INTERNATIONAL JOURNAL OF GEOMAGNETISM AND AERONOMY VOL. 3, NO. 2, PAGES 157–166, DECEMBER 2002

Two magnetized plasmas at the subsolar low shear magnetopause

E. S. Belenkaya

Institute of Nuclear Physics, Moscow State University, Moscow, Russia

Abstract. A model of a current system generated by two different sorts of plasma at a boundary between nearly parallel magnetic fields is suggested. This system contains two current layers. In the case of a low shear magnetopause, the azimuthal currents in these layers are antiparallel (a current carried by the magnetosheath ions flows from noon to dusk, and a current created by the magnetospheric ions is directed from noon to dawn) and a negative spike in the northward component of the magnetic field arises at the magnetopause. This specific feature allows definition of the magnetopause location in the case of a low magnetic shear when the location of the magnetopause is not obvious. Model estimations allow us to compare the obtained results with observations and existing theoretical models.

1. Introduction

A goal of this paper is to study the current structure at the boundary between nearly parallel magnetic fields, that divides two different sorts of plasma. This situation arises, for example, at the low-shear subsolar magnetopause.

The magnetopause is a complex plasma boundary that consists of both field and plasma transitions. Various characteristics have been used to identify its crossing: The density change, the temperature change, and the current layer [Le et al., 1994; Russell, 1995]. On the sunward side of the magnetopause the plasma is dense and cold, on the earthward side it is hot and tenuous. The typical density of the magnetosheath plasma is 5–10 times the magnetospheric density near the magnetopause; the magnetospheric plasma is 6–10 times hotter than the magnetosheath plasma [e.g., Paschmann et al., 1993; Phan et al., 1994; Phan and Paschmann, 1996]. For a northward interplanetary magnetic field (IMF), the plasma transition consists of multiple layers with relatively uniform structure inside each layer [Song et al., 1990]. The plasma behavior depends on reconnection, which, in turn, is controlled by the IMF orienta-

Copyright 2002 by the American Geophysical Union.

Paper number GAI00357.

CCC: 1524–4423/2002/0302–0357$18.00 The online version of this paper was published 9 December 2002. URL: http://ijga.agu.org/v03/gai00357/gai00357.htm Print companion issued December 2002.

tion [e.g., Alexeev and Belenkaya, 1989; Belenkaya, 1998a, 1998b; Phan et al., 1996; Russell, 1995; Sonnerup et al., 1981]. When the IMF is northward, reconnection occurs at high latitudes inside the magnetosphere, near the cusps; when the IMF is southward, reconnection takes place at the low-latitude magnetopause.

The magnetopause is nonstationary and it moves with substantial speed of the order of 10 km s^{−1} or more [Berchem and Russell, 1982a]. Paschmann et al. [1993] found the average magnetopause speed for low magnetic shear conditions to be about 11 km s^{−1}. Due to the magnetopause motion, its observations are rather difficult. Nevertheless, much progress in the study of the magnetosheath–magnetopause low-latitude boundary layer structure is obtained due to ISEE, AMPTE/IRM, AMPTE/CCE, and GEOTAIL missions [Berchem and Russell, 1982a, 1982b; Eastman et al., 1996; Mitchell et al., 1987; Phan and Paschmann, 1995, 1996; Phan et al., 1994, 1996; Russell, 1995].

The change of the magnetic field across the magnetopause is associated with a current layer, or current region. There are a lot of questions about the structure of the magnetopause and in particular about the thin current layer that is sometimes considered to be the magnetopause. Berchem and Russell [1982a] found that the thickness of the magnetopause current layer does not depend on the magnetic shear and is approximately equal to 800 km; near the magnetic equator the magnetopause current sheet is thinnest, about 500 km on average. According to Phan and Paschmann [1996], the distribution of thicknesses of the current flow region for the high shear has a peak at 250–500 km. Van Allen and Ad-

157

158 belenkaya: currents at the low shear subsolar magnetopause

nan [1992] found that the magnetopause current sheet width varies from 30 km to 850 km with a mean value of 185 km ≈0.03 RE . Eastman et al. [1996] noted that the overall magnetopause current layer is one or a few ion gyroradii in thickness. Berchem and Russell [1982a] wrote that the parameters typical of experimental particles and magnetic field measurements [Paschmann et al., 1978] give a predicted gyroradius or “magnetopause thickness” of between close to 1 and 100 km for 10^6 K electrons and 10^7 K protons in a 40 nT average magnetic field.

Also well recognized is the important sensitivity of the structure of the magnetopause on the direction of the interplanetary magnetic field. For southward IMF, a magnetopause current layer is identified as the major rotation of the magnetic field. For northward IMF, the magnetosheath and magnetospheric orientations are locally similar, so the magnetopause is hardly identified. This present paper is devoted to study of this structure. As the magnetopause is the interface between the shocked solar wind plasma and the Earth’s magnetosphere, the physical processes operating at it can influence both the magnetosheath and magnetospheric global features.

2. Theoretical Approaches to the Problem of the Magnetopause

Since the 1930s, considerable interest has been focused on the structure of the magnetopause Chapman and Ferraro [1931a, 1931b, 1932, 1933, 1940] investigated the interaction of an unmagnetized solar wind plasma flow with the Earth’s dipole.

Lee and Kan [1979a] have classified models of the magnetopause into three categories: (1) current sheet models separating two vacuum magnetic field regions, (2) current sheet models separating an unmagnetized plasma on one side from a vacuum magnetic field on the other side, and (3) current sheet models separating two magnetized plasmas (see references in [Lee and Kan, 1979a]). Measurements have shown that only the models of class 3 are realistic.

To the third class of current sheet models, for example, the works by Sestero [1964, 1966], Lee and Kan [1979a, 1979b], and Roth [1976, 1978, 1979] are related. Sestero [1966] noted that the state of the plasma at the end of transition region does not uniquely determine the transition profile. This is a peculiar feature of the nonlinear Vlasov equation, and as a result, that the problem is not uniquely determined. In Sestero [1964], the plasma is at rest on either side of the discontinuity; in Sestero [1966], two identical plasmas can move parallel to the discontinuity with respect to each other and perpendicular to the magnetic field lines. One set of solutions among the many possible is presented, that satisfies the same conditions at infinity: For equal asymptotic values for the temperature, density, and positive magnetic field, the magnetic field decreases in the transition region and the density increases [Sestero, 1966].

