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Abstract

Onset of reconnection in the tail requires the current sheet thickness to be of the order of the ion thermal gyroradius or smaller.
However, existing isotropic plasma models cannot explain the formation of such thin sheets at distances where the X-lines
are typically observed. Here we reproduce such thin and long sheets in particle-in-cell simulations using a new model of their
equilibria with weakly anisotropic ion species assuming quasi-adiabatic ion dynamics, which substantially modifies the current
density. It is found that anisotropy/agyrotropy contributions to the force balance in such equilibria are comparable to the
pressure gradient in spite of weak ion anisotropy. New equilibria whose current distributions are substantially overstretched
compared to the magnetic field lines are found to be stable in spite of the fact that they are substantially longer than isotropic

sheets with similar thickness.

1'2 T T T T T T

0.8

0.4

106

0.0

-0.4

_0.8--..|....|....|....|....|....|
0 S 10 15 20 25 30




FOCHE=0-2-5,=0-125]} 0.20
0.16
0.06
0.02

3. 1H1(5,=0.25) 0.25
0.19
0.13
0.07
0.01

(a) 100 — B
65 e — C'f'.m R

30 7'? e L S e g “————______ —

F (minc,2/d;)

%‘_\ 12E E
J 10E E
"J 8 3 T <lUxB-EVRIE e 3
c E 3 ~exp(—t0,/10) E
£ E =g - E
o 6 E A —— m— 7
0 20 40 60
t0



Q.25
0.20
Q0.15
§0.10

0.05
0.00

|
-

© T

/4 ™
S o o o o
; F

!m TR TR S IMLL

(=]

-20 -40 -60
X/d,

—_—
O
~—
.
o
1
a

0.25
0.20
0.15
W 0.10

0.05
0.00

0.20
0.15
3 0.10

0.05
0.00

(c) 0.08 (e) g
~ 0.06 o 2
< £ &
= 004 3 VALY
g © o v l
- 0.02 -
© -2
0.00 ; -3 . .
0 1 2 3 0 n/2 w 3n/22n
v./C, 6
x107®
(@) 4 ()10
o ° °
~ & 2 _
Sy Io
>N o 1 N
> pel
> O 75
—1 —-10
0 1 2 3 -10-5 0 5
Vr/CA )f/d‘



mquoc_rc\“x__a

O OITNODOO
O 00000
) O CCO0000
oocool ||

JxB

—80

60

X/d;

~40
X/d

-20

<UxB=ZVPI> go0c 20

IR P R R T

b)

(p/ Jouw) 4

NO 00 © & NO

A_U\NJCWEV 4

S

30

25

20

15

to,

10

(@]



be prelimin

d. Data n

preprint and has 1

is

97

563

8500326.692¢

doi.org/10

author /funder. All ri

pyright holder is the

T'he

x107*

(@) 250.0
167.5

85.0

nCAZ/di)

—80.0
- (b)250.0

F (m

85.0

25k

167.5)

o
N

TITTTIIT T I T s

<WUxB=XVPI> 500, saic—20
~exp(—tQ,/10)

20 30

gn
O o o«

wn
RERRARANEERERRARRNRRRRRRE

L L L L N B B

ol idsbvwdesbed b b v Py P Py gy |

I
N
o

0.5

o



1

PIC simulations of overstretched ion-scale current
sheets in the magnetotail

H. Arnold', M. I. Sitnov!

IThe Johns Hopkins University Applied Physics Laboratory, Laurel, Maryland, USA.

Key Points:

« Two-dimensional ion-scale current sheets stretched way beyond the isotropic limit
are reproduced in particle-in-cell simulations

« Weak ion anisotropy and agyrotropy substantially modify the current density and
the isotropic force balance

 Jon-scale current sheets are stable in spite of the fact that they are longer com-
pared to isotropic sheets with similar thickness

Corresponding author: M. I. Sitnov, Mikhail.Sitnov@jhuapl.edu
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Abstract

Onset of reconnection in the tail requires the current sheet thickness to be of the order
of the ion thermal gyroradius or smaller. However, existing isotropic plasma models can-
not explain the formation of such thin sheets at distances where the X-lines are typically
observed. Here we reproduce such thin and long sheets in particle-in-cell simulations us-
ing a new model of their equilibria with weakly anisotropic ion species assuming quasi-
adiabatic ion dynamics, which substantially modifies the current density. It is found that
anisotropy/agyrotropy contributions to the force balance in such equilibria are compa-
rable to the pressure gradient in spite of weak ion anisotropy. New equilibria whose cur-
rent distributions are substantially overstretched compared to the magnetic field lines
are found to be stable in spite of the fact that they are substantially longer than isotropic
sheets with similar thickness.

