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Structure and Stability of the Magnetopause
Current Layer
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Abstract

The Vlasov kinetic approach is used to study the stability of the magnetopause cur-
rent layer (MCL) when a sheared flow velocity and a sheared magnetic field both exist
simultaneously within it. A modified Harris-Sestero equilibrium where the magnetic field
and bulk velocity are changing direction on the same spatial scale is suggested to illustrate
the generation of a y component of the magnetic field in the center of the MCL. With
this equilibrium it is shown that By(0) can be of the order of B,(c0) when the value of
the shear flow (U) tends to the ion drift velocity (U;). The modifications of the initial
symmetrical Harris configuration, introduced by the presence of a shear flow, strongly
influence the adiabatic interaction of the plasma with low-frequency tearing-type elec-
tromagnetic perturbations as well as the nonadiabatic response of the particles near the
center of the MCL. This results in a reduction of the growth rate of the tearing mode.

Résumé

Pour étudier la stabilité de la couche de courant de la magnétopause (MCL), lorsque
celle-ci est caractérisée par un cisaillement simultané de la vitesse d’écoulement et du
champ magnétique, nous avons utilisé ’approche cinétique, basée sur ’équation de Vlasov.
Pour illustrer la génération d’une composante y du champ magnétique au centre de la
couche, nous suggérons un modele d’équilibre du type Harris-Sestero modifié, pour lequel
les échelles de variation spatiale des vecteurs champ magnétique et vitesse de masse sont
identiques. A 1’aide de ce modéle d’équilibre, on démontre que B,(0) peut étre de 'ordre
de B,(o0) lorsque la valeur du cisaillement d’écoulement (U) tend vers la vitesse de dérive
ionique (Us). Les modifications de la configuration initiale (du type Harris symétrique)
causées par la présence du cisaillement d’écoulement, influencent fortement I’interaction
adiabatique du plasma avec des perturbations électromagnétiques de basse fréquence de
type “tearing”. Elles influencent également fortement la réponse non-adiabatique des
particules dans le voisinage du centre de la couche (MCL). Cela entraine une réduction
du taux de croissance du mode “tearing”.
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Samenvatting

De kinetische benadermg van Vlasov wordt gebruikt voor de studie van de stabiliteit
van de stroomlaag van de magnetopause (MCL), wanneer er een “sheared” stroomsnelheid
en een “sheared” magnetisch veld beide tegelijkertijd in aanwezig zijn. Een gewijzigd
Harris-Sestero evenwicht waarin het magnetisch veld en de massasnelheid van richting
veranderen over dezelfde ruimtelijke schaal wordt voorgesteld om de opwekking van een
y-component van het magnetisch veld in het midden van de MCL te illustreren. Met dit
evenwicht wordt aangetoond dat B,(0) van de orde B,(co) kan zijn wanneer de “shear
flow” (U) naar de “drift” snelheid (U) van ionen streeft. De wijzigingen in de initieel
symmetrische Harris configuratie, veroorzaakt door de aanwezigheid van een “shear flow”,
hebben een grote invloed op de adiabatische interactie van het plasma met laag-frequente
electromagnetische verstoringen van het “tearing” type, evenals op de niet-adiabatische
respons van de deeltjes in de nabijheid van het midden van de MCL. Dit resulteert in een
vermindering van de groeisnelheid van de “tearing” modus.

Zusammenfassung

Die kinetische, auf der Vlasov Gleichung begriindete, Methode wird benutzt um die
Stabilitat der Stromungsschicht von der Magnetopause (MCL) zu studieren im Falle diese
Schicht durch einem Scher der Stromungsgeschwindigkeit und des Magnetfeldes charakter-
isiert ist. Um die Erscheinung einer y Komponente des magnetischen Feldes im Zentrum
der Schicht zu erklaren, schlagen wir ein modifiziertes Equilibriummodell vom Harris-
Sestero Typ vor, wo die Skalen der raumlichen Variationen der Vektoren: magnetisches
Feld und Massengeschwindigkeit gleich sind. Mit der Hilfe von diesem Equilibriummod-
ell, beweisst man dass By(0) von der Gréssenordnung von B.(co) wird wenn das Wert
von dem Stromungsscher (U) dies der ionischen Driftgeschwindigkeit (U;) sich nihert.
Die Anderungen der Anfangs-Konfiguration (von symetrischen Harris Typ) die von dem
Stromungsscher verursacht sind, haben einen erheblichen Einfluss auf der adiabatischen
Zusammenwirkung des Plasmas mit elektromagnetischen Storungen niedrigen Frequenzen
vom “tearing” Typ. Sie beeinflussen auch stark die nicht-adiabatische Antwort von den
Partikeln in der Nahe des Schichtzentrums (MCL). Dies hat eine Reduktion des Wachs-
tumsverhaltnis von dem “tearing” Mode zufolge.
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1. Introduction

Studies of the structure of the magnetopause current layer (MCL) and of its stability
with respect to the excitation of large-scale perturbations (for example, tearing mode or
Kelvin-Helmholtz instability) play an important role in understanding mass and energy
transfer from the solar wind to the magnetosphere. The conditions of spontaneous exci-
tation of longwave perturbations (wavelength Ay = 27/k much greater than the thickness
of the layer L) depend not only on the local values of the plasma parameters near a given
magnetic surface within the MCL but mainly on the global distribution of magnetic and
electric fields, particle number densities, and tangential flow velocity profiles across the
MCL, that is, on the initial equilibrium structure of the layer which determines the free
energy of the perturbations. This circumstance significantly complicates the theoretical
study of the global stability of the MCL. These difficulties are reflected on two theoretical
approaches generally considered in the abundant literature devoted to this subject.

