is embedded into the ji,, profile. Due to the small thickness of electron
current sheet, the magnetic field variation supported by electron cur-
rents does not perturb ion motion and j,, remains unchanged.
Moreover, on the spatial scale of the superthin electron current sheet,
B, = B, field can be assumed to be constant (see a schematic of this
model in Fig. 5).

In such a quasi-1D configuration, the current density j,
~ (c/4n)0B/0z and jean = Ajy,, where A is given by Eq. (5).
Combing ji, and je 4ni» We can write j, = jiyg + Ajj, and

OBy(z)  4m  jue(2)

0z c1-A@BR)’ @

(6)

where B = /B%(z) + BZ,. The solution of Eq. (7) provides the self-

consistent magnetic field B,(z) that coincides with Harris solution
[B, = Bptanh(z/L)] for isotropic plasmas with A =0. Note that
Eq. (7) omits the diamagnetic contribution of the anisotropic electron

field line

V4

X

FIG. 5. Schematic of the supper-thin current sheet embedded into the 2D magneto-
tail current sheet. The gray region shows the superthin current sheet with small
spatial scale along the magnetotail (along x). There is no strong variation of B, over
the spatial scale of the superthin current sheet, and thus we assume B, = const.
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population (for a more general form of this equation see Refs. 48
and 64). This simplification is justified by the smallness of the temper-
ature (small diamagnetic currents) of the anisotropic electrons.'

Figure 6 shows profiles of j, ~ (c/4n)0B,/0z with self-
consistent B, from Eq. (7). The anisotropic electrons provide a strong
peak of the current density with a spatial scale (thickness) much
smaller than the thickness of the ambient current density profile.
Electron equatorial ., and anisotropy 1/r play the same role in deter-
mining the peak (equatorial) A value: increases of f3,, and 1/r result
in increases of the electron current density magnitude. The equatorial
magnetic field B,,; determines the spatial scale of A and thus controls
the thickness of the electron current density peak.

IV. SPACECRAFT OBSERVATIONS

To verify the proposed model of superthin, electron-dominated
current sheets, we use observations from MMS spacecraft24 in the
Earth’s magnetotail. The main advantage of the MMS mission is the
unprecedented high-resolution plasma measurements” that allow
direct calculation of ion and electron currents in the magnetotail cur-
rent sheet.” We utilize the survey mode dataset with 1/16s-resolution
magnetic field”” and 3s-resolution plasma moments (all vectors are in
GSM coordinates).

Figures 7-9 show an overview of three current sheet crossings.
Panels (a) show B, reversals across the sheet and relatively small B,
field directed almost across the current sheet surface. All three events
are observed during quiet geomagnetic conditions, i.e., plasma flows
are weak with |v,| < 100 km/s [see panels (b)]. We focus on the cur-
rent sheet crossings with small B, variations (<10 nT) and almost flat
density profiles [see panels (b)]. Such flat density profiles are typical
for these so-called embedded current sheets that are characterized by
intense currents embedded into a broad plasma sheet.””"
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FIG. 7. The current sheet crossed by MMS spacecraft on 2017-08-15. Panel (a)
shows B, and B, magnetic field components in GSM coordinates. Panel (b) shows
ion plasma flow and plasma density. Panel (c) shows ion (red), electron (blue), and
total (green) current densities. Panel (d) shows electron temperature and electron
anisotropy T /T, = 1/r. Panel (€) shows electron 3 and fire-hose parameter.

All three current sheets contain a strong peak of electron currents
around the B, reversal and very weak ion currents [see panels (c)].
Therefore, these current sheets satisfy our criteria of the electron sheet
embedded into a much weaker ion sheet. (Note that the observed
ion current density magnitude can be reduced due to current sheet
polarization®”) The spatial scales of the electron current sheets are
about ~cAB,/4mj, ~ 250 — 500 km for magnetic field variation
AB, ~ 5 nT and current density peak ~15 nA/m” This scale is
smaller than the typical current sheet scale, ~1000 — 3000 km (see
Ref. 66), i.e., we indeed deal with thin electron current sheets embed-
ded into a thicker ion sheet.

