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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.
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Key Points:5

• Two-dimensional ion-scale current sheets stretched way beyond the isotropic limit6

are reproduced in particle-in-cell simulations7

• Weak ion anisotropy and agyrotropy substantially modify the current density and8

the isotropic force balance9

• Ion-scale current sheets are stable in spite of the fact that they are longer com-10

pared to isotropic sheets with similar thickness11
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Abstract12

Onset of reconnection in the tail requires the current sheet thickness to be of the order13

of the ion thermal gyroradius or smaller. However, existing isotropic plasma models can-14

not explain the formation of such thin sheets at distances where the X-lines are typically15

observed. Here we reproduce such thin and long sheets in particle-in-cell simulations us-16

ing a new model of their equilibria with weakly anisotropic ion species assuming quasi-17

adiabatic ion dynamics, which substantially modifies the current density. It is found that18

anisotropy/agyrotropy contributions to the force balance in such equilibria are compa-19

rable to the pressure gradient in spite of weak ion anisotropy. New equilibria whose cur-20

rent distributions are substantially overstretched compared to the magnetic field lines21

are found to be stable in spite of the fact that they are substantially longer than isotropic22

sheets with similar thickness.23

Plain Language Summary24

Ion scale current sheets forming sufficiently far from the Earth are necessary to ex-25

plain its magnetic field reconfiguration on the night side. However, these cannot be formed26

in isotropic plasmas because then they would inflate too rapidly. We present kinetic sim-27

ulations of current sheets that inflate much slower due to slight field-aligned anisotropy28

of the ion species. Their formation is provided by a special population of suprathermal29

ions with figure-of-eight orbits. We find that the resulting current sheets are stable over30

a long time scale and have a thickness comparable to the size of these orbits.31

1 Introduction32

The mechanism of slow energy accumulation and its rapid release in the magne-33

totail during substorms remains a fundamental unsolved problem of magnetospheric physics (McPherron,34

2016; M. Sitnov et al., 2019). During the substorm growth phase, magnetic flux is trans-35

ported from the day side to the night side of Earth’s magnetosphere to stretch and thin36

the tail current sheet (CS) making it susceptible to spontaneous magnetic reconnection (Coppi37

et al., 1966; Schindler, 1974). Conventional CS equilibria with gyrotropic plasmas can-38

not explain the observed aspect ratio of the CS whose thickness is comparable to the ion39

gyroradius, ρ0i, based on the field, B0, outside the CS (Runov et al., 2005) while its length40

may be two orders of magnitude larger (Artemyev et al., 2015; M. I. Sitnov et al., 2019)41

As a result, kinetic simulations of the reconnection onset, independent of the specific mech-42

anism, ion tearing (M. I. Sitnov et al., 2013; Bessho & Bhattacharjee, 2014; Pritchett,43

2015) or electron tearing (Hesse & Schindler, 2001; Liu et al., 2014), show the X-line for-44

mation within a few Earth radii (≲ 20ρ0i) from the left boundary corresponding to the45

near-Earth end of the tail, where it is observed only in very rare cases (Angelopoulos et46

al., 2020). Meanwhile, thin ion-scale current sheets are routinely observed farther in the47

tail (≳ 20RE ∼ 200ρ0i, where RE is the Earth’s radius) (Runov et al., 2005; Artemyev48

et al., 2015) where the X-lines usually form (Nagai et al., 2005, 2015; Eastwood et al.,49

2010; Stephens et al., 2023).50

Typically, theoretical descriptions of the magnetotail CS, including initialization51

of kinetic simulations, are performed using 2-D generalizations of the 1-D Harris model (Harris,52

1962), which can be applied when the normal to the CS magnetic field component Bz =53