The first approach, and the most fundamental one, is based on the kinetic Vlasov
formalism (see, for example, Drake and Lee [1977], Galeev and Zelenyi {1977], Coppi et
al. [1979], Quest and Coroniti [1981], Kuznetsova and Zelenyi [1985, 19904], Galeev et
al. [1986], and references therein). In these papers the initial equilibrium structure is the
well-known Harris configuration [Harris, 1962] generalized for the case where the plasma
is magnetized by the constant current-aligned magnetic field component B,

B = Bytanh(z/L)e, + Bye,, B, = const (1)

This model describes the main property of the MCL, the rotation of the magnetic
field vector across the layer. Galeev et al. [1986] have obtained the general stability
thresholds for the destruction of all magnetic surfaces within the configuration (1) due to
the excitation of drift tearing instabilities. In this study the marginal thickness L of the
MCL is computed as a function of §,, the total angle of rotation of the magnetic field. The
approach by Galeev et al. [1986] is, however, not appropriate for the case of nearly opposite
directions of magnetosheath and magnetospheric magnetic fields (in the angular interval:
120° < 6y < 180°, B, < Bp) when configuration (1) tends to the one-dimensional “neutral
sheet” limit. Indeed, in this case the drift theory breaks down, and the stability analysis
based on model (1) gives very reduced values of the critical magnetopause thickness
(L < pi, where p; is the Larmor radius of the magnetosheath ions). Although many
magnetopause crossings are characterized by a magnetic field rotation close to 180° [e.g.,
Berchem and Russell, 1982b], one-dimensional neutral sheets (B, — 0) as well as layers
with a constant or nearly constant value of B, are seldom observed. What is actually
observed is a systematic variation of both B, and B, as the satellite passes through
the magnetopause, while the quantity B: + B? remains approximately constant even for
00 —180°.

Another disadvantage of the model (1) is that it describes an absolutely symmetrical
MCL composed of a population of “trapped” particles “isolated” from the magnetosheath
and magnetosphere plasmas. The latter can only be introduced in the model in the form of
a uniform background [Kuznetsova and Zelenyi, 1990b]. Observations show, however, that
the magnetopause is a mixture of plasmas of both magnetosheath and magnetospheric ori-
gins [Bryant and Riggs, 1989]. To understand how the magnetosheath parameters control
the stability of the MCL, factors of asymmetry should be introduced in the equilibrium
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model, which can be considered as a tangential discontinuity (TD). These factors of asym-
metry should emphasize the difference between magnetosheath parameters just outside
the magnetopause (tangential flow velocity, number density, absolute value of magnetic
field, and temperature) and those in the magnetosphere. They should finally appear as
parameters in the formulation of the stability thresholds.

Some kinetic studies of the Kelvin-Helmholtz (K-H) instability in layers with flow
velocity asymmetry but without magnetic shear (magnetic field in the same direction on
both sides of the layer) have also been performed [Ganguli et al., 1988; Pu, 1989; Cai
et al., 1990; Wang et al., 1992]. These results can be applied for the case of northward
orientation of the interplanetary magnetic field away from the stagnation point. However,
when the interplanetary magnetic field has a southward orientation, a sheared velocity
and a sheared magnetic field both exist simultaneously within the MCL.

Particle simulation of the formation and evolution of the MCL has been carried out by
Berchem and Okuda {1990, and references therein]. Cargill and Fastman [1991] presented
results of hybrid simulations where electrons were treated as a massless fluid, and the
ions were treated as particles. A considerable amount of effort has been made after the
pioneering work of Sestero [1966] to construct a self-consistent equilibrium Vlasov model of
realistic TDs with large magnetic shear (p > 90°) and asymmetrical boundary conditions
(see, for example, Kan [1972], Lemaire and Burlaga [1976], Roth [1978, 1979, 1984], Lee
and Kan [1979], and references therein). However, none of these models were used for
stability analysie of the MCL using the Vlasov formalism.

The second approach used in the study of the global stability of the MCL is based
on MHD simulations of the coupling between the tearing mode and the K-H instability
[Liv and Hu, 1988; La Belle-Hamer et al., 1988; Hu et al., 1988; Pu and Yei, 1990; Pu
et al., 1990a, b]. The influence of shear flow on the double tearing instability in the
frame of incompressible viscoresistive MHD was also considered by Ofman [1992, and
references therein]. For the former case the initial configuration is characterized by a one-
dimensional Harris profile of the magnetic field which reverses direction together with a
similar antisymmetrical profile of the parallel bulk flow

B(z) = Botanh(z/L)e,, V(z)= —Vytanh(z/L)e, (2)

The problem of determining the velocity distribution functions corresponding to con-
figuration (2) is not discussed within the framework of the MHD approach. It is assumed
that the effect of the velocity shear on the structure of the equilibrium magnetic field can
be neglected when the relative flow velocity is much smaller than the thermal velocity of
the plasma. Within the framework of this assumption it is shown that the growth rate
of the tearing mode is only slightly modified by the shear flow up to the Mach number
M, = 1. It was also argued by Pu and Ye:i [1990] that the addition of a B, magnetic
field component does not influence the stability properties of the MCL, as the coupling
of that component with V, and B, was thought to be absent. We will, however, show in
sections 3 and 5 that the presence of a shear flow will modify the profile of By(z) and,
consequently, the growth rate of the tearing mode.