All three current sheets are characterized by a weak electron tem-
perature variation, with evident electron anisotropy T)/T. = 1/r
~ 1.1 [see panels (d)]. This is the typical electron anisotropy level in
the Earth’s magnetotail.](’ Due to small B, the electron f5, reaches
10 — 30 around the B, reversal [see panels (e)]. This large f3, leads to
large magnitudes of the fire-hose parameter [A = (f,,/2)(1/r — 1)]
around the B, reversal: A reaches 0.5 — 1, which is larger than typical
A values for the magnetotail current sheets.® Therefore, in these cur-
rent sheets, anisotropic electrons should contribute significantly to the
current density generation and may explain the observed peaks of the
electron current density.

Figure 10 shows a comparison of model current density profiles
(i.e., the solution of Eq. (7) with ﬁeq, 1/r, and B, directly from observa-
tions) and observed profiles during the three events from Figs. 7 and 8.
For jo, we use the current density observed at the boundary of observed
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FIG. 8. Same as in Fig. 7, but for the current sheet crossed by MMS spacecraft on
2017-08-18.

current sheets. Parameters f,, 1/r are averaged over the range of
|By| <1 nT from observations. A comparison of the model and
observed current density profiles demonstrate that Eq. (7) correctly
reproduces the main features of the superthin electron current sheet
embedded into an ion-scale sheet. Both the observed scale (i.e., B,
range) and current density magnitude are well modeled.

Figure 10 compares the model and observed current density pro-
files, but this comparison only verifies basic model properties.
Verification of sophisticated model characteristics, such as polarization
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FIG. 9. Same as in Fig. 7, but for the current sheet crossed by MMS spacecraft on
2017-08-26.
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FIG. 10. Comparison of observed current density profiles for events shown in Figs.
7-9 (blue) and model profiles from Eq. (7) with input parameters from observations
(red solid). Profiles for an isotropic model (r= 1) are shown by dashed red curves.

electric field distributions and electron energy spectra, is more compli-
cated. Although spacecraft observations” and numerical simula-
tions’" of anisotropic electrons in the reconnected current sheets
demonstrate the presence of a strong polarization electric fields, such
fields are expected to be much weaker in the quasi-stationary current
sheets shown in Figs. 7-9. Thus, we cannot compare observational
and model distributions of electric fields. Equation (4) fits observed
electron energy spectra,’® and these spectra can be compared with
observations around the equatorial plane (but observations do not
provide the spectrum evolution along magnetic field lines, and thus we
cannot compare electron flux anisotropy as a function of B/B,).
Figure 11 shows that for events from Figs. 7-9, the main part of
observed electron spectra is well fitted by Eq. (4) with reasonable x val-
ues. There is also a high-energy electron population that cannot be fit-
ted by the two-component model given by Eq. (4), but this
component does not contribute significantly to the phase space
density.

V. DISCUSSION AND CONCLUSION

In this study, we have investigated very intense superthin (sub-
ion scale) current sheets that are generated by anisotropic electrons
observed in the Earth’s magnetotail. Although the current density
magnitude within these superthin current sheets can be very large
(e.g., the three examples shown in Fig. 10 exhibit j, ~ 10 — 20 nA/m’,
higher than currents in thin ion-scale current sheets, see Refs. 10 and
70), the magnetic field variation B, across the current density peak is
quite small (and would be even smaller if negative diamagnetic cur-
rents of parallel anisotropic electrons would be taken into account).
Indeed, Fig. 6 shows that even the most anisotropic (larger 1/r or
equivalently larger f,,;) current sheets with the largest thickness (larger
B.y/By) are bounded by B, ~ 10% of the total magnetic field varia-
tion. This justifies our hypothesis that a superthin electron current
sheet does not disturb ion dynamics, and thus would not alter the
background current density profile.