0. The Harris model is based on the plasma distribution functions dependent on invari-54

ants of particle motion, the total energy Wα = mαv
2/2+qαϕ and the y-component of55

the canonical momentum Pyα = mαvy + (qα/c)Ay, where α = i, e is the species index56

for ions and electrons, ϕ is the electrostatic potential and A = (0, Ay(z), 0) is the vec-57

tor potential. The use of these invariants allows one to automatically obey the station-58

ary Vlasov equation. 2D generalizations of the Harris model with applications to the mag-59

netotail are obtained in the stretched magnetic field approximation 0 < Bz/B0 ≪ 1 (Schindler,60

1972; Lembege & Pellat, 1982).61
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The dependence of distributions on the total energy and canonical momentum im-62

poses the following relation between the pressure gradient and the Lorentz force: ∂Pxx/∂x =63

(∂p/∂Ay)(∂Ay/∂x) = jyBz. This relation is valid both for isotropic models where Wα64

and Pyα enter the distribution in a linear combination (Lembege & Pellat, 1982) and for65

more complex anisotropic Harris-type models (Schindler & Birn, 2002; Birn et al., 2004).66

It implies that the Lorentz force along the tail in these CS is balanced by the plasma pres-67

sure. In view of the force balance across the CS, it also implies that the CS length Lx68

is related to its thickness Lz as Lx/Lz ∼ B0/Bz. Since typical values of B0/Bz do not69

exceed ∼ 20 (Figure 3 in (Artemyev, Angelopoulos, & Runov, 2016), Figure 15 in (M. I. Sit-70

nov et al., 2019)), it also means that the length of the ion-scale thin current sheets (TCS)71

cannot exceed ∼ 20ρ0i. Since for typical plasma parameters ρ0i ∼ 0.1RE (e.g., Runov72

et al., 2005), the radial extension of such TCS cannot exceed 2RE . As a result, it be-73

comes impossible to explain the formation of TCS sufficiently far from the dipolar field74

region. Note that in all models without X-lines (Bz > 0) the TCS thickness Lz increases75

with the distance from Earth (e.g., Schindler, 1972).76

According to Rich et al. (1972), the problem of insufficient TCS stretching cannot77

be solved due to the inertial terms in the momentum equation and hence it cannot be78

solved due to dynamical effects in MHD simulations that usually employ isotropic plasma79

models (e.g. Merkin et al., 2019). It can be solved however due to plasma anisotropy through80

additional (off-diagonal) pressure terms in the force balance equation (Rich et al., 1972)81

∂(Pexx + Pixx)

∂x
+

∂Pexz

∂z
+

∂Pixz

∂z
= jyBz (1)

In the gyrotropic approximation these off-diagonal terms on the left hand side of (1) can82

be reduced to Pxz = (P|| − P⊥)BxBz/B
2, where p|| and p⊥ are the plasma pressure83

components parallel and perpendicular to the plasma sheet. Indeed, a number of mod-84

els employing different equations of state for electron species have been proposed (L. M. Ze-85

lenyi et al., 2004; Egedal et al., 2013; Artemyev, Vasko, et al., 2016). Moreover, the im-86

portance of the electron anisotropy for reconnection outflow regions was explicitly demon-87

strated in particle-in-cell (PIC) simulations (Le et al., 2019, and refs. therein). Mean-88

while, Egedal et al. (2013) and Artemyev, Vasko, et al. (2016) showed that new TCS equi-89

libria become possible due to an additional integral of motion in the electron distribu-90

tion, the magnetic moment µ = mev
2
⊥/(2B).91

However, closer examination shows that the electron anisotropy as well as the gy-92

rotropic plasma approximation are insufficient to explain the observed global and local93

structure of the magnetotail TCS. First, on average, the electron anisotropy is rather small.94

According to (Artemyev et al., 2012, Figure 4), the electron temperature anisotropy is95

about 5%. Taking into account that electrons are substantially colder than ions in the96

tail plasma sheet with Ti/Te varying from ∼ 2 to 12 (Artemyev, Baumjohann, et al.,97

2011; Wang et al., 2012), their anisotropy values are equivalent to ∼ 1% ion anisotropy.98