In the models considered in Sestero [1964, 1966] and Roth [1976], every physical quantity depends on one space coordinate, x; the magnetic field B points along the z axis; the velocity of shear, V, is along the y axis. Any function of the constants of motion is a solution of the Vlasov equation.

Another work following Sestero [1964, 1966] is Lee and Kan [1979b]. The purpose of their paper was to point out the importance of the temperature ratio T+/T− (where T+ is the temperature of the ions and T− is the temperature of the electrons) in determining the structure of the transition layer between two magnetized plasmas. The authors found that the thickness of the layer is of the order of the gyroradius of the hotter ion species of the plasmas on the two sides. Plasma measurements show that the plasma temperatures on the two sides of the magnetopause are different and the ions are much hotter than the electrons (by a factor up to 10) [Eastman and Hones, 1979]. This explains the observed magnetopause thickness of the order of the ion gyroradius [Lee and Kan, 1979b].

Lee and Kan [1979a] noted that microinstabilities are not expected to change the zero-order magnetopause structure that is produced and maintained by the plasmas on either side of the magnetopause. They stated that the trapped particles are required to supplement the necessary current for the magnetic field to rotate more than a critical angle (∼90^∘) through the magnetopause in the (y, z) plane. To describe the fact that charged particles from one side cannot penetrate arbitrarily deep into the other side, a cut-off factor is required in the distribution function (for example, an error function of momenta, or a step function). Lee and Kan [1979a] pointed out that the magnetopause current in their model is carried predominantly by the ions and has a significant field-aligned component.

Whipple et al. [1984] tried to resolve the problem of nonuniqueness of solutions of the Vlasov equation by analyzing the particle accessibility to the magnetopause. Whipple et al.’s [1984] cutoff is based on physical arguments about the particle trajectories rather than that being an arbitrary factor as in previous works. Roth et al. [1996] review kinetic models based on steady-state solutions of the Vlasov equation. A generalized multispecies Vlasov model of tangential discontinuities is presented in Roth et al. [1996].

Lin and Lee [1993] used both a one-dimensional resistive MHD code and a one-dimensional hybrid code to simulate the evolution of the magnetopause current sheet, which separates two plasma regions. In the hybrid simulation, the ions are treated as particles and electrons are treated as a massless fluid. The results obtained from a resistive MHD model and from a hybrid model are found to be different. A similar comparison between the Hall MHD and hybrid models was presented in Omidi and Winske [1995]. The Hall MHD differs from the resistive MHD in the Hall term in the equation for ∂B/∂t. The kinetic solutions are found to be in much better agreement with magnetopause observations.

Hybrid simulations of tangential discontinuities were also performed by Cargill [1990]. The final width of the magnetopause was estimated as 2–5 ion Larmor radii. Berchem and Okuda [1990] have developed a two-and-a-half-dimensional electromagnetic code to study the formation and stability of the magnetopause current layer. They reexamined the classical problem of equilibrium between solar wind plasma and the vacuum magnetospheric magnetic field.

belenkaya: currents at the low shear subsolar magnetopause 159

In the works by Song et al. [1990, 1993], the magnetopause structure for northward IMF was studied. Song et al. [1993] reported multi-instrument observations of magnetopause parameters for ISEE crossings. Pudovkin et al. [1995] complemented this study by examining one of described events in terms of a reconnection model. The magnetopause at the subsolar point for northward IMF is a boundary between two magnetized plasmas with nearly parallel magnetic fields and without significant relative motion [Song et al., 1993]. Pudovkin et al. [1995] noted that some fine structure may be obtained only from plasma kinetics, and a more or less complete description of many plasma problems may be most easily secured through a combined MHD and kinetic consideration.

Study of the magnetopause leads to the conclusion that the physics of the magnetopause greatly depend on global interaction and are not governed solely by local properties [Russell, 1995]. For example, the occurrence of magnetic reconnection at low or high latitudes and the resulting magnetic field topology is expected to influence the structure of the magnetopause as a whole [Omidi and Winske, 1995].

3. Model

Here we will use a simple model of the current region at the subsolar magnetopause [Belenkaya, 1998c] to explicitly demonstrate the physical meaning of the processes at the boundary between two different sorts of magnetized plasmas. At the beginning, for fixed external parameters of the plasmas and magnetic fields on both sides of the boundary, we will consider the trajectories of the charged particles and the arising currents. Then we will investigate the case when the given drop of the external magnetic fields is caused by these currents and will find the steady-state scale length of the current region imbedded in the external “background” magnetic field, which also should be defined. Really, the solution will be double scaled, as two current sheets are created by the magnetosheath and magnetospheric ions.

The results obtained will be compared with observations. We will start from a magnetic field boundary with a thickness much less than the ion gyroradii but significantly exceeding the electron gyroradii, and then we will find its final spatial scale as determined by the equilibrium conditions. In this sense, some lack of self-consistency exists.

Under this assumption, electrons are treated as a massless, neutralized fluid. The neutralization of the ion current sheets is allowed to be complete. Electrons do not generate currents of the nature discussed because the magnetic field boundary is assumed to be thicker than the electron giroradii. The electron drift motion is not considered here. This approach ignores the electric field which is a significant restriction of the model.

Although the magnetopause is rarely in a stationary state, we assume that its motion is insignificant over the characteristic period of time this is the gyroperiod. The lifetimes of the magnetopause currents are governed by the time needed to destroy the plasma temperature and density gradients as well as the magnetic field gradient, which define the very existence of a magnetospheric boundary. Observations show that these gradients exist permanently. We also consider the subsolar magnetopause as a plane, as its curvature radius is of the order of a few Earth’s radii (RE ) and significantly exceeds the magnetopause thickness [De Keyser and Roth, 1997], which is equal to a few ion gyroradii [Berchem and Russell, 1982a]. Magnetic fields and plasma properties are different in the magnetosheath and in the magnetosphere. The magnetosheath plasma is dense and cold, and the magnetospheric plasma is hot and tenuous.