To construct the superthin current sheet model, we use aniso-
tropic electron MHD, which is applicable for magnetized plasma, but
not for unmagnetized systems.'” Therefore, an important question for
the constructed model is the electron magnetization. Indeed, the
superthin current sheet provides a small-scale magnetic field variation
that can scatter electrons and result in their demagnetization.””** To
check the applicability of anisotropic MHD, we estimate the
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FIG. 11. Comparison of electron phase space density f measured by MMS (blue
dots) and modeled as f ~ (1 + E/Eqrc) ™" exp (—E/Ey) (red curves) (a) during
the event from Fig. 7, with fitting parameters « = 1/2, Ey = 3.7 keV; (b)
during the event from Fig. 8, with fitting parameters x = 1/2, Ey = 0.7 keV; (c)
during the event from Fig. 9, with fitting parameters « = 1/2, Ey = 1.5 keV.

adiabaticity parameter kK = \/R./p,, the ratio of the magnetic field
line curvature radius and electron gyroradius at the equator (see Refs.
23, 36, and 98). For k ~ 1 electrons become demagnetized, and for
x > 1 MHD is applicable. In 1D current sheets, the magnetic field-
line curvature radius is R, ~ (Bqu: /By), where By < By/10 is the
magnetic field magnitude at the superthin current sheet boundary,
and L = Byc/4mj, is the superthin current sheet thickness. The elec-
tron gyroradius at the equator is p, = vo#.c/eBeq, With vg being the
electron thermal speed. Substituting p, and R, into x, we get
K= \/nge/élnjyuome = \/Zj*/jyﬁeq, with j* = evgng the current of
demagnetized electrons. Although the observed current density j, can

reach j* in the most intense current sheets around the reconnection
region,”"" j, is typically much smaller than j* and can approach

j*\/Tim,/ Ty, m; ~ j* /20 for intense currents."' Taking into account
that j, /j* ~ 1/20 and B, ~ 10 — 40, we obtain x > 1, ie., electrons
are mostly magnetized within superthin current sheets and we can
describe electron currents using the anisotropic MHD. However, for
the most intense current sheets with large S, the applicability of
MHD becomes questionable and effects of electron demagnetization
should be taken into account.

Strong electron currents and strong electron anisotropy are free
energy sources for plasma instabilities. First of all, the electron fire-
hose instability can develop in the electron plasma with A > 1 (the
resonant electron fires-hose instability tends to have a lower A
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threshold”*”). This instability generates nonpropagating small-scale
waves that can convert to whistler and electron cyclotron waves.”**’
Electron scattering by these waves constrains the electron anisotropy
and prevent A > 1, or even smaller A for resonant fire-hose mode."’
Therefore, we speculate that formation and dynamics of superthin cur-
rent sheets should be associated with electron-scale waves due to insta-
bility of the electron distribution. Moreover, the Alfvén speed drops to
zero for A ~ 1 (see Ref. 49), and the superthin current sheet can be
treated as nonlinear very oblique Alfvén wave (that does not propagate
due to A ~ 1) or as a rotation discontinuity resulted from Alfvén
wave steepening.”’ These superthin current sheets are elements of
nonlinear Alfvenic turbulence,””** and investigation of their configu-
ration and stability contributes to models of turbulence development
and saturation in anisotropic plasma.

To conclude, we have proposed a model of the superthin current
sheet supported by strong currents of anisotropic electrons. This
model takes into account realistic electron velocity distributions in the
Earth’s magnetotail. Embedded into a thick, low-intensity ion current
sheet, the modeled superthin current sheet reproduces the current
density distribution from MMS observations of highly anisotropic
electrons. Validation with spacecraft observations demonstrates that
this model can be used for further investigations of the current sheet
stability and generation of electron-scale waves in the Earth’s
magnetotail.
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