To study the influence of the shear flow on the tearing mode, attempts have also been
made to combine the MHD and kinetic approaches by separating the plasma into two
regions: an internal “kinetic region,” where the Vlasov formalism is used, and an external
“MHD region” where the system of MHD equations is solved [Lakhina and Schindler,
19834, b; Zelenyi and Kuznetsova, 1984; Wang and Ashour-Abdalla, 1992].
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The coupling between K-H and tearing modes was investigated by Zelenyi and Kuznet-
sova [1984] for the magnetotail configuration. In that work it was assumed that, inside the
tail (|z| < z*, where z* is the half-thickness of the magnetotail), the plasma configuration
can be described by the plain Harris model without flow (configuration (1) with B, = 0).
For the external solar wind flow (|z| > z*) the incompressible MHD approximation was
used. For this hybrid model the error in the definition of the plasma distribution functions
(in comparison with self-consistent ones) is found proportional to exp(—2z*/L), where L
is the half-thickness of the plasma sheet. For the magnetotail configuration z* > L, and,
consequently, this error is very small.

For the dayside magnetopause, configuration (2) has been used by Wang and Ashour-
Abdalla [1992] as the initial unperturbed equilibrium. The “boundary” between the exter-
nal MHD region and the internal kinetic region is taken inside the plasma sheet. Therefore
the error in the definition of the equilibrium configuration could be rather large. In other
words, the plasma and field distributions in the external region (for example, the asym-
metry in the flow velocity on both sides of the layer) may change the plasma and field
distributions in the inner region and vice versa. It is realistic to think that the plasma
and field distributions inside the layer could be significantly modified when the relative
flow velocity exceeds the drift velocity corresponding to the diamagnetic current which
supports the magnetic field reversal. It is clear that the uncertainties in determining
the initial equilibrium configuration will result in nonrealistic estimates from the stability
analysis (stability thresholds and growth rates).

In this work we are investigating, using Vlasov formalism, the influence of the flow
asymmetry on the structure and stability of the MCL for the case of nearly oppositely
directed asymptotic magnetic fields, that is, for large rotation angles of the magnetic field
(120° < 8, < 180°).

In section 2 we discuss some problems that can arise in the kinetic formulation of the
configuration (2) generally used in MHD simulations.

To illustrate the modifications of the Harris neutral sheet (configuration (1) with
B, < By) by the flow asymmetry we present, in section 3, an equilibrium model which
is a combination of the models of Harris [1962] and Sestero {1966]. To illustrate this new
model, we display the numerical profiles of the unperturbed magnetic field, electric poten-
tial, number density, and bulk flow velocity for different values of u, the flow asymmetry
factor (u = |V} — V,|/2U4, where V; is the bulk flow velocity in the magnetosheath, V; is
the bulk velocity in the magnetosphere, and U, is the ion drift velocity). This model is
reduced to the Harris plane neutral sheet when the factor u tends to zero.

In sections 4 and 5 we carry out the kinetic stability analysis of this simplest self-
consistent asymmetrical equilibrium model. In section 4 we obtain a generalized eigen-
mode equation for the tearing mode, using the differential approximation for the perturbed
vector potential and integrating along the particle trajectory. In section 5 we make ana-
lytical estimates to show some of the basic signatures of the tearing mode modified by the
flow asymmetry and present a numerical solution of the generalized eigenmode equation.
The paper ends in section 6 with a summary and the conclusions.
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2. Kinetic Modeling of Magnetic Field Reversal in
the Presence of Shear Flow

Let us consider a one-dimensional plane TD which is parallel to the y-z plane and
which is not necessarily charge neutral. All plasma and field variables are then assumed
to depend only on the z coordinate, normal to the layer. Because a TD has no normal
component of the magnetic field, the latter lies entirely in the y-z plane, while the electric
field E is parallel to the z axis. In this well-known configuration a single plasma particle
of the j species (j = e for the electrons, j = i for the ions) is characterized by three
constants of motion: the Hamiltonian (H;)

H, = mv?/2 + ;0 (3)

and the y and z components of the canonical momentum (P;, and P;,)
Piy = mjuy + ejayfc, P = mjv, + eja./c » (4)

In these equations, c is the velocity of light in vacuum, e; is the charge of the particle of
mass m; and Vv is (vz, vy, v;) its velocity vector, while ¢(z) is the electric potential, and
(ay, a,) are the y and z components of the vector potential.

The simplest (and the most generally used) way to solve the Vlasov equation is to use
single-valued velocity distribution functions in the (H, P,, P,) space. Macroscopic plasma
parameters like the partial number densities n;, the components of current densities J;,,
Jjz, or the bulk flow velocity V can then be obtained from the velocity distribution
functions fo; as functions of ay, a,, and ¢.

If we are now considering a charge neutral plane current layer (B, = 0, a, and ¢ are
constant values), then for single-valued fy; the z dependence of plasma parameters can
only be introduced through the a,(z) component of the vector potential. If we assume
that the magnetic field B = B,e, reverses direction across the sheet

B.(z) = —Bg,z — —00 (5a)

B,(z) = +By,z — +00 (5b)

then the asymptotes of the functioﬁ a,(z) on both sides of the MCL are symmetrical
ay(z) = B(z)z — |z|By, = — oo (6)

and, consequently, all plasma parameters (including the flow velocity V(z)) which depend
on r only through a,(z) have equal values on both sides of the layer. For instance,

Vi=V.(z = —00) =Vi(z = +0) = 1} M

For the odd Harris profile of the z component of the magnetic field [B.(z) = day(z)/dz]
the r dependence of all plasma parameters, expressed through the even function a,(z),
should be even. In other words, the “cutoff” factor (see, for example, Lee and Kan
[1979]) required in the distribution functions to separate the magnetosheath and magne-
tospheric particles (with different plasma parameters) cannot be introduced in the form
of a single-valued dependence on P, for the case of magnetic field reversal. This was
also demonstrated in the paper by Sestero [1964] (see the discussion by Sestero [1964]
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of figure 3). Note that for a one-dimensional magnetic field reversal, any deviation from
charge neutrality (¢(z) #constant) cannot help to “separate” both the ion and electron
components of two plasmas with distinct characteristics. Indeed, the electric potential
“acts” differently on both components. This results from the fact that all moments of the
electron velocity distribution function are proportional to exp[+e¢(z)/T.], while those of
the ion velocity distribution function are proportional to exp[—ed(z)/T;] (here e is the
magnitude of the electron charge, and T, and T; are the electron and ion thermal energies).

