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Abstract. The ion dynamics in the distant Earth’s magneto-
tail is studied in the case that a cross tail electric field and re-
connection parity magnetic turbulence are present in the neu-
tral sheet. A test particle simulation is performed for the ions,
and moments of the ion distribution function are obtained as
a function of the magnetic fluctuation level, 4B /By, and of
the value of the cross tail electric field, E,. It is found that
magnetic turbulence can split the current carrying region into
a double current sheet, in agreement with inferences from
observations in the distant magnetotail. The problem of ion
conductivity is addressed by varying the value of the cross
tail electric field from zero to the observed one: we find
that Ohm’s law is not enforced, and that a non local, sys-
tem dependent conductivity is necessary to describe the ion
response to the electric field. Also, it appears that the relation
between current and electric field may be nonlinear.

1 Introduction

The Earth’s magnetotail is a very large and dynamic region
of the magnetosphere. Recently, several spacecrafts have
shown that a well developed spectrum of low frequency (i.e.,
below the ion gyrofrequency) magnetic fluctuations is found
in the distant tail (Siavin et al., 1985; Hoshino et al., 1994;
Nishida et al., 1996; Petrukovic et al., 1999). This turbu-
lence appears to be a permanent feature of the distant tail,
and the observed Fourier power density of the turbulent mag-
netic fields can be approximated by a power law spectrum. In
particular, the Geotail magnetic field observations of three-
dimensional turbulent magnetic fields may be interpreted as
indication of the presence of tearing mode turbulence in the
distant tail (Hoshino et al., 1994; Hoshino et al., 1996a; also,
Slavin et al., 1985; Nishida et al., 1996).

In order to understand the magnetotail structure and dy-
namics, it is necessary to study the effects of this magnetic
turbulence and of the cross tail eiectric field on the particle
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dynamics and on the magnetotail equilibrium structure. The
features of a neutral sheet inbedded in a magnetic field re-
versal with an electric field E, in the direction of the cur-
rent were considered by Alfvén (1968) with regard to the
magnetopause and the magnetotail current sheets. Because
of the drift of electrons and ions in the crossed electric and
magnetic fields, the particles move toward the neutral sheet,
where the clectric field pushes them along the y direction.
By applying Ampere’s law, Alfvén {(1968) obtained the re-
lation Bf/4m = engL,E, between the outer value of the
magnetic field By, the cuter number density ng, the cross
tail size Ly and the steady cross tail electric field E,. We
will refer to this configuration as to the Alfvén current sheet.
Recently, Veltri et al. (1998) have investigated numerically
the influence of magnetic turbulence on the ion dynamics in
a magnetc field reversal which represents the Earth’s distant
magnretotail, and modeled in agreement to the Alfvén current
sheet. By using a three-dimensional (3D) magnetic turbu-
lence model, they found that without any scattering agent for
the particles one has a current sheet thickness much less than
that inferred from the observations (e.g., Pulkkinen, 1996},
and a pressure at the center of the neutral sheet which is
much too small to enforce pressure balance. On the contrary,
the magnetic turbulence is very effective in maintaining the
stationary structure of the current sheet and in changing the
ion acceleration due to the electric field to thermal motion.
In general, the profiles of the current density and of the ion
pressure indicate § B/ By ~ 0.3 as a reasonable value for the
level of magnetic fluctuations, in agreement with the obser-
vations. Further, Veltri et al. (1998) find that the average
time which the ions need 1o cross the tail in the ¥ direction
grows with the fluctuation level § B/ By, indicating that the
magnetic turbulence can contribute to creating an anomalous
resistivity, i.¢., a finite collisionless conductivity.