Plain Language Summary

Ton scale current sheets forming sufficiently far from the Earth are necessary to ex-
plain its magnetic field reconfiguration on the night side. However, these cannot be formed
in isotropic plasmas because then they would inflate too rapidly. We present kinetic sim-
ulations of current sheets that inflate much slower due to slight field-aligned anisotropy
of the ion species. Their formation is provided by a special population of suprathermal
ions with figure-of-eight orbits. We find that the resulting current sheets are stable over
a long time scale and have a thickness comparable to the size of these orbits.

1 Introduction

The mechanism of slow energy accumulation and its rapid release in the magne-
totail during substorms remains a fundamental unsolved problem of magnetospheric physics (McPherron,
2016; M. Sitnov et al., 2019). During the substorm growth phase, magnetic flux is trans-
ported from the day side to the night side of Earth’s magnetosphere to stretch and thin
the tail current sheet (CS) making it susceptible to spontaneous magnetic reconnection (Coppi
et al., 1966; Schindler, 1974). Conventional CS equilibria with gyrotropic plasmas can-
not explain the observed aspect ratio of the CS whose thickness is comparable to the ion
gyroradius, pp;, based on the field, By, outside the CS (Runov et al., 2005) while its length
may be two orders of magnitude larger (Artemyev et al., 2015; M. 1. Sitnov et al., 2019)
As a result, kinetic simulations of the reconnection onset, independent of the specific mech-
anism, ion tearing (M. I. Sitnov et al., 2013; Bessho & Bhattacharjee, 2014; Pritchett,
2015) or electron tearing (Hesse & Schindler, 2001; Liu et al., 2014), show the X-line for-
mation within a few Earth radii (< 20pg,) from the left boundary corresponding to the
near-Earth end of the tail, where it is observed only in very rare cases (Angelopoulos et
al., 2020). Meanwhile, thin ion-scale current sheets are routinely observed farther in the
tail (2 20Rg ~ 200p;, where Rg is the Earth’s radius) (Runov et al., 2005; Artemyev
et al., 2015) where the X-lines usually form (Nagai et al., 2005, 2015; Eastwood et al.,
2010; Stephens et al., 2023).

Typically, theoretical descriptions of the magnetotail CS, including initialization
of kinetic simulations, are performed using 2-D generalizations of the 1-D Harris model (Harris,
1962), which can be applied when the normal to the CS magnetic field component B, =
0. The Harris model is based on the plasma distribution functions dependent on invari-
ants of particle motion, the total energy W, = mqv?/2+q¢ and the y-component of
the canonical momentum P,, = mqvy + (¢a/c)A,, where a = i, e is the species index
for ions and electrons, ¢ is the electrostatic potential and A = (0, A,(2),0) is the vec-
tor potential. The use of these invariants allows one to automatically obey the station-
ary Vlasov equation. 2D generalizations of the Harris model with applications to the mag-
netotail are obtained in the stretched magnetic field approximation 0 < B, /By < 1 (Schindler,
1972; Lembege & Pellat, 1982).
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The dependence of distributions on the total energy and canonical momentum im-
poses the following relation between the pressure gradient and the Lorentz force: dP,,/0x =
(0Op/0A,)(0A,/0z) = j,B,. This relation is valid both for isotropic models where W,
and P,, enter the distribution in a linear combination (Lembege & Pellat, 1982) and for
more complex anisotropic Harris-type models (Schindler & Birn, 2002; Birn et al., 2004).