A way to introduce flow asymmetry in one-dimensional magnetic field reversal is to
consider multivalued distribution functions in the (H, P,) plane [Sestero, 1964; Whipple
et al., 1984]. This means that particle trajectories corresponding to the same values of H
and P, can be physically disconnected, and an additional parameter characterizing the
spatial region from which particles are unable to escape can be introduced. For our case,
particles moving outside the neutral region (|z} < (p;L)'/?) will never cross the plane
z = 0 and can be characterized by an additional invariant: sign(z). Inside the neutral
region the flow velocity profile should be symmetrical. For thick MHD layers the extent
of the symmetrical neutral region is negligible. On the contrary, for thin kinetic layers
typical of the magnetopause (L < 10p;) [Berchem and Russell, 1982a] the extent of the
symmetrical neutral region is at least L/3; and the flow configuration cannot be similar
to that given by equation (2). For these kinetic layers the flow velocity is nearly constant
in the central part, while the shear can only occur in the outer regions. This kind of flow
velocity profile was modeled by Lakhina and Schindler [1983a, b] only for z > 0, using
equilibrium distribution functions similar to those introduced by Alpers [1969).

In the next section we will consider another way for modeling an asymmetrical flow
velocity profile by introducing a nonvanishing B, component which does not reverse sign.
Indeed, in most magnetopause crossings, observations show that the magnetosheath and

magnetospheric magnetic fields are not strictly antiparallel and that the angle of rotation
of the B vector is less than 180° [Berchem and Russell, 1982b)].

3. Modification of the Harris Plane Configuration
by a Flow Asymmetry

Across the TD considered in this section, the magnetic field B is assumed to rotate
in the (y-z) plane (the total angle of rotation being 6o; 6y < 180°) and to have equal
magnitudes B; = B, = B(z — Foo) on magnetosheath (zr — —oo) and magnetospheric
(z — +00) sides. In this case it is possible to choose the coordinate system in such a
way that the B, component is changing sign in the center of the MCL (z = 0) and has
opposite asymptotic values: B,(z — +o0) = —B,(r — —o00) = By, while assuming B,
everywhere positive.

Let us introduce unperturbed velocity distribution functions which are combinations
of distributions of Harris [1962] and Sestero [1966]. Sestero’s contribution for a j plasma
species will, however, be modified to take into account a thickness larger than the char-
" acteristic Larmor radius p; of particles with thermal energy (temperatures) T; in the

asymptotic magnetic field B,
Cy/ QijJ‘ . . 3
Pi = Ta J (8)

il
o
~
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Therefore the (P,, P,) dependence in Sestero’s part will now be expressed in terms of com-
plementary error functions, whose “half-thickness” is at least the Larmor radius, rather
than in terms of step functions which always lead to maximum characteristic thicknesses
equal to p; (for observations of the magnetopause thickness, see Berchem and Russell
[19824]).

It can be seen that the following velocity distribution functions are quite appropriate

_ 1 m; 3/2 2Hj+ij2

o = 3 (a) o (g
p;

- {31 + soexp [—(ﬁ)2 - 6,-ijy]}

. {erfc [=6;:(Pj: — m;U)] exp (ﬂ)_)

T;
UP'z
+ ajerfc [6jz(sz + mJU)] €xp (_ T'J ) } (9)
j
where ¢ =
bz = bjy=—0—, a;=1 (10)

e;B1\/D? — p¥’ ejB1D’

and erfc(u) is the complementary error function

erfc(u) = —\3—7 / exp(—z?)dz

The parameter D characterizes the thickness of the MCL. When D shrinks to p;, the
complementary error functions in (9) tend to the step functions introduced by Sestero
[1966]. When U tends to 0, the distribution functions (9) tend to Maxwellian functions
shifted by the diamagnetic drift velocity Uy; = ¢T}/e; B, D, which for boundary conditions
(5) correspond to Harris configuration (1). The parameter D is related to the L parameter
of configuration (1) by the relation '

L ~2DB,/B, (11)

The parameters so and s, characterize, respectively, the distribution of “trapped” and
“untrapped” particles. They are linked to the number density in the center of the layer
(for s¢) and to the asymptotic number densities (for s;) in a way that will be clarified
when expressions for number densities will have been calculated.

Assuming the B, component everywhere positive, it is easy to verify that the dis-
tributions (9) describe a MCL where a two-components plasma (electrons, ions) with
symmetrical temperatures T; is flowing at a velocity (0,0,U) on the magnetosheath side
and at a velocity (0,0, —U) on the magnetospheric side (i.e., the profile of the bulk flow
velocity is antisymmetrical). v

If one assumes that a; # 1, then the distributions (9) describe a TD with asymmetrical
profiles of the number density and corresponding magnetic field intensity. In this study
we will, however, neglect these possible asymmetries in order to single out the effect of
the relative flow velocity.
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Note that the velocity distribution functions of the trapped particles in equation (9)
differ from those introduced by Lee and Kan [1979, Equation 8]. The distribution of the
trapped particles defined in equation (9) has been found more appropriate for configura-
tions with large angles of magnetic field rotation and nonzero relative flow velocity.