The problem of collisioniess conductivity was already con-
sidered by Lyons and Speiser (1985), Horton and Tajima
(1990, 1991), Horton et al. (1991), and Hernandez et al.
(1993), in the case of the middle magnetotail where the nor-
mal component B,, of the average magnetic field is not neg-
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ligible and where the field lines have a parabolic shape — the
so called quasi-neutral sheet. In that case, it is the mere struc-
ture of the average field which produces a chaotic behaviour,
and which may mimic a dissipative process. Those authors
showed that the coilisionless conductivity can be expressed
through the particle velocity autocorrelation function, under
the assumptions of validity of linearized Vlasov theory, of
the fluctuation-dissipation theorem, and of statistically ho-
mogeneous system. On the other hand, Holland and Chen
(1992) found numerically that a simple proportionality be-
tween current and electric field, like in Ohm’s law, does not
hold because of the existence of trapping in the current sheet.
These facts point out the importance of nonlinear dynamics
in the magnetotail configurations. A finite collisionless con-
ductivity is of interest for the development of tearing modes,
to allow the break down of the frozen in law in the presence
of the stabilizing field B,,. Here, however, we are not con-
cerned with the growth of tearing instabilities, but with the
effects of the observed magnetic turbulence, which clearly
is the result of a non linear process, on particle dynamics,
We can envisage the following scenario for the magnetotail
neutral sheet at distances between 100 and 200 Ry downtail:
due to the smallness of the average magnetic field compeonent
normal to the current sheet (Nishida et al., 1994), collision-
less dissipation (which is possibly due to microinstabilities at
frequencies higher than those considered here) sets in, lead-
ing to low frequency tearing turbulence. In turn, this leads to
additional dissipation. through the effects on particle motion,
with enhanced heating and scattering.

In this paper we address the issue of finite collisionless
conductivity due to the magnetic turbulence. Indeed, mag-
netic field reversals with a relevant level of magnetic turbu-
lence are common both in space and in laboratory plasmas.
In the case of the distant magnetotail, we adopt the magnetic
field model of Veltri et al. (1998), with a turbulence level,
typically, of § B/ By ~ 0.3, and vary E, from zero to the ob-
served value in order Lo investigate the dynamical properties
of the magnetotail in the case of small electric field. The av-
erage electric field £y is in the range of £0.1 mV/m during
the quiet times (Nishida et al., 1994) (the geocentric solar
magnetospheric (GSM) coordinate system is used in which
# is along the Earth-Sun direction, z is otiented in the di-
rection of Earth’s magnetic dipole field and ¥ completes the
right-handed system). Besides the will to study the current-
electric field relation, small values of E, are motivated by
the fact that hybrid numerica! simulations of the magneto-
tail indicate that the electron shielding effectively reduces the
electric field in the neutral sheet (Hesse et al., 1996).

In the Scct. 2 we set up the model geometry, the param-
cters describing the magnetic turbulence, and the simulation
code. In Sect. 3 we present the results of the numerical sim-
ulation, using several numerical diagnostics to characterize
ion conductivity. In Sect. 4 the conclusions are given.
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2 Magnetic Field Model and Ion Simulation

In this section we present the main features the magnetic field
model of Veltri et al. (1998), which is meant to represent the
distant magnetotail. This model consists of a magnetic field
reversal and of a 3-D power law spectrum of fluctuations.

In the GSM coordinate system, the average magnetic field
B**(z) = B2"®(z)e, is in the direction of positive z axis in
the upper (northern) lobe and is negative in the lower lobe.
It can be chosen as Harris current sheet magnetic field (Har-
ris, 1962}, slightly modified in such a way that the asymp-
totic value By is reached at the edges of the box, where
z = £0.5L, with zero derivative, 9B2V¢ /§z = [

Bz = B tanh(z/\) — (2/\) cosh 2(L/2))
= T T0anh(L/2X) - (L/2A) cosh 2(L/2N)

Here A is the current sheet half thickness, and L is the total
thickness of the considered magnetic configuration, that is
the vertical size of the parallelepipedal simulation box. The
observed low frequency magnetic turbulence is modeled as
the sum of static magnetic perturbations (Zimbardo et al.,
1995; Pommois et al., 1998, 1999):

§B(r) = > 6B(k)e, (k) expli(k - r + ¢5)]. (2)

k.o

(1)

Here §B(k) is the amplitude of the mode with wave vector
k and polarization & (¢ = 1,2), e, (k) are the polarization
unit vectors, while ¢y are random phases (for more details,
see Veltri et al., 1998). As usual, reality of 6B(r) implies
dB(k) = 6B(-k) and ¢f = —¢“ .. The amplitude is given
by the spectrum

C

0Bk) = z . G
( ) (kx2t32+ky2lyz+kz2lz2 +1)a/4+1/2 ( )

where (' is a normalization constant, the spectral index is
fixed as &« = 3/2, which is in the range of values obtained
by Hoshino et al. (1994), and [;,1,,[, are the correlation
lengths in x, y, and z directions, respectively. Also, L is the
scale length in the z direction and RL is the scale length in
the x and y directions. In other words, the periodicity of the
simulation box is RL, vather than L, in the zy plane, in order
to better model the actual magnetotail. In this work, R = 3,
see Veliri et al, (1998).