We will use a coordinate system (x, y, z), where the x axis is directed along the outer normal to the dayside magnetopause, the z axis coincides with the orientation of the magnetospheric magnetic field near the subsolar magnetopause, and the y axis is directed to dusk. This coordinate system is located at the magnetic field boundary separating the magnetosheath and magnetosphere (magnetopause).

As follows from numerous observations, the shocked solar wind plasma of the magnetosheath cannot penetrate the magnetosphere, but it is mostly deflected around it. Similarly, the magnetospheric plasma cannot penetrate arbitrarily deep into the magnetosheath. As the charged particles do not directly interact with each other, the motion of each individual particle can be treated independently. The typical scale of the magnetopause structure approaches the ion gyroradius in size. On this scale, MHD is unsuitable and kinetic theory steps forth.

The Larmor radius of a particle with charge e and mass m in the magnetic field B is equal to ρ = mV_⊥ eB (1) where V_⊥ is a component of particle velocity perpendicular to the magnetic field lines. Let us briefly examine what happens at the boundary between two different sorts of plasmas for antiparallel and parallel magnetic fields. We assume in the first approximation that the magnetic field boundary can be treated as a discontinuous jump in the magnetic field at x = 0 (at the magnetopause). At this boundary, the density of each sort of ions penetrating the opposite region begins to decrease. It is postulated that the characteristic temperature of the penetrated particles does not change. The penetration is limited by the ion Larmor diameter in the magnetic field of the opposite domain.

3.1. Antiparallel Magnetic Fields

In Figure 1a, the boundary between magnetosheath (msh) and magnetosphere (msph) is shown in the equatorial plane. This boundary separates two antiparallel magnetic fields, and the density of each species of plasma begins to decrease as the ions move across it to the opposite side (as discussed above). The Larmor circular orbits are drawn by solid curves for the magnetospheric ions and by dashed curves for the magnetosheath ions. Near the boundary, the magnetospheric magnetic field (B_{msph}) and the magnetosheath magnetic field (B_{msh}) are antiparallel, so, in the magnetosphere, the ions rotate clockwise and in the magnetosheath

160 belenkaya: currents at the low shear subsolar magnetopause

Figure 1. (a) Magnetosheath ion trajectories (dashed curves) and magnetospheric ion orbits (solid curves) at the boundary between two mediums in the equatorial plane for antiparallel magnetic fields; (b) Currents resulting at the boundary between two mediums in the equatorial plane for antiparallel magnetic fields. The parts of orbits of the magnetosheath (magnetospheric) ions that penetrated the outer space are shown by dashed (solid) curves.

counterclockwise. Subscripts msph and msh indicate that parameters relate to the magnetosphere and magnetosheath, respectively.

The distributions of gyrocenters of magnetosheath and magnetospheric ions have discontinuous jumps at x = −ρ_{msh} and x = ρ_{msph}, respectively. So, an interpenetration of both plasma species exists in the region [−2ρ_{msh}, +2ρ_{msph}], and [−ρ_{msh}, +ρ_{msph}] one finds gyrocenters of both magnetosheath and magnetospheric ions in the region. The current from those segments of the magnetospheric ion Larmor circles that are located earthward of the boundary is compensated by the current of the surrounding magnetospheric ions. The current from the other parts of ion Larmor circular orbits (located sunward from the boundary) is uncompensated. Respectively, for the magnetosheath ions, the current from the parts of gyrocircles located earthward of the boundary is uncompensated. The resulting structure in the equatorial plane is shown in Figure 1b. Uncompensated currents created by the magnetosheath (J_{msh}) and by the magnetospheric (J_{msph}) ions are parallel to the y axis.

Figure 2. (a) Magnetosheath ion trajectories (dashed curves) and magnetospheric ion orbits (solid curves) at the boundary between two mediums in the equatorial plane for parallel magnetic fields; (b) Currents resulting at the boundary between two mediums in the equatorial plane for parallel magnetic fields. The parts of orbits of the magnetosheath (magnetospheric) ions that penetrated the outer space are shown by dashed (solid) curves.

3.2. Parallel Magnetic Fields

In Figure 2a for parallel magnetic fields on both sides of the boundary, the Larmor circles in the equatorial plane are shown by solid curves for the magnetospheric ions and by dashed curves for the magnetosheath ions. In this case, the sense of ion gyrorotation does not change at the boundary, as magnetic fields are parallel to each other on both sides of it. As before, there is an uncompensated current from those arcs of the magnetospheric ion Larmor orbits that are placed sunward of the boundary, and from those parts of the magnetosheath, gyrocircles are located earthward of the boundary. The resulting currents in the equatorial plane are shown in Figure 2b. The current created by the magnetospheric ions (J_{msph}) is antiparallel now to the current of the magnetosheath ions (J_{msh}), which is directed along the y axis, as before. Hereafter, we will concentrate only on the case of parallel magnetic fields, real for the subsolar low shear magnetopause.

belenkaya: currents at the low shear subsolar magnetopause 161

3.3. Current Sheets at the Boundary of Two Magnetized Plasmas

At the boundary separating magnetosheath and magnetospheric plasmas, the current region (magnetopause) arises. Its thickness, Dmp, is approximately 2(ρ_{msh} + ρ_{msph}) as it is seen from Figures 1b and 2b (in creating the discussed currents, those particles take part that penetrate the outer space at a distance less than their Larmor diameter, or whose gyrocenters penetrate at a distance equal to their Larmor radius). Index “mp” attitudes toward the magnetopause. Currents flowing along the boundary are caused by a space inhomogeneity of the plasma. Plasma inhomogeneity means spatial variations of any plasma main characteristic: Density of the charged particles, temperature, and magnetic field strength. As all these parameters change at the magnetopause, boundary currents arise in each sort of plasma (magnetospheric and magnetosheath). The direction of gyrorotation at the boundary is such that the magnetic field generated by each boundary current is opposite to the external imposed magnetic field. Such behavior creates a diamagnetic effect. These magnetopause currents are essentially the Chapman-Ferraro diamagnetic currents. Winglee [1994] mentioned that the magnetopause currents in the y direction are key elements missing from MHD simulations.