From the velocity distribution functions given in (9) the number and current densities
can be calculated as a function of (¢, ay, a.). It is found

2
nj =3 n} - (12)
v=1

v 1 [
n$) = 2 (51 + soexp(—a,)] exp{—%~[¢+ (—1)"uaz]}erfc (-1a]  (13)
3
on;
sz = CT}‘ 60,: (14)
on;
ij = Cna—a: (15)
where T ¢
t=_J =E‘7_ a. = a: a., = Gy —=C_
J 11'., q] e’ aZ B]D’ ay BID, ¢ 7‘1‘

and u is the factor of flow asymmetry

w=U/Usy Uys=cT:/eB,D (16)

Assuming that a,(0) = a,(0) = 0, it is clear from the quasi-neutrality condition that

#(0) = 0 and

¢(z = Foo) = (U/c)By(z — Foo)|z| (17)

From equations (12), (13), and (17) it can be seen that the parameter s, is equal to
the symmetrical asymptotic number densities [n;(z — Foo) = s;; 7 = e,1], while s
characterizes the number density in the center of the layer [n;(z = 0) = so + s1; 7 = e,1].

The structure of the MCL is given by the solutions of a set of two second-order
differential equations for ay(z) and a,(z)

d? 4

d:;y = _Tﬂ-z:‘]jy(ayvan¢) (18)
j

d?a, _ 4 _

a2z _T%:Jﬂ(ayaazv ¢) (19)

coupled with the quasi-neutrality equation

ne(a!n a;, ¢) = ni(ay’ a, ¢) = n(:z:) | (20)

The differential equations (18) and (19) form a system of four differential equations of
the first order for ay, a;, By, and B,. This system is solved numerically using a Hamming’s
predictor-corrector scheme [Ralston and Wilf, 1965]. It is coupled with equation (20)
whose solution is obtained by the Newton-Raphson method for finding the root of a
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nonlinear algebraic equation [Press et al., 1986]. Starting from the central surface z = 0,
the system is integrated toward the magnetosheath (z — —oo) up to the turning point
z*, where both components of the current density become negligibly small, and then back
to the magnetosphere (z — +00). For the starting values we choose '

a,(0) = a,(0) = 6(0) = 0, a,/(0) = B:(0) =0, a.'(0) = —B,(0) (21)
The value of B,(0) can be obtained from the pressure balance condition
B} =8nso(T. + T:) + BX(0) (22)

We will now illustrate how the MCL structure is changing when the factor of flow
asymmetry u is increased, while keeping the angle 6, =~ 170°. In what follows, the MCL
layer is characterized by the following plasma and field parameters: B; = B; = 60 nT,
T; = T. = 1 keV, p; = 76.2 km. The asymptotic number density s; on the magnetosheath
and magnetospheric sides is chosen very small in comparison with the density inside the
MCL (in order to compare with the Harris model), that is, s; = 0.01 cm™3 <« so. On the
other hand, the value of the input parameter s, is determined by the asymmetry factor u
in the following way: for a fixed value of u, an iterative method is used to find the value
of so corresponding to 6y = 170°, that is, to nearly opposite directions of the asymptotic
magnetic fields. Table 1 gives some computed values of so corresponding to a set of values
of u, for D = 1.5p;. Note that these values as well as profiles illustrated in Figures 1-3
practically do not depend on the ratio D/p;.

TABLE 1. Computed Values of so(u) When 6y = 170°

= U/U, 3. 1615 14 12 09 0.
so (em™3) 2. 3. 3.5 4. 42 44

u = U/Uq, where U is the shear flow and Uy is ion drift velocity; so
is the parameter defined in equation (9) (for very small values of the
number density on the magnetosheath and magnetospheric sides sg
is nearly equal to the number density at the center of the MCL); and
0o is the total angle of rotation of the magnetic field B.

Figures 1 and 2 illustrate the structure of the magnetopause for © = 0.9 and u = 2,
respectively. Plasma and field parameters are illustrated as functions of the distance z/p;
from the center of the layer. The dashed curves in Figures 1 and 2 correspond to Harris
profiles, that is, to the case where u = 0. The following variables are illustrated: B, (in
nanoteslas) (Figures 1a and 2a); bulk flow velocity V/Vr; (Vr; = (2T:/m;)Y? is the ion
thermal velocity, Vr; = 438 km/s) (Figures 1b and 2b); hodogram of the magnetic field
(in nanoteslas) (Figures 1¢ and 2c¢); number density n (in cubic centimeters) (Figures 1d
and 2d); J; = J, + J;, is the z component of the total current density normalized to
Ay = s1eVr; (= 7 x 1071 A/m?) (Figures le and 2e); electric potential ¢*, normalized
to Ay = 2T;/e (= 2 x 10® V) (Figures 1f and 2f). It is seen from Figures le and 2e that
the relative flow velocity results in a finite J, component of the current density inside the
MCL which generates the B, component in the center of the layer.