It implies that the Lorentz force along the tail in these CS is balanced by the plasma pres-
sure. In view of the force balance across the CS, it also implies that the CS length L,

is related to its thickness L, as L, /L, ~ By/B,. Since typical values of By/B, do not
exceed ~ 20 (Figure 3 in (Artemyev, Angelopoulos, & Runov, 2016), Figure 15 in (M. I. Sit-
nov et al., 2019)), it also means that the length of the ion-scale thin current sheets (T'CS)
cannot exceed ~ 20pg;. Since for typical plasma parameters pg; ~ 0.1Rg (e.g., Runov

et al., 2005), the radial extension of such TCS cannot exceed 2Rg. As a result, it be-

comes impossible to explain the formation of TCS sufficiently far from the dipolar field
region. Note that in all models without X-lines (B, > 0) the TCS thickness L, increases
with the distance from Earth (e.g., Schindler, 1972).

According to Rich et al. (1972), the problem of insufficient TCS stretching cannot
be solved due to the inertial terms in the momentum equation and hence it cannot be
solved due to dynamical effects in MHD simulations that usually employ isotropic plasma
models (e.g. Merkin et al., 2019). It can be solved however due to plasma anisotropy through
additional (off-diagonal) pressure terms in the force balance equation (Rich et al., 1972)

8<Pea:a: + Pza::v) aPemz af)zwz .
ox * 0z + 0z JuB: (1)

In the gyrotropic approximation these off-diagonal terms on the left hand side of (1) can

be reduced to P,. = (P — P,)B,B./B?, where p)| and p, are the plasma pressure
components parallel and perpendicular to the plasma sheet. Indeed, a number of mod-

els employing different equations of state for electron species have been proposed (L. M. Ze-
lenyi et al., 2004; Egedal et al., 2013; Artemyev, Vasko, et al., 2016). Moreover, the im-
portance of the electron anisotropy for reconnection outflow regions was explicitly demon-
strated in particle-in-cell (PIC) simulations (Le et al., 2019, and refs. therein). Mean-
while, Egedal et al. (2013) and Artemyev, Vasko, et al. (2016) showed that new TCS equi-
libria become possible due to an additional integral of motion in the electron distribu-

tion, the magnetic moment p = m.v? /(2B).

However, closer examination shows that the electron anisotropy as well as the gy-
rotropic plasma approximation are insufficient to explain the observed global and local
structure of the magnetotail TCS. First, on average, the electron anisotropy is rather small.
According to (Artemyev et al., 2012, Figure 4), the electron temperature anisotropy is
about 5%. Taking into account that electrons are substantially colder than ions in the
tail plasma sheet with T; /T, varying from ~ 2 to 12 (Artemyev, Baumjohann, et al.,

2011; Wang et al., 2012), their anisotropy values are equivalent to ~ 1% ion anisotropy.
Unsurprisingly, the electron temperature anisotropy force (the second term in (1)) can
balance only 10-15% of the observed tension force j, B, (Artemyev, Angelopoulos, & Runov,
2016).

Meanwhile, the observed values of the ion anisotropy are an order of manuitude
larger: Geotail observations (Kaufmann et al., 2000) suggest that Tj)|/T;1 ~ 1.2 in the
range of the plasma beta 0.1 < [ < 3 in the spatial region —31Rg < = < —19Rpg
ly| < 6Rg. THEMIS observations (Artemyev et al., 2019) suggest comparable values
of anisotropy in similar regions for quiet tail conditions. Finally, combined data from Clus-
ter and THEMIS for CS thinning periods (Yushkov et al., 2021, Figure 10) show that
for many (15 out of 20 events, with most negative cases being found at the near-Earth
edge of the tail CS) the field-aligned ion anisotropy reaches ~ 10% at the end of the thin-
ning period. Yet, even the ion anisotropy is rather weak (75 /T;. — 1 < 1), and it is
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not clear if it can substantially modify the tail force balance (1) and the TCS aspect ra-
tio L, /L, compared to its isotropic estimate By/B..