The existence of the current along the y direction implies the existence of momentum in this direction. It should be noted that the problem under consideration is substantially unlocal: Boundary conditions at the magnetopause are created by Earth, the Sun, magnetosphere, and the interplanetary medium. So, all these objects should be taken into account as the parts of an entire system. The energy and momentum conservation laws are valid only for the whole (closed) system, which does not undergo any force, but they are not valid not for only part of it. The magnetic field connects these objects, providing the force between them, in particular between the magnetopause and ionosphere and between the magnetopause and the surface of the Sun. So, momentum in the y direction at the magnetopause should be compensated in the ionosphere and in the solar corona.

Thus, we found that diamagnetic, cyclotron, or Larmor currents generated by the ions of the magnetosheath and magnetosphere flow in the current region of the low-latitude dayside magnetopause parallel to each other, from noon to dusk for southward IMF and antiparallel for northward IMF. In the last case, the only one which we will consider in this paper, the current carried by the magnetosheath particles saves its direction, and the current created by the ions of the magnetosphere is reversed.

It is supposed that the ion magnetosheath (magnetospheric) gyrocenters are cut-off at x = −ρ_{msh} (x = ρ_{msph}). We assume that all magnetosheath (magnetospheric) ions have velocity equal to the thermal speed V_{msh th} (V_{msph th}) with a constant temperature T_{msh} (T_{msph}).

In constructing a one-dimensional model of the magnetopause current region between two collisionless magnetized plasmas, a distribution function Fα(x) of the α-th ion species is used to describe all physical plasma properties. The distribution function is the density of ions at the chosen point, x, having velocity in the interval [V; V + dV], where dV = {dV, V dθ̃, V sin θ̃dΦ̃}. In this notation, the density of ions, nα(x), inside the volume dΩ = V^2 sin θ̃dθ̃dΦ̃dV at the point x can be written as

dnα(x) = Fα(x)dΩ (2)

where V is the modulus of the velocity vector; θ̃ is a polar angle measured from z axis to the velocity vector; for velocity perpendicular to the magnetic field, θ̃ = θ̃0 = π/2.

The distribution function Fα(x) is chosen to be determined by products of two delta functions, δ(V − V_{α th}), δ(θ̃ −θ̃0), and a function fα(x, Φ̃) that presents a step cut-off function depending on the x and on the azimuthal angle, Φ̃, of the velocity vector

Fα(x) = Cαfα ( x, Φ̃ ) δ (V − V_{α th}) δ (~ θ − θ̃0 ) (3)

Here V_{α th} is a thermal speed of the α-th ions

V_{α th} = √ 2kTα mα (4)

k = 1.38 × 10^{−23} kg m^2 s^{−2} is the Boltzmann constant; Cα is a constant appropriate to the prescribed boundary conditions. The cut-off function, fα(x, Φ̃), represents the fact that the ions from one side cannot penetrate arbitrarily deep into the other side.

All quantities in the assumed one-dimensional model depend only on the x coordinate. Plasma pressure (in x direction) of the α-th sort of ions can be obtained as the second moment of the distribution function, Fα(x)

Pα xx = ∫ mαV^2_{α x}Fα(x)dΩ (5)

The density of the current carried by the α-th ion species can be obtained using the distribution function and Vα y

jα y = e ∫ Vα yFα(x)dΩ (6)

The expressions for the magnetosheath and magnetospheric ion density, n(x) = n_{msh}(x) + n_{msph}(x), pressure, Pxx(x) = P_{msh xx}(x) + P_{msph xx}(x), and current density,

162 belenkaya: currents at the low shear subsolar magnetopause

jy = j_{msh y} (x) + j_{msph y} (x), are:

n(x) = n_{msph0} for x < −2ρ_{msh}

n_{msph0} + n_{msh0} π × arccos ( −1 − x ρ_{msh} )

for − 2ρ_{msh} < x < 0

n_{msh0} + n_{msph0} π × [ π − arccos ( 1 − x ρ_{msph} )]

for 0 < x < 2ρ_{msph}

n_{msh0} for x > 2ρ_{msph} (7) For x = 0, n = n_{msph0} + n_{msh0}, where n_{msh0} and n_{msph0} are the primary parameters of the model, magnetosheath density for x > 0, and magnetospheric density for x < 0, respectively.

Pxx(x)=

P_{msph0} for x < −2ρ_{msh}

P_{msph0} +

P_{msh}0 π [ arccos ( −1 − x ρ_{msh} )

+ √ 1 − ( 1 + x ρ_{msh}

)_2 ( 1 + x ρ_{msh} )]

for − 2ρ_{msh} < x < 0

P_{msh0} +

P_{msph0} π [ π − arccos ( 1 − x ρ_{msph} )

− √ 1 − ( 1 − x ρ_{msph}

)_2 ( 1 − x ρ_{msph} )]

for 0 < x < 2ρ_{msph}

P_{msh0} for x > 2ρ_{msph} (8) For x = 0, P = P_{msph0} + P_{msh0}, where

P_{msh0} = 1 2 m_{msh}n_{msh0}V^2_{msh th} = n_{msh0}kT_{msh} (9)

P_{msph0} = 1 2 m_{msph}n_{msph0}V^2_{msph th} = n_{msph0}kT_{msph} (10) jy =

0 for x < −2ρ_{msh} e π n_{msh0} √ 2kT_{msh} m_{msh} × √ 1 − ( 1 + x ρ_{msh}

)_2

for − 2ρ_{msh} < x < 0 − e π n_{msph0} √ 2kT_{msph} m_{msph} × √ 1 − ( 1 − x ρ_{msph}

)_2

for 0 < x < 2ρ_{msph}

0 for x > 2ρ_{msph}

(11)

For x = 0, jy = 0.