Unsurprisingly, the electron temperature anisotropy force (the second term in (1)) can99

balance only 10–15% of the observed tension force jyBz (Artemyev, Angelopoulos, & Runov,100

2016).101

Meanwhile, the observed values of the ion anisotropy are an order of manuitude102

larger: Geotail observations (Kaufmann et al., 2000) suggest that Ti||/Ti⊥ ≈ 1.2 in the103

range of the plasma beta 0.1 < β < 3 in the spatial region −31RE < x < −19RE104

|y| < 6RE . THEMIS observations (Artemyev et al., 2019) suggest comparable values105

of anisotropy in similar regions for quiet tail conditions. Finally, combined data from Clus-106

ter and THEMIS for CS thinning periods (Yushkov et al., 2021, Figure 10) show that107

for many (15 out of 20 events, with most negative cases being found at the near-Earth108

edge of the tail CS) the field-aligned ion anisotropy reaches ∼ 10% at the end of the thin-109

ning period. Yet, even the ion anisotropy is rather weak (Ti||/Ti⊥ − 1 ≪ 1), and it is110
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not clear if it can substantially modify the tail force balance (1) and the TCS aspect ra-111

tio Lx/Lz compared to its isotropic estimate B0/Bz.112

Second, in the tail TCS with the half-thickness Lz ∼ ρ0i and Bz/B0 ≪ 1 the113

thermal ion population is not adiabatic but rather quasi-adiabatic, which is seen from114

the simplified adiabaticity parameter (Büchner & Zelenyi, 1989) κ = (Bz/B0)
√

Lz/ρ0i ≪115

1. In this regime the magnetic moment is not conserved because the ion orbits deviate116

from their Larmor gyration and instead resemble a figure of eight (the so-called Speiser117

orbits (Speiser, 1965)). As was shown in (Schindler, 1965; Sonnerup, 1971; Büchner &118

Zelenyi, 1989) for this regime one can use another quasi-adiabatic invariant of motion119

I(i)z =
1

2π

∮
mivzdz (2)

Since ions on Speiser orbits are not magnetized by the field Bz they can provide Lan-120

dau dissipation (Pritchett et al., 1991) critical for the ion tearing instability (Schindler,121

1974; M. I. Sitnov & Schindler, 2010; M. I. Sitnov & Swisdak, 2011; M. I. Sitnov et al.,122

2018). Speiser ion motions should also make plasma agyrotropic. Indeed, recent MMS123

observations (Motoba et al., 2022) revealed substatial ion agyrotropy quantified by Swis-124

dak’s Q-parameter (Swisdak, 2016).125

In this Letter we show that even small ion anisotropy, similar to the aforementioned126

observations, can substantially modify the force balance (1), compared to its isotropic127

form. The resulting TCS are much longer, consistent with observations (Artemyev, An-128

gelopoulos, & Runov, 2016) and empirical reconstructions (M. I. Sitnov et al., 2019). We129

show this using 2D PIC simulations that are initialized by the TCS equilibria with quasi-130

adiabatic ions (M. I. Sitnov et al., 2003, hereafter the SGS model) whose description is131

simplified in the approximation of weak anisotropy (M. I. Sitnov & Arnold, 2022).132

2 Weakly anisotropic TCS equilibrium with quasi-adiabatic ions133

The SGS model had been originally proposed to explain Cluster observations of134

bifurcated ion-scale TCSs (Nakamura et al., 2002; Runov et al., 2003; Sergeev et al., 2003).135

It is based on the following generalization of the ion distribution function:136

f0i ∝ exp

(
qivDi

cT||i
Ay −

qiϕ

T||i

)
exp

{
− mi[v

2
x + (vy − vDi)

2 + v2z ]