Second, in the tail TCS with the half-thickness L, ~ po; and B./By < 1 the
thermal ion population is not adiabatic but rather quasi-adiabatic, which is seen from
the simplified adiabaticity parameter (Biichner & Zelenyi, 1989) k = (B./Bo)+/L./poi <
1. In this regime the magnetic moment is not conserved because the ion orbits deviate
from their Larmor gyration and instead resemble a figure of eight (the so-called Speiser
orbits (Speiser, 1965)). As was shown in (Schindler, 1965; Sonnerup, 1971; Biichner &
Zelenyi, 1989) for this regime one can use another quasi-adiabatic invariant of motion

IO = QL ]{mivzdz (2)
T

Since ions on Speiser orbits are not magnetized by the field B, they can provide Lan-
dau dissipation (Pritchett et al., 1991) critical for the ion tearing instability (Schindler,
1974; M. 1. Sitnov & Schindler, 2010; M. I. Sitnov & Swisdak, 2011; M. I. Sitnov et al.,
2018). Speiser ion motions should also make plasma agyrotropic. Indeed, recent MMS
observations (Motoba et al., 2022) revealed substatial ion agyrotropy quantified by Swis-
dak’s Q-parameter (Swisdak, 2016).

In this Letter we show that even small ion anisotropy, similar to the aforementioned
observations, can substantially modify the force balance (1), compared to its isotropic
form. The resulting TCS are much longer, consistent with observations (Artemyev, An-
gelopoulos, & Runov, 2016) and empirical reconstructions (M. I. Sitnov et al., 2019). We
show this using 2D PIC simulations that are initialized by the TCS equilibria with quasi-
adiabatic ions (M. I. Sitnov et al., 2003, hereafter the SGS model) whose description is
simplified in the approximation of weak anisotropy (M. I. Sitnov & Arnold, 2022).

2 Weakly anisotropic TCS equilibrium with quasi-adiabatic ions

The SGS model had been originally proposed to explain Cluster observations of
bifurcated ion-scale TCSs (Nakamura et al., 2002; Runov et al., 2003; Sergeev et al., 2003).
It is based on the following generalization of the ion distribution function:

GivDi 3¢ mi[v2 + (vy — vpi)® + V7]
fiocexp< A, — )exp{— X z
’ i~ T 2T}
1 1 .9
_ ey (O] 3
X exp {(Tu Tu) 5 12 ] (3)

where Tj|; and T'|; are the parallel and perpendicular ion temperature parameters, which
become true temperatures outside the TCS where plasma is gyrotropic. The drift ve-
locities vp, determine the shift of electron and ion distributions in the y-direction and
they determine the CS current in the Harris limit 7}); = T ; (2, is the particle gyrofre-
quency in the lobe field By = |B,(|z| — o0)|. The electron distribution was a shifted
Maxwellian similar to the original Harris model.

Numerical solutions of Ampere’s and Poisson’s equations with the ion distribution
(3) (M. I Sitnov et al., 2003, 2006) showed that it indeed helps describe the effects of
TCS bifurcation (when Tj/T;1 < 1) and embedding (when Tj)/T;. > 1). Moreover,

the analysis of the corresponding 2-D solutions in the stretched field approximation (B,/By <

1) (M. I. Sitnov & Merkin, 2016) suggested that embedded TCS can be much longer, com-
pared to their Harris analogs. However, it was unclear how the force balance could be
changed in SGS, because use of the quasi-adiabatic invariant (3) yielded only diagonal
components of the ion pressure tensor due to symmetry when B, = 0. Being all dif-
ferent (Pize # Piyy # Pizz), they provided agyrotropy but gave zero contribution to
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the third term in (1). At the same time, since numerical SGS solutions were computa-
tionally expensive, their verification in PIC simulations was limited to 1-D configurations
with B, = 0 (M. L. Sitnov et al., 2004, 2006).

An important advantage of SGS over other models with quasi-adiabatic ions (Kropotkin
et al., 1997; M. L. Sitnov et al., 2000; L. M. Zelenyi et al., 2004) is the possibility of its
reduction to the Harris model in the limit of isotropic ions. Moreover, in the most re-
alistic case of weak ion anisotropy, one can expect a significant simplification of the model
that would facilitate its PIC simulations. The corresponding weakly anisotropic approx-
imation of SGS has been recently elaborated in (M. I. Sitnov & Arnold, 2022). It depends
on two parameters, the ion anisotropy d; = T} /T;1 — 1 (]61] < 1) and the TCS em-
bedding measure do = wp;, where wpo, = Vpa/vT1q are the dimensionless drift ve-
locities of the Harris component of the distribution (3) and its isotropic electron ana-
log: § determines the ratio between the TCS thickness Lprcs ~ po; and the Harris-
like thick CS with the thickness Ly = po;(vr. /vp;) (Lembege & Pellat, 1982) in which
the TCS is embedded.