3.4. Magnetic Field at the Subsolar Low-Shear Magnetopause

The magnetic field, B, generated by the current layer with density, j, is determined by Maxwell’s equation

curl ( 1 μ0 B ) = j (12)

Because of the assumption of one-dimensionality − 1 μ0 dBz dx = jy (13)

Magnetic fields generated by the currents carried by the magnetosheath and magnetospheric ions, B^{sh}_z (x) and B^{sp}_z (x), respectively, can be found by integration the equations for jα y

B^{sh}_z (x)=−B^{sh}_0 − μ0e 2π n_{msh0} √ 2kT_{msh} m_{msh} ρ_{msh}

× ( 1+ x ρ_{msh} ) √ 1− ( 1+ x ρ_{msh}

)_2

+ arcsin ( 1+ x ρ_{msh} )] (14)

B^{sp}_z (x)=−B^{sp}_0 − μ0e 2π n_{msph0} √ 2kT_{msph} m_{msph} ρ_{msph}

( 1− x ρ_{msph} ) √ 1− ( 1− x ρ_{msph}

)_2

+ arcsin ( 1− x ρ_{msph} )] (15)

where B^{sh}_0 and B^{sp}_0 are the constants of integration, giving the values that the magnetic field Bz (x) = B^{sh}_z (x) + B^{sp}_z (x) belenkaya: currents at the low shear subsolar magnetopause 163

approaches as x goes to −∞ and to +∞: B_{msph0} and B_{msh0}, respectively (the input parameters of the model). Taking into account that B^{sh}_z (x) | x=−∞ = B sh z (x) | x=−2ρmsh ,

B^{sp}_z (x)|_{x=−∞} = B^{sp}_z (x)|_{x=0}, B^{sh}_z (x) | |_{x=∞} = B^{sh}_z (x) | |_{x=0}, and B^{sp}_z (x)|_{x=∞} = B^{sp}_z (x)|_{x=2ρmsph} , we obtain

Bz(x)|_{x=−∞} = − ( B^{sh}_0 + B^{sp}_0 )

+ eμ0 4 n_{msh0} √ 2kT_{msh} m_{msh} ρ_{msh}

− eμ0 4 n_{msph0} √ 2kT_{msph} m_{msph} ρ_{msph} = B_{msph0} (16)

Bz(x)|_{x=∞} = − ( B^{sh}_0 + B^{sp}_0 )

− eμ0 4 n_{msh0} √ 2kT_{msh} m_{msh} ρ_{msh}

+ eμ0 4 n_{msph0} √ 2kT_{msph} m_{msph} ρ_{msph} = B_{msh0} (17)

and at x = 0 Bz (x)|_{x=0} = − ( B^{sh}_0 + B^{sp}_0 )

− eμ0 4 n_{msh0} √ 2kT_{msh} m_{msh} ρ_{msh}

− eμ0 4 n_{msph0} √ 2kT_{msph} m_{msph} ρ_{msph} (18)

If the value Bz (x)|_{x=0} is known, the solution of the system of three equations (16)–(18) with three variables — B0 ≡ B^{sh}_0 + B^{sp}_0 , ρ_{msh}, and ρ_{msph} — can be found. Quantity Bz (x)|_{x=0} can be defined from the equilibrium condition for each current sheet boundary. For the existence of the described current structure, the pressure balance must be fulfilled at the edges of each current layer: Ptot = Pxx + B^2 2μ0 = const (19)

where Ptot is the total pressure, Pxx is the plasma pressure, and B is the total magnetic field strength. So, this condition is valid at the boundary between two current sheets, at x = 0, and determines the value Bz (x)|_{x=0}: 1 2μ0 B^2_z (x) | |_{x=0} + P_{xx}(x)|_{x=0} = B^{2msph0} 2μ0 + P_{msph0}

= B^2_{msh0} 2μ0 + P_{msh0} (20)

From (8), (16)–(18), and (20) we conclude that Bz (x)|_{x=0} = ± √ B^2_{msph0} − 2μ0P_{msh0}

= ± √ B^2_{msh0} − 2μ0P_{msph0} (21)

Here we will consider only the sign “+” in front of the square root (the northward magnetic field inside the magnetopause).

The corresponding solution for the system of equations (16)–(18) is: B0 = − B_{msh0} + B_{msph0} 2 ρ_{msh} = 2 √ 2kT_{msh}m_{msh} e ( B_{msph0} + √ B_{msph0} − 2μ0 P_{msh0} )

ρ_{msph0} = 2 √ 2kT_{msph}m_{msph} e ( B_{msh0} + √ B^2_{msh0} − 2μ0P_{msph0} ) (22)

This solution gives the constant of integration, B0, satisfying the magnetic field boundary conditions; −B0 plays the role of the “background” external magnetic field existing in the problem; ρ_{msh} and ρ_{msph} are the half-thickness of the current layers created by the magnetosheath and magnetospheric ions, respectively, in the steady-state case. The values of magnetic fields in which ion gyroradii should be calculated are determined. Equation (21) defines the minimum value of the magnetic field strength inside the magnetopause at the boundary between two current sheets.

The linear integral current density, Jαy, for the magnetosheath and magnetospheric ion currents are, respectively,

J_{msh y} = 0∫ −2ρmsh j_{msh y} dx

= 2P_{msh0} B_{msph0} + √ B^2_{msph0} − 2μ0P_{msh0}

J_{msph y} =

2ρmsph∫

0 j_{msph y}dx

= − 2P_{msph0} B_{msph0} + √ B^2_{msph0} − 2μ0P_{msh0}

(23)

The resulting magnetic field corresponding to the two current layers at the subsolar low-shear magnetopause is

Bz (x) = B_{msph0} for − ∞ < x < −2ρ_{msh}

Bz (x) = −B0 − μ0e 2π n_{msh0} √ 2kT_{msh} m_{msh} ρ_{msh}

× ( 1 + x ρ_{msh} ) √ 1 − ( 1 + x ρ_{msh}

)_2

164 belenkaya: currents at the low shear subsolar magnetopause

+ arcsin ( 1 + x ρ_{msh} )]

− μ0e 4 n_{msph0} √ 2kT_{msph} m_{msph} ρ_{msph} for − 2ρ_{msh} < x < 0

Bz (x) = −B0 − μ0e 2π n_{msph0} √ 2kT_{msph} m_{msph} ρ_{msph}

× ( 1 − x ρ_{msph} ) √ 1 − ( 1 − x ρ_{msph}

)_2

+ arcsin ( 1 − x ρ_{msph} )]

− μ0e 4 n_{msh0} √ 2kT_{msh} m_{msh} ρ_{msh} for 0 < x < 2ρ_{msph0}

Bz (x) = B_{msh} for 2ρ_{msph0} < x < +∞ (24)

A peculiarity of the obtained solution is due to our particular choice of the distribution function.