2T||i

}
× exp

[
(
1

T||i
− 1

T⊥i
)
Ωi

2
I(i)z

]
(3)

where T||i and T⊥i are the parallel and perpendicular ion temperature parameters, which137

become true temperatures outside the TCS where plasma is gyrotropic. The drift ve-138

locities vDα determine the shift of electron and ion distributions in the y-direction and139

they determine the CS current in the Harris limit T||i = T⊥i; Ωα is the particle gyrofre-140

quency in the lobe field B0 = |Bx(|z| → ∞)|. The electron distribution was a shifted141

Maxwellian similar to the original Harris model.142

Numerical solutions of Ampere’s and Poisson’s equations with the ion distribution143

(3) (M. I. Sitnov et al., 2003, 2006) showed that it indeed helps describe the effects of144

TCS bifurcation (when Ti||/Ti⊥ < 1) and embedding (when Ti||/Ti⊥ > 1). Moreover,145

the analysis of the corresponding 2-D solutions in the stretched field approximation (Bz/B0 ≪146

1) (M. I. Sitnov & Merkin, 2016) suggested that embedded TCS can be much longer, com-147

pared to their Harris analogs. However, it was unclear how the force balance could be148

changed in SGS, because use of the quasi-adiabatic invariant (3) yielded only diagonal149

components of the ion pressure tensor due to symmetry when Bz = 0. Being all dif-150

ferent (Pixx ̸= Piyy ̸= Pizz), they provided agyrotropy but gave zero contribution to151
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the third term in (1). At the same time, since numerical SGS solutions were computa-152

tionally expensive, their verification in PIC simulations was limited to 1-D configurations153

with Bz = 0 (M. I. Sitnov et al., 2004, 2006).154

An important advantage of SGS over other models with quasi-adiabatic ions (Kropotkin155

et al., 1997; M. I. Sitnov et al., 2000; L. M. Zelenyi et al., 2004) is the possibility of its156

reduction to the Harris model in the limit of isotropic ions. Moreover, in the most re-157

alistic case of weak ion anisotropy, one can expect a significant simplification of the model158

that would facilitate its PIC simulations. The corresponding weakly anisotropic approx-159

imation of SGS has been recently elaborated in (M. I. Sitnov & Arnold, 2022). It depends160

on two parameters, the ion anisotropy δ1 = Ti||/Ti⊥ − 1 (|δ1| ≪ 1) and the TCS em-161

bedding measure δ2 = wDi, where wDα = vDα/vT⊥α are the dimensionless drift ve-162

locities of the Harris component of the distribution (3) and its isotropic electron ana-163

log: δ2 determines the ratio between the TCS thickness LTCS ∼ ρ0i and the Harris-164

like thick CS with the thickness LH = ρ0i(vT⊥/vDi) (Lembege & Pellat, 1982) in which165

the TCS is embedded.166

In the double limit |δ1,2| ≪ 1 and with the use of the dimensionless parameters167

b = Bx/B0 and ζ = z/ρ⊥0i, the TCS magnetic field can be presented in the form:168

b(ζ, δ1, δ2) =

√
tanh2 (δ′2ζ1(ζ)) +

4δ1b(tcs)(a(0)(ζ), δ′2)

π2(1 + τ)
√
2δ2

/

√
1 +

4δ1b(tcs)(∞, δ′2)

π2(1 + τ)
√
2δ2

, (4)

ζ1(ζ)

ζ
≈ 1 +

δ1(j
(tcs)
(0) − 2δ′2b

(tcs)(∞, δ′2))

(1 + τ)π2δ′2
√
2δ2

ζ(tcs)(ζ), (5)

where δ′2 = δ2(1−δ1), τ = Te/T⊥i; j
(tcs)
(0) is a constant (≈ 1.77); ζ(tcs)(ζ) and b(tcs)(a, δ)169

are universal functions determined in (M. I. Sitnov & Arnold, 2022).170

In the isotropic limit δ1 = 0 this magnetic field formula is reduced to the conven-171

tional Harris solution b = tanh (δ2ζ). Note that, to be able to be reduced to Harris, the172

original SGS solution was obtained with the additional constraint173

wDe = −wDi(1− δ1)τ
1/2µ1/2, (6)

where µ = me/mi is electron-to-ion mass ratio. This constraint provides charge neu-174

trality of the Harris solution and domination of the ion current as long as τ < 1. It can175

be modified to describe negatively charged and electron dominated TCSs (Yoon & Lui,176