In the double limit |d1 2] <« 1 and with the use of the dimensionless parameters
b= B,/By and { = z/p10;, the TCS magnetic field can be presented in the form:

40100 (@0(0),0) | \/1 0100 (00.0)

= [tanh? (&}
b(¢,01,02) = \/t h* (65¢1(C)) + m2(1 4 7)v/20; 72(1+7)v/202

(tes) o 51 (tes) !
Cl (C) ~ 61 (‘7(0) 2621) (OO’ 52)) (tes)
Sl 1 2 ) 5)

where 65 = 85(1—01), 7 =T, /T13; j(((tss) is a constant (x 1.77); ¢(**)(¢) and b(***) (a, &)
are universal functions determined in (M. I. Sitnov & Arnold, 2022).

In the isotropic limit §; = 0 this magnetic field formula is reduced to the conven-
tional Harris solution b = tanh (62(). Note that, to be able to be reduced to Harris, the
original SGS solution was obtained with the additional constraint

wWpe = —wp;i(1 — 51)71/2u1/2, (6)

where = m./m; is electron-to-ion mass ratio. This constraint provides charge neu-
trality of the Harris solution and domination of the ion current as long as 7 < 1. It can
be modified to describe negatively charged and electron dominated TCSs (Yoon & Lui,
2004; M. 1. Sitnov et al., 2021).

The comparison of the approximation (4)-(5) with the exact numerical solution of
the SGS model provided in Figure S1 of the Supporting Information (SI) reveals that
it can be further improved if the Harris vector-potential there a(o)(C ) is replaced by its

weakly anisotropic approximation (M. I. Sitnov & Arnold, 2022, Eq.(50)): a(¢) = log (cosh(¢1(¢)d%))/d5.

The extension of this 1-D equilibrium to 2-D with a nonzero B, magnetic field com-
ponent can be provided following (Schindler, 1972) and (M. I. Sitnov & Merkin, 2016)
to result in the formula

b(z,z) = 07 ()b (207 (2), 61, 62), (7)

where 0(z) = €*29(®) q; = — A, (x,2 = 0)/(Bop.Lo:) is the dimensionless vector-potential,
and has the relation d(log (0))/dx = £102/p1 ¢; with the stretching parameter 1 = B, (x,z =
0)/Bo. This 2D solution is not completely equivalent to the approximation d — 62671 (z)
suggested in (M. I. Sitnov & Arnold, 2022). However, the difference is largely in the TCS
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correction terms O(dy) in (4). The corresponding profile of the magnetic field B, (z, z)

is taken from the 2-D Harris-Schindler solution (M. I. Sitnov & Schindler, 2010, Eq.(4)),
where we neglect the anisotropy dependence because B, /By is already a small param-
eter. The resulting 2-D solution is similar, but not equivalent, to Figure 12 in (M. I. Sit-
nov & Arnold, 2022). It is provided in Figure S2 where it is compared to the Harris so-
lution with the same value of ¢ and comparable TCS thickness at = 0. Note that since
we neglected the anisotropy corrections in the B, component, this solution does not obey
the condition V - B = 0. However, this inconsistency is fixed later in the PIC code,
where the condition is provided at every time step using a multigrid algorithm (Press

et al., 1996) and it results in only small corrections of the equilibrium picture.