It should be noted that in figures demonstrating calculations performed by Lee and Kan [1979a], for northward IMF, one can see at the magnetopause two pairs of antiparallel currents carried by the magnetospheric and magnetosheath ions and electrons. However, in the text by Lee and Kan [1979a], the existence of antiparallel magnetopause currents is not even mentioned. Moreover, the authors considered that the magnitude of the magnetic field intensity inside the magnetopause current sheet should be greater than that on the two sides. This situation opposes that presented here.

3.5. Comparison With Observations

For comparison with observations we use 4.35-s data from the AMPTE/IRM satellite [Phan et al., 1994], which provide dayside plasma and magnetic field observations obtained on 13 and 24 October 1985 (see Figure 4 and Figure 3 from Phan et al. [1994]). On 13 October 1985, the magnetopause crossing was at 1132:07 UT for the low magnetic shear which was less than 30^∘. The magnetosheath magnetic field direction in this case remained rather steady for at least 30 min prior to the magnetopause encounter. In this time, a decrease in the magnetic field B (from ∼67 nT to ∼57 nT) and an increase of the plasma pressure, p_{pla} (from ∼0.4 nPa to ∼0.8 nPa), were observed, followed by a reverse increase of B to ∼65 nT and decrease of p_{pla} to ∼0.5 nPa.

Taking the observed data for this event as the input values, we can calculate the model “background” external magnetic field, the minimum magnetic field strength in the magnetopause double-layer current structure, and the character length scale of each current layer.

According to Phan et al. [1994], the magnetosheath parameters were: n_{msh} ≈ 8 cm^{−3}, T_{msh} ≈ 4 × 10^6 K, B_{msh} ≈ 67 nT, and the magnetospheric parameters near the magnetopause were: n_{msph} ≈ 2 cm^{−3}, T_{msph} ≈ 20 × 10^6 K, and B_{msph} ≈ 65 nT. For these values, we obtain for the magnetosheath protons: V_{msh⊥} ≈ 180 km s^{−1}, ρ_{msh} ≈ 44 km, j_{y msh} max ≈ 1×10^{−7} A m^{−2}, and J_{msh} ≈ 1.3×10^{−2} A m^{−1}.

Similarly, for the magnetospheric protons: The thermal velocity V_{msph⊥} ≈ 400 km s^{−1}, ρ_{msph} ≈ 94 km, j_{msph y} ≈ −0.6 × 10^{−7} A m^{−2}, and J_{msph} ≈ −1.6 × 10^{−2} A m^{−1}. The “background” magnetic field −B0 = 66 nT, and the minimum magnetic field at the magnetopause, between two current layers, is Bz min = 57 nT, which agrees well with observations (∼57 nT).

The observation data show that the duration of the magnetopause structure connected with the negative spike in magnetic field and the positive spike in plasma pressure is approximately 1.5 min. If we use, after Phan et al. [1994], the average low-shear magnetopause normal velocity of 11 km s^{−1}, this duration translates into a thickness of 0.15 RE (RE = 6.4 × 10^6 m). This value may be considered only as an upper limit. As Phan et al. [1994] mention, this is due to the fact that the magnetopause is unlikely to move unidirectionally at the same speed. If we assume the magnetopause to be stationary for 1.5 min if the typical satellite velocity of 2 km s^{−1} is used, the 1.5-min duration translates into a thickness of 180 km, which may be considered as a lower limit [Phan et al., 1994]. According to our model of the magnetopause structure, the distance between two current magnetopause layers is of the order of ρ_{msh} + ρ_{msph} ≈ 138 km (consequently, the thickness of the magnetopause is ≈276 km).

Another example of low-shear (<15^∘) dayside magnetopause crossing is also published in Phan et al. [1994] and presented in their Figures 2 and 3. On 24 October 1985 at 1302:47 UT, AMTE/IRM reached magnetopause. For the magnetosheath parameters, n_{msh} ≈ 10 cm^{−3}, T_{msh} ≈ 3 × 10^6 K, B_{msh} ≈ 67 nT, we obtain: V_{msh⊥} ≈ 160 km s^{−1}, ρ_{msh} ≈ 36 km, j_{msh y} ≈ 1.1 × 10^{−7} A m^{−2}, and J_{msh} ≈ 1.3 × 10^{−2} A m^{−1}.

Respectively, for the magnetospheric parameters, n_{msph} ≈ 1 cm^{−3}, T_{msph} ≈ 20 × 10^6 K, B_{msph} ≈ 69 nT, we calculate: V_{msph⊥} ≈ 400 km s^{−1}, ρ_{msph} ≈ 93 km, j_{msph y} ≈ −0.3 × 10^{−7} A m^{−2}, J_{msph} ≈ −0.9 × 10^{−2} A m^{−1}. The “background” magnetic field −B0 = 68 nT, and the minimum magnetic field at the magnetopause, between two current layers, is Bz min = 61 nT. The observed minimum magnetic field strength is of the order of 60 nT. The duration of examined structure is 2 min. So, its thickness is ≥ 240 km, and the model thickness of the magnetopause is ≈258 km.

For comparison, characteristic values of the y component of the magnetosheath and magnetospheric ion current densities calculated by Lee and Kan [1979a] and presented in their Figures 2–4, are, respectively: ∼0.28 × 10^{−7} A m^{−2} and ∼ 0.09 × 10^{−7} A m^{−2} for B_{z msh} ∼18 nT, B_{z msph} ∼35 nT, n_{msh} ∼18 cm^{−3}, n_{msph} ∼4.5 cm^{−3}, T_{msh} ∼0.3 keV, T_{+ msph} ∼ 0.4 keV. On average, electron current densities are less than the ion densities.