2004; M. I. Sitnov et al., 2021).177

The comparison of the approximation (4)-(5) with the exact numerical solution of178

the SGS model provided in Figure S1 of the Supporting Information (SI) reveals that179

it can be further improved if the Harris vector-potential there a(0)(ζ) is replaced by its180

weakly anisotropic approximation (M. I. Sitnov & Arnold, 2022, Eq.(50)): a(ζ) = log (cosh(ζ1(ζ)δ
′
2))/δ

′
2.181

The extension of this 1-D equilibrium to 2-D with a nonzero Bz magnetic field com-182

ponent can be provided following (Schindler, 1972) and (M. I. Sitnov & Merkin, 2016)183

to result in the formula184

b(x, z) = θ−1(x)b(A)(zθ−1(x), δ1, δ2), (7)

where θ(x) = eδ2a1(x), a1 = −Ay(x, z = 0)/(B0ρ⊥0i) is the dimensionless vector-potential,185

and has the relation d(log (θ))/dx = ε1δ2/ρ⊥0i with the stretching parameter ε1 = Bz(x, z =186

0)/B0. This 2D solution is not completely equivalent to the approximation δ2 → δ2θ
−1(x)187

suggested in (M. I. Sitnov & Arnold, 2022). However, the difference is largely in the TCS188
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correction terms O(δ1) in (4). The corresponding profile of the magnetic field Bz(x, z)189

is taken from the 2-D Harris-Schindler solution (M. I. Sitnov & Schindler, 2010, Eq.(4)),190

where we neglect the anisotropy dependence because Bz/B0 is already a small param-191

eter. The resulting 2-D solution is similar, but not equivalent, to Figure 12 in (M. I. Sit-192

nov & Arnold, 2022). It is provided in Figure S2 where it is compared to the Harris so-193

lution with the same value of ε and comparable TCS thickness at x = 0. Note that since194

we neglected the anisotropy corrections in the Bz component, this solution does not obey195

the condition ∇ · B = 0. However, this inconsistency is fixed later in the PIC code,196

where the condition is provided at every time step using a multigrid algorithm (Press197

et al., 1996) and it results in only small corrections of the equilibrium picture.198

3 PIC simulations199

In order to test the new equilibrium laid out in (M. I. Sitnov & Arnold, 2022) we200

perform three 2D simulation runs that demonstrate that this quickly evolves to a true201

equilibrium with parameters applicable to Earth’s magnetotail using the PIC code P3D202

(Zeiler et al., 2002). As is typical in PIC simulations, magnetic fields are normalized to203

the asymptotic value, B0, lengths are normalized to the ion inertial length, di, times to204

the inverse ion cyclotron frequency, Ω−1
i , masses to the ion mass, mi, and densities to205

the maximum density in the simulation, n0. Velocities are then normalized to the Alfvén206

speed, CA = B0/
√
4πn0mi, and pressures to P0 = min0C

2
A. We also note that the207

distribution function is normalized to f0 = n0/C
3
A. Each run uses an ion to electron208

mass ratio, mi/me, of 128, a speed of light equal to 15CA, an electron temperature of209

0.1miC
2
A, and a nominal ion temperature of 0.4miC

2
A. Simulations are made in a box210

80di×20di with a square grid cell of length 0.03di and a time step of 0.0025Ω−1
i . The211

coordinates are chosen to be GSM-like with the x-axis directed opposite to the magnetic212

field line stretching (earthward) and z pointing up (northward). Simulations use the fol-213

lowing values of the ion anisotropy and magnetic field stretching parameters: δ1 = 0.2214

and ε1 = 0.03 for Run 1; δ1 = 0.1 and ε1 = 0.03 for Run 2; δ1 = 0.2 and ε1 = 0.1 for215