3 PIC simulations

In order to test the new equilibrium laid out in (M. I. Sitnov & Arnold, 2022) we
perform three 2D simulation runs that demonstrate that this quickly evolves to a true
equilibrium with parameters applicable to Earth’s magnetotail using the PIC code P3D
(Zeiler et al., 2002). As is typical in PIC simulations, magnetic fields are normalized to
the asymptotic value, By, lengths are normalized to the ion inertial length, d;, times to
the inverse ion cyclotron frequency, €2 ! masses to the ion mass, m;, and densities to
the maximum density in the simulation, ng. Velocities are then normalized to the Alfvén
speed, C4 = By/v/4mngm;, and pressures to Py = minoC'i. We also note that the
distribution function is normalized to fo = ng/ Cf‘. Each run uses an ion to electron
mass ratio, m;/m., of 128, a speed of light equal to 15C 4, an electron temperature of
0.1m;C%, and a nominal ion temperature of 0.4m;C%. Simulations are made in a box
80d; x20d; with a square grid cell of length 0.03d; and a time step of 0.00259;1. The
coordinates are chosen to be GSM-like with the z-axis directed opposite to the magnetic
field line stretching (earthward) and z pointing up (northward). Simulations use the fol-
lowing values of the ion anisotropy and magnetic field stretching parameters: §; = 0.2
and g7 = 0.03 for Run 1; §; = 0.1 and &7 = 0.03 for Run 2; §; = 0.2 and &1 = 0.1 for
Run 3. These values are consistent with estimates of d; in the pre-onset (thinned) mag-
netotail current sheet (Yushkov et al., 2021) and other observations (Kaufmann et al.,
2000; Artemyev et al., 2019) as well as the empirical picture of the tail stretching and
thinning (M. I. Sitnov et al., 2019; Yushkov et al., 2021). More details on the simula-
tion setup, including the boundary conditions employed, are provided in the SI.

In Figure 1 we show 2D distributions of the key parameters of the new equilibrium
at the end of Run 1 (©;¢ = 60). The TCS embedding feature is clearly seen there from
the comparison of Figures 1a and 1b: Unlike Harris-type CSs, the current density pro-
file here is substantially narrower than that of the plasma density (the corresponding lin-
ear profiles are provided in Figure S3). Its key overstretching effect is seen in Figure 1b
from the comparison of the current density isocontours (color boundaries) and the mag-
netic field lines: the former are stretched more than the latter. Figure S3 also reveals
that the 2D SGS model is indeed selfconsistent and stable because the initial current and
plasma density profiles given by the model don’t change significantly by €;t = 60.

Figure 1c shows that that the local values of the temperature anisotropy 07 = Ti*|| JTH,
where Ti*|| and T7, are the local values of the parallel and perpendicular ion tempera-
tures, are close to d; = 0.2 chosen as a global anisotropy parameter in the SGS model.
But they may vary substantially, being reduced near the neutral plane z = 0 and at
the boundaries, consistent with observations (Kaufmann et al., 2000, Figure 1).

Figure 1d shows that the plasma anisotropy is accompanied by a substantial agy-
rotropy measured here by the Q-parameter (Swisdak, 2016). Its value increases near the
neutral plane where ions are less magnetized. It also increases tailward because of the
reduction of the normal magnetic field near the right boundary (for details see the SI
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Figure 1. 2D distributions of the key parameters in Run 1 at the moment ¢t©2; = 60: (a-b)
plasma and current densities; (c) ion anisotropy parameter 07; (d) ion agyrotropy parameter

Q (Swisdak, 2016); (e) off-diagonal component of the ion pressure tensor P; .. with magnetic
field lines in black. The red box in (e) shows the location of the distribution function in Figure

3a and b, and the white star is the end point of the test particles in Figure 3f.
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and refs. therein). Its peak value Q'/2 ~ 0.1 is consistent with observations (Motoba
et al., 2022).

Perhaps the most intriguing feature of these simulations is provided by Figure le,
which shows a small but substantial off-diagonal component, P; ..., of the pressure ten-
sor. Moreover, being formally absent in the original SGS theory and resulting in the force
imbalance at the beginning of the run (black dash-dotted line in Figure 2a), it is shown
to increase during the run to eventually make a contribution to the force balance (1) com-
parable to the pressure gradient (cf. solid and dashed red lines in Figure 2b). To under-
stand why it becomes possible in spite of weak plasma anisotropy, one can use the force
balance outside the TCS analyzed by Rich et al. (1972). They noticed that the TCS re-
verses only a part of the antiparallel field component By (Bres ~ 0.5Bg in our sim-
ulations, according to Figure S3). As a result a small amount of anisotropy can balance
40% of the J X B force in Run 1. From Rich et al. (1972) the off diagonal component
due to pressure anisotropy in the force balance equation is

(P| — P1)B,B./(B*L.) ~0.1/B*J x B~0.4J x B (8)

Note that in real magnetotail TCSs this effect is even stronger because By/Brcs ranges
between 2.5 and 3.3 (Artemyev, Petrukovich, et al., 2011, Figure 4). As one can see from
Figure 2c, the force balance is restored on the time scale At ~ 109;1.