Our estimation of the magnetopause current layer thickness 2(ρ_{msh} + ρ_{msph}) is in good agreement with the Eastman belenkaya: currents at the low shear subsolar magnetopause 165

et al. [1996] result that the inferred magnetopause thickness in units of plasma ion gyroradii ranges from 1.4 to 3.4, and with the Le and Russell [1994] conclusion that magnetopause current thickness is 2–4 ion gyroradii.

The results of our model and observations [e.g., Eastman et al., 1996; Le and Russell, 1994] show that the magnetic field rotation is connected with the ion currents. The scale length of the magnetopause current layer is determined by the distribution of protons (and positive ions) of the magnetosheath and magnetospheric plasmas at the boundary between them. As mentioned above (see Sestero [1966]), the solution obtained satisfying the same conditions at infinity, is not unique. Such solutions depend on an assigned distribution function. However, all integral characteristics of the constructed double-layer current structure are determined unambiguously from the equilibrium conditions.

In the model presented, by gyroradius we mean the Larmor radius of an ion of energy equal to the mean thermal energy, in the magnetic field, equal to the arithmetic mean between the magnetic fields at the two ends of corresponding current sheet at the outer space.

We constructed a model describing the interaction between the magnetosheath and magnetospheric plasmas at the subsolar magnetopause for northward IMF. This model is physically realistic, gives a good representation of observations, and at the same time is rather simple mathematically.

9. Conclusions

The investigation of an interpenetration at the subsolar magnetospheric boundary of the two sorts of collisionless plasmas in a strong magnetic field allows us to construct a model of the magnetopause current structure and to obtain the following results:

1. The subsolar magnetopause consists of the two current sheets created by the magnetosheath and magnetospheric ions. Ion double-current layer is connected with the magnetic field rotation. For southward IMF, both ion currents flow from noon to dusk. This is a metastable configuration in which reconnection may occur. For northward IMF, the current created by the magnetosheath ions is directed to dusk, and the current generated by the magnetospheric ions flows to dawn.

2. At the magnetopause, an interpenetration of both plasma species exists in the range (−2ρ_{msh}, 2ρ_{msph}). A mechanism of generation of two double-current layers at the subsolar magnetopause is connected with the difference of plasma parameters and magnetic fields in the magnetosheath and magnetosphere. In the steady-state case, the distance between the two ion current sheets responsible for the magnetic field rotation is of the order of Dmp/2 ≈ (ρ_{msh} +ρ_{msph}). Here, ρ_{msh} (ρ_{msph}) is the gyroradius of the thermal magnetosheath (magnetospheric) ion, penetrating into the outer space, in the magnetic field equal to the arithmetic mean of the fields at the edges of the magnetosheath (magnetospheric) current layer.

3. The direction of charged particle gyration at the magnetopause is such that the magnetic field generated by each boundary current creates a diamagnetic effect.

4. At the subsolar magnetopause, between two ion current sheet the strengths of the magnetic field (B) and its z component (Bz ) decrease and the plasma pressure increases. For this reason, the magnetopause current region may be identified even for northward IMF, when the magnitudes and directions of the magnetospheric and magnetosheath magnetic fields are rather similar.

The main restrictions of the model presented are the lack of electrostatic field effects and self-consistency; the initial assumption of the zero-width boundary between two external magnetic fields is not in agreement with the thickness of the double current sheet structure that is obtained.

Acknowledgment. This work was supported partly by NSF Grant ATM-9801941 and RFBR Grant 98-05-64784. V. B. Lyatsky and I. I. Alexeev provided valuable discussions.

References

Alexeev, I. I., and E. S. Belenkaya, The structure of convection in the magnetosphere for a southern and northern direction of the IMF, Geomagn. Aeron. (in Russian), 29, 640, 1989.

Belenkaya, E. S., Reconnection modes for near-radial IMF, J.

Geophys. Res., 103, 26,487, 1998a.

Belenkaya, E. S., High-latitude ionospheric convection patterns dependent on the variable IMF orientation, J. Atmos. Solar- Terr. Phys., 60 (13), 1343, 1998b.

Belenkaya, E. S., The current sheet structure at the low-latitude dayside magnetopause for different IMF directions, Geomagn. Aeron. (in Russian), 38, 40, 1998c.

Berchem, J., and H. Okuda, A two-dimensional particle simulation of the magnetopause current layer, J. Geophys. Res., 95, 8133, 1990.

Berchem, J., and C. T. Russell, The thickness of the magnetopause current layer: ISEE 1 and 2 observations, J. Geophys. Res., 87, 2108, 1982a.

Berchem, J., and C. T. Russell, Magnetic field rotation through the magnetopause: ISEE 1 and 2 observations, J. Geophys. Res., 87, 8139, 1982b.

Cargill, P. J., Hybrid simulations of tangential discontinuities, J. Geophys. Res., 17, 1037, 1990.

Chapman, S., and V. C. A. Ferraro, A new theory of magnetic storms, Terr. Magn. Atmos. Elect., 36, 77, 1931a.

Chapman, S., and V. C. A. Ferraro, A new theory of magnetic storms, Terr. Magn. Atmos. Elect., 36, 171, 1931b.

Chapman, S., and V. C. A. Ferraro, A new theory of magnetic storms, Terr. Magn. Atmos. Elect., 37, 147, 1932.

Chapman, S., and V. C. A. Ferraro, A new theory of magnetic storms, Terr. Magn. Atmos. Elect., 38, 79, 1933.

Chapman, S., and V. C. A. Ferraro, A new theory of magnetic storms, Terr. Magn. Atmos. Elect., 45, 245, 1940.

De Keyser, J., and M. Roth, Equilibrium conditions for the tangential discontinuity magnetopause, J. Geophys. Res., 102 (A5), 9513, 1997.

Eastman, T. E., and E. W. Hones, Jr., Characteristics of the magnetospheric boundary layer and magnetopause layer as observed by IMP 6, J. Geophys. Res., 84, 2019, 1979.