Run 3. These values are consistent with estimates of δ1 in the pre-onset (thinned) mag-216

netotail current sheet (Yushkov et al., 2021) and other observations (Kaufmann et al.,217

2000; Artemyev et al., 2019) as well as the empirical picture of the tail stretching and218

thinning (M. I. Sitnov et al., 2019; Yushkov et al., 2021). More details on the simula-219

tion setup, including the boundary conditions employed, are provided in the SI.220

In Figure 1 we show 2D distributions of the key parameters of the new equilibrium221

at the end of Run 1 (Ωit = 60). The TCS embedding feature is clearly seen there from222

the comparison of Figures 1a and 1b: Unlike Harris-type CSs, the current density pro-223

file here is substantially narrower than that of the plasma density (the corresponding lin-224

ear profiles are provided in Figure S3). Its key overstretching effect is seen in Figure 1b225

from the comparison of the current density isocontours (color boundaries) and the mag-226

netic field lines: the former are stretched more than the latter. Figure S3 also reveals227

that the 2D SGS model is indeed selfconsistent and stable because the initial current and228

plasma density profiles given by the model don’t change significantly by Ωit = 60.229

Figure 1c shows that that the local values of the temperature anisotropy δ∗1 = T ∗
i||/T

∗
i⊥,230

where T ∗
i|| and T ∗

i⊥ are the local values of the parallel and perpendicular ion tempera-231

tures, are close to δ1 = 0.2 chosen as a global anisotropy parameter in the SGS model.232

But they may vary substantially, being reduced near the neutral plane z = 0 and at233

the boundaries, consistent with observations (Kaufmann et al., 2000, Figure 1).234

Figure 1d shows that the plasma anisotropy is accompanied by a substantial agy-235

rotropy measured here by the Q-parameter (Swisdak, 2016). Its value increases near the236

neutral plane where ions are less magnetized. It also increases tailward because of the237

reduction of the normal magnetic field near the right boundary (for details see the SI238
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Figure 1. 2D distributions of the key parameters in Run 1 at the moment tΩi = 60: (a-b)

plasma and current densities; (c) ion anisotropy parameter δ∗1 ; (d) ion agyrotropy parameter

Q (Swisdak, 2016); (e) off-diagonal component of the ion pressure tensor Pi,xz 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 Q1/2 ∼ 0.1 is consistent with observations (Motoba239

et al., 2022).240

Perhaps the most intriguing feature of these simulations is provided by Figure 1e,241

which shows a small but substantial off-diagonal component, Pi,xz, of the pressure ten-242

sor. Moreover, being formally absent in the original SGS theory and resulting in the force243

imbalance at the beginning of the run (black dash-dotted line in Figure 2a), it is shown244

to increase during the run to eventually make a contribution to the force balance (1) com-245

parable to the pressure gradient (cf. solid and dashed red lines in Figure 2b). To under-246

stand why it becomes possible in spite of weak plasma anisotropy, one can use the force247

balance outside the TCS analyzed by Rich et al. (1972). They noticed that the TCS re-248

verses only a part of the antiparallel field component B0 (BTCS ∼ 0.5B0 in our sim-249

ulations, according to Figure S3). As a result a small amount of anisotropy can balance250

40% of the J × B force in Run 1. From Rich et al. (1972) the off diagonal component251

due to pressure anisotropy in the force balance equation is252

(P|| − P⊥)BxBz/(B
2Lz) ≈ 0.1/B2J × B ≈ 0.4J × B (8)

Note that in real magnetotail TCSs this effect is even stronger because B0/BTCS ranges253

between 2.5 and 3.3 (Artemyev, Petrukovich, et al., 2011, Figure 4). As one can see from254