To reveal the energy range and hence the ion dynamic regime (adiabatic, chaotic
or quasi-adiabatic) that provides the main contribution to the TCS overstretching ef-
fect, the distribution (3) was sampled in the red box from Figure le (15.5d;x1.5d;) and
sliced into 30 energy annuli as is shown in Figure 3a. The comparison of its partial den-
sity distribution by the inner annulus radii (Figure 3c¢) and the contribution of the cor-
responding circles to the pressure tensor component P; ;. (Figure 3d) shows that this
component is mainly provided by the suprathermal ions (v > Cj). Since for the pa-
rameters €1 < 1 and L, ~ pp; used in our runs k < 1 even for thermal ions, the over-
stretching effect and other non-Harris features must be provided by the quasi-adiabatic
ions (Biichner & Zelenyi, 1989). Figure 3f shows test particle orbits that end at the white
star location in Figure 1a. These test particles are chosen to have v,, v, corresponding
to the green ‘x’ in Figure 3b. This location is at the peak in both the radius of the en-
ergy annuli, and 6, the location in the annulus associated with the largest contribution
to Pz, (vr =~ 1.3 Figure 3d and § ~ 0.6 Figure 3¢). They are then assigned a ran-
dom v, from a 1D maxwellian with temperature and drift speed equal to the local val-
ues (~ 0.47p and ~ 0.13C4) and evolved backwards in time for 302; 1 using the equi-
librium magnetic field at ¢€2; = 60 and no electric field. We plot 20 sample orbits that
demonstrate that the figure-of-eight and meandering type orbits (cf. Speiser, 1965; Chen
& Palmadesso, 1986; Biichner & Zelenyi, 1989) are responsible for generating the off di-
agonal pressure and hence the overstretching effect.

In Figure 4 we compare the current density profiles for Runs 1-3. This figure shows
that the overstretching effect weakly depends on the anisotropy value (cf. Figures 4a and
4b), consistent with the theoretical estimates (M. I. Sitnov & Arnold, 2022). Figure 4c
shows the effect of the reduction of the magnetic field stretching on the TCS structure.
While the TCS becomes shorter, its current remains overstretched and stable. This sta-
bility is surprising because for 1 = 0.1 and the TCS thickness Lrcg ~ 2pp; the kappa
parameter (Biichner & Zelenyi, 1989) approaches the upper limit of the quasi-adiabatic
region. It was argued (Burkhart et al., 1992; Artemyev et al., 2019) that in this case the
dominant ion population becomes chaotic and the equilibrium cannot be sustained. The
reason of the TCS sustainability can be understood from Figure 3, which shows that the
main contribution to the off-diagonal pressure tensor component P; . comes from the
suprathermal ion population (cf. Figures 3a and 3b).
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Figure 2. This shows the following quantities along the center of the current sheet at t€2; = 0
(a) and 60 (b): J X B force in the z direction (black), the x-derivative of the diagonal ion (red)
and electron (blue) pressure component, the z-derivative of the off diagonal ion (dashed red)
and electron (dashed blue) pressure component, the sum of the divergence of the electron and
ion pressure tensors in the x direction (dashed black), and the difference between the black and
dashed black lines (dash-dot black). The latter should be near 0 for an equilibrium current sheet.
(c) Shows the average value of the magnitude of the dash-dot black line between z/d; = —20 and
—60 as a function of time in black, and an exponential decay with time constant 109;1. Note
that the current sheet reaches equilibrium by the end of the simulation. Similar figures for runs 2

and 3 can be found in Figures S4 and S5.
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from the annulus 1.3 < v,./C4 < 1.4 shown in (b), and marked by the star in (c) and (d), to P; =
as a function of the polar angle 6, where d2APi,zz = muvv:[f(tQ = 60) — f(tQ = 0)]vrdv,.db.