Eastman, T. E., S. A. Fuselier, and J. T. Gosling, Magnetopause crossings without a boundary layer, J. Geophys. Res., 101, 49, 1996.

Le, G., and C. T. Russell, The thickness and structure of high beta magnetopause current layer, Geophys. Res. Lett., 21, 2451, 1994.

Le, G., C. T. Russell, and J. T. Gosling, Structure of the magnetopause for low Mach number and strongly northward inter-

166 belenkaya: currents at the low shear subsolar magnetopause

planetary magnetic field, J. Geophys. Res., 99, 23,723, 1994. Lee, L. C., and J. R. Kan, A unified kinetic model of the tangential magnetopause structure, J. Geophys. Res., 84, 6417, 1979a.

Lee, L. C., and J. R. Kan, Transition layer between two magnetized plasmas, J. Plasma Phys., 22, part 3, 515, 1979b.

Lin, Y., and L. C. Lee, Structure of the dayside reconnection layer in resistive MHD and hybrid models, J. Geophys. Res., 98, 3919, 1993.

Mitchell, D. G., F. Kutchko, D. J. Williams, T. E. Eastman, L. A. Frank, and C. T. Russell, An extended study of the lowlatitude boundary layer on the dawn and dusk flanks of the magnetosphere, J. Geophys. Res., 92, 7394, 1987.

Omidi, N., and D. Winske, Structure of the magnetopause inferred from one-dimensional hybrid simulations, J. Geophys. Res., 100, 11,935, 1995.

Paschmann, G., N. Sckopke, G. Haerendel, J. Papamastorakis, S. J. Bame, J. R. Asbridge, J. T. Gosling, E. W. Hones, Jr., and E. R. Tech, ISEE plasma observations near the subsolar magnetopause, Space Sci. Rev., 22, 717, 1978.

Paschmann, G., W. Baumjohann, N. Sckopke, T.-D. Phan, and M. Lühr, Structure of the dayside magnetopause for low magnetic shear, J. Geophys. Res., 98, 13,409, 1993.

Phan, T.-D., and G. Paschmann, The magnetosheath region adjacent to the dayside magnetopause, in Physics of the Magnetopause, Geophys. Monogr. Ser., vol. 90, edited by P. Song, B. U. Ö. Sonnerup, and M. F. Thomsen, pp. 115–122, AGU, Washington, D.C., 1995.

Phan, T.-D., and G. Paschmann, Low-latitude dayside magnetopause and boundary layer for high magnetic shear: 1. Structure and motion, J. Geophys. Res., 101, 7801, 1996.

Phan, T.-D., G. Paschmann, W. Baumjohann, N. Sckopke, and M. Lühr, The magnetosheath region adjacent to the dayside magnetopause: AMPTE/IRM observations, J. Geophys. Res., 99, 121, 1994.

Phan, T.-D., G. Paschmann, and B. U. Ö. Sonnerup, Low-latitude dayside magnetopause and boundary layer for high magnetic shear: 2. Occurrence of magnetic reconnection, J. Geophys. Res., 101, 7807, 1996.

Pudovkin, M. I., V. S. Semenov, H. K. Biernat, C. A. Bachmaier, and M. T. Kiendl, Structure of the subsolar magnetopause on November 1, 1978, 1510–1530 UT: An effect of reconnection?, J. Geophys. Res., 100, 19,239, 1995.

Roth, M., The plasmapause as a plasma sheath: A minimum thickness, J. Atmos. Terr. Phys., 38, 1065, 1976.

Roth, M., Structure of tangential discontinuities at the magnetopause: The nose of the magnetopause, J. Atmos. Terr. Phys., 40, 323, 1978.

Roth, M., A microscopic description of interpenetrated plasma regions, in Proceedings of Conference on Magnetospheric Boundary Layers, ESA SP-148, edited by B. Battrick and J. Mort, European Space Research and Technology, Noordwijk, The Netherlands, 1979.

Roth, M., J. De Keyser, and M. M. Kuznetsova, Vlasov theory of the equilibrium structure of tangential discontinuities in space plasmas, Space Sci. Rev., 76, 251, 1996.

Russell, C. T., The structure of the magnetopause, in Physics of the Magnetopause, Geophys. Monogr. Ser., vol. 90, edited by P. Song, B. U. O. Sonnerup, and M. F. Thomsen, pp. 81–98, AGU, Washington, D.C., 1995.

Sestero, A., Structure of plasma sheets, The Physics of Fluids, 7, 44, 1964.

Sestero, A., Vlasov equation study of plasma motion across magnetic fields, The Physics of Fluids, 9, 2006, 1966.

Song, P., R. C. Elphic, C. T. Russell, J. T. Gosling, and C. A. Cattell, Structure and properties of the subsolar magnetopause for northward IMF: ISEE observations, J. Geophys. Res., 95, 6375, 1990.

Song, P., C. T. Russell, R. J. Fitzenreiter, J. T. Gosling, M. F. Tomsen, D. G. Mitchell, S. A. Fuselier, G. K. Parks, R. R. Anderson, and D. Hubert, Structure and properties of the subsolar magnetopause for northward interplanetary magnetic field: Multiple-instrument particle observations, J. Geophys. Res., 98, 11,319, 1993.

Sonnerup, B. U. Ö., G. Paschmann, I. Papamastorakis, G. Haerendel, S. J. Bame, J. R. Asbridge, J. T. Gosling, and C. T. Russell, Evidence for magnetic field reconnection at the Earth’s magnetopause, J. Geophys. Res., 86, 10,049, 1981.

Van Allen, J. A., and J. Adnan, Observed currents on the Earth’s high-latitude magnetopause, J. Geophys. Res., 97, 6381, 1992.

Whipple, E. C., J. R. Hill, and J. D. Nichols, Magnetopause structure and the question of particle accessibility, J. Geophys. Res., 89, 1508, 1984.

Winglee, R. M., Non-MHD influences on the magnetospheric current system, J. Geophys. Res., 99, 13,437, 1994.

E. S. Belenkaya, Institute of Nuclear Physics, Moscow State University, Moscow 119899, Russia. (elena@dec1.npi.msu.su)

(Received 28 December 2000; accepted 22 September 2002)