Figure 1 shows that the Harris profiles of B,(z) and n(z), corresponding to u = 0, are
only slightly modified when u has a nonzero value less than 1 (i.e., U < Uy). Figure 2
shows that when u = 2, the B,(z) and n(z) profiles differ more strongly from the Harris
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Figure 1: Structure of the magnetopause current layer for | By| = |B;| = 60 nT, T; = T, = 1 keV,
6o = 170°, u = 0.9. The ratio u = U/Uy is the factor of flow asymmetry. It represents half the
relative flow (U = |V} — V3|/2) normalized to the ion drift velocity Uy = ¢T;/eByD (=146 km/s
for the plasma and field parameters used here). The total angle of rotation of the magnetic
field is 8y. For comparison, the Harris profiles corresponding to u = 0 are also displayed and
are represented by the dashed curves. From left to right and from top to bottom the following
variables are illustrated. (a) B, (in nanoteslas); (b) bulk flow velocity V/Vr; (Vi = (2T,-/m,-)1/2
is the ion thermal velocity; Vr; = 438 km/s); (c) hodogram of the magnetic field (in nanoteslas);
(d) number density n (in cubic centimeters); (e) J: = J%, + JI, is the z component of the
total current density normalized to Ay = s;eVri(= 7 x 1071°A/m?); (f) electric potential ¢*,
normalized to Ay = 2T;/e(= 2 x 103V). These plasma and field parameters are illustrated as a
function of the distance z/p; from the center of the layer (where p; is the ion Larmor radius in
the field By; p; = 76.2 km). The configuration is also characterized by the following parameters:
D = 1.5p; ~ 114 km, s; = 0.01 cm™3. The value of the parameter so depends on the value of u
as determined in Table 1.
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Figure 2: Same as Figure 1, but for the case u = 2.
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case. Note that the density has now 2 maxima, separated by a minimum at the center of
the layer. This is due to the increase of the magnetic pressure near r = 0. Indeed, the
hodogram shows that when |z| — 0, the B, increase is larger than the B, decrease. It
can also be seen that the J, component and associated B, component increase with w.
Profiles of the B, component of the magnetic field for different values of u are shown -
on Figure 3. It is seen that B, can reach significant values when u = 1 + 2, that is, when
the relative flow velocity U is of the order of the ion drift velocity (U,), which is much
less than the ion thermal velocity [Uy = Vi (pi/2D) < Vr;], especially for thick layers
2D/ > p; (see also Figure 4). We see that in the presence of a relative flow (along the
component of the magnetic field which reverses sign) there is no neutral plane. Even for
practically opposite direction of magnetic fields on both sides of the layer, the absolute
value of the magnetic field does not equal 0 in the center of the layer where z = 0. The

o0 B,(nT)

Figure 3: Profiles of the B, component of the magnetic field for different values of the flow
asymmetry factor u. The value of sq (the number density of “trapped” particles at z = 0)
depends on the value of u as indicated in Table 1. For all cases considered in this figure the
total angle of rotation of the magnetic field through the magnetopause is 8o =~ 170°. The other
plasma and field parameters are the same as those used to compute Figures 1 and 2.
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Figure 4: Dependence of the By component of the magnetic field at z = 0 (normalized on B;)
on the shear flow U (normalized on Vr;) for different values of the MCL thickness, while keeping
the value of 8p =~ 170°. In this figure the thickness is measured in the ion Larmor radius and is
expressed in terms of the parameter L of the Harris model by using the relation L/p; = 2D /p;
(see equation (11) for the case where the asymptotic fields are nearly antiparallel). It can be seen
that decreasing the value of the shear flow can lead to the same intensity of the B, component
at z = 0, provided the thickness is increased.

dependence of B,(0)/B; on the relative flow velocity is shown on Figure 4 for different
values of the layer thickness, while keeping the value of 6, = 170°. In Figure 4 the relative
flow velocity 2U is normalized to 2V7;, that is, U/Vr; = up;/(2D), while the thickness is
measured in ion Larmor radius and expressed in terms of the parameter L of the Harris
model by using the relation L/p; = 2D/p; (see equation (11) for the case where the
asymptotic fields are nearly antiparallel). It can be seen that decreasing/ increasing the
value of the relative flow velocity can lead to the same intensity of B,(0)/B,, provided
the thickness is increased/decreased. On the other hand, the factor of asymmetry u
(=U/Us = (U/Vr)(2D/p;)] is directly proportional to D. Clearly, for a fixed value of
U/Vr; this factor increases proportionally to the thickness of the layer (L/p;), because of
a decrease of the ion drift velocity (U;). This results in a decrease of so (see Table 1) and,
consequently, from pressure balance equation (22), to an increase of By(z = 0)/B;, as
illustrated in Figure 4. This increase of B,(0)/B, with L, for a fixed U, can be explained



M. M. Kuznetsova et al., Effect of the Relative Flow Velocity 15

by the new distribution of the current density, resulting from the larger value of the
thickness, which modifies the integrated z component of the current density 1. J.dz,
responsible for the generation of B,(0). This integrated component, which is proportional
to UL, is indeed increasing with the growth of L for a fixed U, while the integrated y
component [*%°J, dzx ~ UL, supporting the initial (Harris) inversion of the magnetic
field or the total variation of B, (=~ 2B) is independent of L. Thus the thicker the Harris
layer given by configuration (1) (with B, < By), the easier “to spoil” it by smaller values
of the relative flow velocity.

For §, — 180°, when it is difficult to choose the shortest way of rotation [Berchem and
Russell, 1982b], the sense of magnetic field rotation (determined by the sign of B,) depends
on the direction of the flow (the sign of U); that is, it may be opposite in the northern
and southern hemispheres (there are some experimental data, discussed by Sonnerup and
Cahill [1968] and Su and Sonnerup [1968], confirming this assumption).