Figure 2c, the force balance is restored on the time scale ∆t ∼ 10Ω−1
i .255

To reveal the energy range and hence the ion dynamic regime (adiabatic, chaotic256

or quasi-adiabatic) that provides the main contribution to the TCS overstretching ef-257

fect, the distribution (3) was sampled in the red box from Figure 1e (15.5di×1.5di) and258

sliced into 30 energy annuli as is shown in Figure 3a. The comparison of its partial den-259

sity distribution by the inner annulus radii (Figure 3c) and the contribution of the cor-260

responding circles to the pressure tensor component Pi,xz (Figure 3d) shows that this261

component is mainly provided by the suprathermal ions (v > CA). Since for the pa-262

rameters ε1 ≪ 1 and Lz ∼ ρ0i used in our runs κ ≪ 1 even for thermal ions, the over-263

stretching effect and other non-Harris features must be provided by the quasi-adiabatic264

ions (Büchner & Zelenyi, 1989). Figure 3f shows test particle orbits that end at the white265

star location in Figure 1a. These test particles are chosen to have vx, vz corresponding266

to the green ‘x’ in Figure 3b. This location is at the peak in both the radius of the en-267

ergy annuli, and θ, the location in the annulus associated with the largest contribution268

to Pi,xz (vr ≈ 1.3 Figure 3d and θ ≈ 0.6 Figure 3e). They are then assigned a ran-269

dom vy from a 1D maxwellian with temperature and drift speed equal to the local val-270

ues (∼ 0.4T0 and ∼ 0.13CA) and evolved backwards in time for 30Ω−
i 1 using the equi-271

librium magnetic field at tΩi = 60 and no electric field. We plot 20 sample orbits that272

demonstrate that the figure-of-eight and meandering type orbits (cf. Speiser, 1965; Chen273

& Palmadesso, 1986; Büchner & Zelenyi, 1989) are responsible for generating the off di-274

agonal pressure and hence the overstretching effect.275

In Figure 4 we compare the current density profiles for Runs 1-3. This figure shows276

that the overstretching effect weakly depends on the anisotropy value (cf. Figures 4a and277

4b), consistent with the theoretical estimates (M. I. Sitnov & Arnold, 2022). Figure 4c278

shows the effect of the reduction of the magnetic field stretching on the TCS structure.279

While the TCS becomes shorter, its current remains overstretched and stable. This sta-280

bility is surprising because for ε1 = 0.1 and the TCS thickness LTCS ≈ 2ρ0i the kappa281

parameter (Büchner & Zelenyi, 1989) approaches the upper limit of the quasi-adiabatic282

region. It was argued (Burkhart et al., 1992; Artemyev et al., 2019) that in this case the283

dominant ion population becomes chaotic and the equilibrium cannot be sustained. The284

reason of the TCS sustainability can be understood from Figure 3, which shows that the285

main contribution to the off-diagonal pressure tensor component Pi,xz comes from the286

suprathermal ion population (cf. Figures 3a and 3b).287
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Figure 2. This shows the following quantities along the center of the current sheet at tΩi = 0

(a) and 60 (b): J × B force in the x 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 x/di = −20 and

−60 as a function of time in black, and an exponential decay with time constant 10Ω−1
i . 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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Figure 3. (a): the log of the distribution function taken from the red box in Figure 1a and

integrated over vy such that ni =
∫
fdvxdvz. (b): the difference between the final and initial

distributions, ∆F = mi[f(tΩi = 60) − f(tΩi = 0)]dvxdvz, multiplied by vxvz to show phase

space contributions to Pi,xz. (c) and (d): the contribution to the density and Pi,xz respectively

from each annulus bounded by the green circles centered at (0, 0) in (a) with radii, vr, uniformly

spaced at 0.1CA, where dPi,xz = mi

∫ 2π

0
vxvzfvrdθdvr and similarly for dni. (e): the contribution

from the annulus 1.3 < vr/CA < 1.4 shown in (b), and marked by the star in (c) and (d), to Pi,xz

as a function of the polar angle θ, where d2∆Pi,xz = mivxvz[f(tΩi = 60) − f(tΩi = 0)]vrdvrdθ.