(f): sample test particle orbits with final velocities located at the green ‘x’ in (b) and correspond

to the green ‘x’ in (e), and final positions located at the star in (f) and Figure 1(e).
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Figure 4. 2D distributions of the total current density Jy/qnoCa at t©Q2; = 30 for (a) Run 1

with ; = 0.2 and &1 = 0.03, (b) Run 2 with §; = 0.1 and &; = 0.03, and (c¢) Run 3 with 6; = 0.2
and €; = 0.1.

4 Discussion and Conclusion

In this paper we described for the first time in PIC simulations the selfconsistent
structure and evolution of a new class of thin ion-scale TCSs whose current distributions
are substantially overstretched compared to the magnetic field lines (Figures 1 and 4)
so that their aspect ratio L, /L, exceeds their magnetic field line stretching By/B, un-
like isotropic Harris-type models. Such a violation of the isotropic force balance can be
provided by the relatively small values of the ion anisotropy outside the TCS if the lat-
ter reverses only a part (Brcg) of the antiparallel field component By because then it
increases the off-diagonal component of the ion pressure P,, = (P|| — P,)B,;B./ B2.

It is found (Figure 3) that the non-isotropic force balance is provided by quasi-adiabatic

(Speiser) ion orbits. While the corresponding ion distribution (3) based on the quasi-
adiabatic invariant (2) is already agyrotropic, its off-diagonal components are zero and

it cannot maintain the force balance necessary for the corresponding 2D equilibrium so-
lution (M. I. Sitnov & Arnold, 2022). However, Figure 2 shows that the necessary force
balance is restored rather quickly and likely due to bending of the corresponding Speiser
orbits in the actual (stretched rather than antiparallel) magnetic field. According to Fig-
ures 3c¢-3d, the main contribution to the force balance modification is made by suprather-
mal ions closer to the tail of their distribution. This explains the absence of any CS catas-
trophe reported in earlier single-particle models (Burkhart et al., 1992) with the increase
of the normal magnetic field (Figure 4c).

Note that, unlike Harris CS, the new SGS equilibria help explain such important
observational features of the magnetotail CS as their cooling and density increase dur-
ing the thinning process (Runov et al., 2021; Yushkov et al., 2021). This is because the

SGS current thickness scales as the ion gyroradius pg; o Til/ 2 (M. 1. Sitnov et al., 2003),
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which is also close to the ion inertial length d; o n, /2 Shen the plasma anisotropy

is small (M. I. Sitnov & Arnold, 2022). Note also that the embedded structure of the ob-
tained selfconsistent CS is consistent with observations (Runov et al., 2005; Runov et
al., 2006) and global hybrid simulations (Lu et al., 2016).

Simulations show that after establishing the new force balance, the TCS equilib-
ria remain stable, contrary to theoretical suggestions of their destabilization, albeit for
strong anisotropy regimes (L. Zelenyi et al., 2008). It is yet unknown if this stability is
due to the electron compressibility effect suggested by Lembege and Pellat (1982) for 2D
Harris models and if it can be relaxed for local magnetic flux accumulation regions with
the tailward B, gradient, as suggested by M. I. Sitnov and Schindler (2010). Further sim-
ulations are also necessary to clarify the role of the TCS negative charging (Lu et al.,
2020; M. Sitnov et al., 2021), electron current domination (Lu et al., 2020; M. I. Sitnov
et al., 2021) and the effect of external driving (Hesse & Schindler, 2001; Liu et al., 2014;
M. Sitnov et al., 2021; M. 1. Sitnov et al., 2021). But the present study solves a funda-
mental problem of the ion-scale TCS formation sufficiently far from Earth where TCSs
necessary for reconnection and the resulting X-lines are indeed observed.

5 Open Research

The data used in this paper are archived on Zenodo along with the necessary files
to reproduce the figures using IDL (https://doi.org/10.5281/zenodo.7927177).
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