4. Eigenmode Equation for the Tearing Mode in
Magnetic Field Reversal With Relative Flow
Velocity

Let us consider the stability of the central magnetic surface £ = 0 of the plasma con-
figuration modeled in the previous section with respect to the excitation of low-frequency
tearing-type electromagnetic perturbations. Such perturbations can be described by a cor-
rection of the unperturbed vector potential which depends on both z and z coordinates
and on the time ¢

Ay = A(z) exp(—wit + 1kz2) (23)

where w (= »v) is the complex frequency and k is the wave vector directed along the z
axis. The first-order perturbation of the velocity distribution function (fi;) is obtained
by integrating the linearized Vlasov equation along the unperturbed particle trajectory.

t

afojl €, afo afo
= oAy 12 W22+ k2% [ u,4,d 24
flJ 8Pjyc Yy zc(w H] + })jz )_ vy Yy T ( )

An eigenmode equation is obtained by considering the linearized Maxwell equation
" 2 4m
A - kA, = -2 Ze,-/vyfljdv (25)
j=e,

Assuming that all particles are magnetized and that the ion Larmor radius is small, the
standard procedure of evaluating the trajectory integral can be used (see, for example,
Wang et al. [1992]), and equation (25) can be reduced to the following differential form

A(z)A," + B(z)A,' + C(z)A, =0 (26)

Az) =1- A, (27)
B(z) = B; (28)
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Cl(z) = —k? - Vo + 2 Vi+ G (29)
i=e,
The term
47 3J,
Vo, = g A, (30)

is responsible for the adiabatic interaction of electromagnetic perturbations with particles.
It depends on the global plasma distribution and characterizes the power of the free energy
of the tearing mode, which determines whether the current filamentation resulting in the
formation of magnetic islands is energetically favorable.

The flow asymmetry modifies the well-known potential well

Vo= B."/B. = -2L"%cosh™(z/L) C(31)
corresponding to the symmetrical Harris case (u = 0), in the following way
B n B B !
Vo = —— vy
°= B, " B.B.L (32)

We can expect that with the potential well described by equation (32) the stability prop-
erties of the MCL will be modified.

The term V;A, corresponds to the singular current due to the nonadiabatic response
of particles near z = 0

2025 N (1) ) ()
where
W) o v = B; =£kU, 34
= jvny e est (S gkl (34)
EB B,
wp =k h=kg
1 ont”
v) _ w_ .9
7y n(z)w, (wn] q;t; 7a, kUd) (35)
B? B U B, U
(") “y (v) Yd (V) Pz Yd (”)
1 T trexp(—t?)dt 0

Z(0) = ﬁ-w t — ( — tesign(’

In these equations, E (= —84/8z) is the equilibrium electric field, w,; = (47ne?/m;)!/?
are plasma frequencies, and Z; is the plasma dispersion function.

The singular current, which is strongly peaked near the singular surface £ = 0, is con-
trolled by the local values of plasma density and magnetic field and could be significantly
modified by flow asymmetry for Uy < U <« Vr; even though the local velocity is very
small around = = 0.
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Coefficients A;, B;, and C; come from the finite ion Larmor radius corrections (dia-
magnetic current perturbation)

VZ‘. v v v

A= X aws) (37)
A v=1
B V2. 2 ‘

B = 2BVE§ 000
Bl V,Z;f' Cx WOt (38)
2 & 5w |

Ci = Tz W (39)
A v=1

where V4 = B/(4wm;n)"/? is the Alfven speed

B, .
Woi = 5320((;7) = W (40)
(v) (V) 2, (v) 2. (v)
(u) _ 1 ani & _ (9 B 3 n; & _ 6 n; &
= e {“’( 5z. B g e =n 9@ B 53.03, B (41)

The differential approach used for evaluating these terms is only valid for p;0/0z < 1,
that is, outside the region |z] < p;. Thus in the singular region these coefficients can be
neglected.

5. Influence of Shear Flow on Growth of the
Collisionless Tearing Mode in Center of the
Magnetopause Current Layer (z =0) With

Large Angles of Magnetic Field Rotation
(90 ~ 1700)

The stability analysis of the guide field tearing mode (B, # 0, B, = const< By) per-
formed by Wang and Ashour-Abdalla [1992], where the modification of the B, component
profile by flow asymmetry was neglected, is only appropriate for very thin layers (L — p;).
In this section we will evaluate the growth rate of tearing mode by solving the dispersion
equation (26) for thicker layers (L/p; ~3 + 9, i.e., Ug < V1i).

5.1. Analytical Estimates

Let us first make analytical estimates of the growth rate. Contributions from dia-
magnetic current perturbation (terms A;, B;, C;) in the dispersion relation are of the order
of (U/V,4)?. For shear flow much less than the Alfven speed (U ~ Uy < V,) the diamag-
netic current perturbation (terms with A;, B;, C;) can be neglected in comparison with
current filamentation (term with V;). The dispersion relation (26) in this approximation
acquires the form
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A'(kL,u)= L [V.da (42
0

The right-hand side of equation (42) is proportional to the perturbed electric field
work upon the singular electron current and describes the irreversible increase of resonant
electron energy. The value of this integral is controlled by the local values of the magnetic
field and electron density in the region of the singular surface £ = 0 and can be easily
estimated from expressions (33)-(36). The growth rate y(u) takes the form

o w, T.+T; [m.T. pi 3BL(0)L
1) = AL kL E == ‘/mi:r.-(L) 0 (43)

where w; (= eBy/m;c) is the ion Larmor frequency, By = 87n(0)(T; + T.)/B?. For u = 0,
,30 = Bg/Bl2 =~ 1.