(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/qn0CA at tΩi = 30 for (a) Run 1

with δ1 = 0.2 and ε1 = 0.03, (b) Run 2 with δ1 = 0.1 and ε1 = 0.03, and (c) Run 3 with δ1 = 0.2

and ε1 = 0.1.

4 Discussion and Conclusion288

In this paper we described for the first time in PIC simulations the selfconsistent289

structure and evolution of a new class of thin ion-scale TCSs whose current distributions290

are substantially overstretched compared to the magnetic field lines (Figures 1 and 4)291

so that their aspect ratio Lx/Lz exceeds their magnetic field line stretching B0/Bz un-292

like isotropic Harris-type models. Such a violation of the isotropic force balance can be293

provided by the relatively small values of the ion anisotropy outside the TCS if the lat-294

ter reverses only a part (BTCS) of the antiparallel field component B0 because then it295

increases the off-diagonal component of the ion pressure Pxz = (P|| − P⊥)BxBz/B
2.296

It is found (Figure 3) that the non-isotropic force balance is provided by quasi-adiabatic297

(Speiser) ion orbits. While the corresponding ion distribution (3) based on the quasi-298

adiabatic invariant (2) is already agyrotropic, its off-diagonal components are zero and299

it cannot maintain the force balance necessary for the corresponding 2D equilibrium so-300

lution (M. I. Sitnov & Arnold, 2022). However, Figure 2 shows that the necessary force301

balance is restored rather quickly and likely due to bending of the corresponding Speiser302

orbits in the actual (stretched rather than antiparallel) magnetic field. According to Fig-303

ures 3c-3d, the main contribution to the force balance modification is made by suprather-304

mal ions closer to the tail of their distribution. This explains the absence of any CS catas-305

trophe reported in earlier single-particle models (Burkhart et al., 1992) with the increase306

of the normal magnetic field (Figure 4c).307

Note that, unlike Harris CS, the new SGS equilibria help explain such important308

observational features of the magnetotail CS as their cooling and density increase dur-309

ing the thinning process (Runov et al., 2021; Yushkov et al., 2021). This is because the310

SGS current thickness scales as the ion gyroradius ρ0i ∝ T
1/2
i (M. I. Sitnov et al., 2003),311
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which is also close to the ion inertial length di ∝ n
−1/2
i when the plasma anisotropy312

is small (M. I. Sitnov & Arnold, 2022). Note also that the embedded structure of the ob-313

tained selfconsistent CS is consistent with observations (Runov et al., 2005; Runov et314

al., 2006) and global hybrid simulations (Lu et al., 2016).315

Simulations show that after establishing the new force balance, the TCS equilib-316

ria remain stable, contrary to theoretical suggestions of their destabilization, albeit for317

strong anisotropy regimes (L. Zelenyi et al., 2008). It is yet unknown if this stability is318

due to the electron compressibility effect suggested by Lembege and Pellat (1982) for 2D319

Harris models and if it can be relaxed for local magnetic flux accumulation regions with320

the tailward Bz gradient, as suggested by M. I. Sitnov and Schindler (2010). Further sim-321

ulations are also necessary to clarify the role of the TCS negative charging (Lu et al.,322

2020; M. Sitnov et al., 2021), electron current domination (Lu et al., 2020; M. I. Sitnov323

et al., 2021) and the effect of external driving (Hesse & Schindler, 2001; Liu et al., 2014;324

M. Sitnov et al., 2021; M. I. Sitnov et al., 2021). But the present study solves a funda-325

mental problem of the ion-scale TCS formation sufficiently far from Earth where TCSs326

necessary for reconnection and the resulting X-lines are indeed observed.327

5 Open Research328

The data used in this paper are archived on Zenodo along with the necessary files329

to reproduce the figures using IDL (https://doi.org/10.5281/zenodo.7927177).330
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