The term A’(kL,u) is proportional to the power of the free energy source available
from current filamentation. This term contains information about the global distribution
of plasma and magnetic field in the layer. One can get the value of A’(kL,u) by solving
the eigenmode equation in the “outer region”

A — KA, — VoA, =0 (44)
and evaluating the jump of the logarithmic derivative ‘
1 AS(z - +0) A)/(z — -0) :
—A'(kL,u) = -2 - -t
ALY = 2 o 0) T Az S o) (45)

For the Harris model without flow (u = 0) the expression for A’ can be calculated
for arbitrary magnetic surfaces within the layer and are expressed through the associated
Legendre functions [see Kuznetsova and Zelenyi, 1985, p. 367]. For z = 0 this expression
reduces to the well-known form

' ’ 1 - (kL)2
A(kL,u —ﬂ) = Ao = T

The free energy of perturbations modified by the flow asymmetry factor is illustrated
in Figure 5. It is seen that the curves “u=0" (symmetrical Harris case) and “u=2"
are close to each other only in the narrow interval of wavelength: 0.5< kL <0.8. For
longwave perturbations, kL < 0.5, the free energy is strongly modified. Specifically, for
0K kL = m*,

(46)

[A'(kL =m*,u)]" =0 (47)
For kL — m* the perturbed vector potential A, and, consequently, the normal pertur-
bation of the magnetic field tend to zero near the singular surface z = 0. The z = 0
singular surface itself remains unperturbed; meanwhile the peripheral magnetic surfaces
experience the rippling-type distortions instead of reconnection. Thus with the increase
of the wavelength, the quasi-symmetrical tearing mode transforms into the asymmetri-
~ cal kink mode. For such perturbations (with A,(0) ~ 0) the contribution from terms
A;A”, and B;A', into the dispersion relation (26) could be essential. For kL < m* the
free energy changes sign, and the mode of “negative energy” transforms therefore to the
mode of “positive energy”. Such transformation of the mode type in the longwave limit
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Figure 5: The dependence of the free energy of perturbations A’ of the central magnetic surface
z = 0 on the wave number kL. The solid curve corresponds to a finite value of the flow
asymmetry factor (u = 2). For comparison, the corresponding profile of A’ for the symmetrical
Harris configuration (v = 0) is illustrated by the dashed curve.

(kL < m* = z/L) for perturbations of the peripheral magnetic surfaces (z/L # 0) in the
symmetrical Harris configuration was considered in details in the paper by Kuznetsova
and Zeleny:i [1985).

Assuming that for shortwave perturbations (m* < kL < 0.8), A'(u) = A'y, it is then
easy to compare the growth rate of the tearing mode v(u), modified by the shear flow,
with the well-known expression for the growth rate of the electron tearing mode (7.),
excited in the center of the symmetrical Harris configuration

y(u) _ no By B (0)L
= (48)
70 n(0)B,(0) B
where ng = n(0) for u = 0, By = By(z — Foo) € B,(z — Foo) = Bo.

For 6, =~ 170° and U > Uy the ratio Byy/B,(0) could be very small. It is seen from
equation (48) that the growth of the tearing instability will be significantly suppressed
by the large value of the magnetic field B,(0) generated by the shear flow in the center
of the current layer.
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5.2. Numerical Results

The numerical solution of the dispersion equation (26) is performed by using the
shooting method (see, for example, Gladd [1990] and Wang and Ashour-Abdalla [1992)).
Coefficients A(z), B(z), and C(z), which can be expressed through the initial profiles
ay(z), a;(z), and ¢(z), are calculated for the numerical equilibrium distribution obtained
in section 3. As the values of ay(z), a.(z), and ¢(z) are only known at some discrete
points, the numerical integration of equation (26) must be coupled with a polynomial
- interpolation for determining those quantities at each step of integration.

x1072

Kmax/“%

2.0

15

1.0

0.5

0.0 — L
0.0 0.5 1.0 15 2.0

u

Figure 6: The dependence of the maximum growth rate of the tearing instability (normalized
on the ion Larmor frequency w; = eBy/mjc) on the factor of flow asymmetry u.

Figure 6 shows the dependence of the maximum growth rate of the tearing instability
on the factor of flow asymmetry u. It is seen that the growth rate decreases with increasing
u. For u — 2, corresponding to a relative flow U = Vr;p;/D (which is much less than the
ion thermal velocity Vr;), the growth of the tearing mode significantly slows down.
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6. Summary and Conclusions

The aim of this study is to understand some of the basic signatures of the internal
structure of the magnetopause current layer separating plasmas with nearly opposite mag-
netic fields and with a relative flow velocity. The suggested simple kinetic self-consistent
equilibrium model depends on parameters characterizing the flow asymmetry and deter-
mining the plasma density and magnetic field in the center of the layer. In the presence
of a shear flow the magnetic field is expected to rotate from one direction to another,
rather than to change its sign only. The structure of relatively thick layers (L ~ 3 +9) is
significantly modified by comparatively small values of the shear flow (of the order of the
ion drift speed). The modifications of the initial symmetrical Harris configuration (1),
introduced by the presence of a shear flow, strongly influence the adiabatic interaction of
the plasma with the tearing-type perturbations as well as the nonadiabatic response of
the particles near the center of the MCL. In other words, the free energy of the pertur-
bations (controlled by the global plasma and field distributions) and the singular current
(controlled by the local values of the plasma density and magnetic field near the center of
the MCL) are both significantly modified by the presence of a sheared flow. The growth
rate of the collisionless electron tearing mode is decreased an order of magnitude when the
relative flow velocity exceeds the ion drift velocity which for L ~ 3 = 9p; is much smaller
than the ion thermal speed. Thus the condition for reconnection beyond the stagnation
region near the subsolar point, where the relative ow is small, is rather unfavorable.

It is reasonable to mention, concluding our discussion, that the results of the present
study could also be applied to the magnetotail current layer, where a B, component of
the magnetic field is frequently observed [Tsurutani et al., 1984; Sergeev, 1987]. The
value of this component sometimes is rather large in comparison with the one that could
penetrate inside the tail from the solar wind (V. A. Sergeev, private communication,
1991). Some asymmetry in the ion flow across the plasma sheet boundary layer, resulting
in field-aligned currents, may become a source of generation of this dawn-dusk magnetic
field, which is very important for magnetotail dynamics [Bichner et al., 1991)].
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