The fluctuating component of the magnetic field has been
modeled in such a way that it takes into account some fea-
tures of the tail geometry,

L & 1y, l, I, ~ I, ()

as well as some characteristics of linear tearing modes. As
it is clear from (3), the flat part of the spectrum in each of
k:,ky, and k. directions is defined by the corresponding cor-
relation length, and is given by |k;| < 1/I;. The flat part may
be considered as the “injection zone™ of the spectrum. For
k; > I;7', Eq. (3) describes a power law spectrum. We
assume that nonlinear interactions between the modes are re-
sponsible for the power law part of the spectrum, so that the
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larger values of k are the result of an energy cascade (e.g.,
Malara et al., 1992). On the other hand, the tearing mode
growth condition gives the maximum value of &k, in the in-
jection zone as

B.A <1 5)

In order to have a sufficient numerical resolution on the cur-
rent sheet structure, we fix A = 0.25L. Equation (5) then im-
plies [, ~ A ~ 0.25L and, because of Eq. (4), Iy ~ 0.25L.
Finally, in our magnetic ficld model we will use the following
values for the correlation lengths:

Ie ly L.
RL-RL-1I =0.05 (6)
so that [, = 5., I, = 5l,. In addition, we impose the
tearing parity rules for the perturbed magnetic field on each
given mode with wave vector k. These parity rnies are the
same in the case of the oblique modes which have recently
been found by 3D numerical simulation of magnetotail re-
connection (Lapenta and Brackbiil, 1999). In particular, the
z component of the perturbed magnetic field has to have odd
parity with respect to the z = 0 plane, ie., §B;(z,y,2) =
—6B:(z,y, -z), and the z component of 6B has to have
even parity, 4B, (z,y,z) = d8.(z,y, —z). Taking the sum
of the perturbed x and z components with the same k., &y
but opposite k. in Eq. (2) and enforcing the above parity rela-
tions, we obtain the following conditions that random phases
have to satisfy (Veltri et al., 1998):

1 1
é kg ky ks ™ & kg by, k. )

B rbys = Daby, e +T (&)

The d B,, component has automatically odd parity from these
conditions. At the same time, to represent the concentra-
tion of the perturbations in the vicinity of the plane z = 0
(as observed and as the tearing mode growth indicates, see
White et al. (1977)), we will take phases ¢! and ¢? as ran-
domly chosen for the different k; and &, but independent
of |k,|. In such a case the perturbation amplitude decreases
from'the center to the boundary, with correlation length given
by l. = 0.05L, a feature which has some consequences on
the ion dynamics. Vertical profiles of the resulting magnetic
perturbation are given in Fig. 1 of Veltri et al. (1998).

2.1 Ton Dynamics Simulation

We will investigate the ion motion in such a turbulent mag-
netic field, when there is, in addition, a constant electric field
in the direction of the unperturbed current. Here, we will
restrict our analysis by investigating only ion motion in the
current sheet. To first order, ion motion does not depend on
the details of the electron dynamics, the iatier behaving as a
charge neutralizing fluid. Actually, the electrons are magne-
tized even at z = 0 by the assumed magnetic fluctuations,
and their response to the cross tail electric field is adiabatic
{e.g., Galeev and Zelenyi, 1975; Lembége and Pellat, 1982).
Previous numerical simulations have addressed the problem
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of particle acceleration in magretic reconnection turbulence,
(e.g., Birn and Hesse, 1994). However, we are interested in
the features of the current density rather than of particle ac-
celeration,

We assume that the electric field of the tearing perturba-
tions is negligible in the considered cases; this corresponds
to the assumption that vy5; 33> V4, where vy, is the ion ther-
mal velocity and V4 is the Alfvén velocity. According to our
estimates V4 < 200 km/s, and for particles with energies of
1-2 keV the electric field fluctuations can be neglected. Note
that in this case the magnetic field fluctuations can be consid-
ered as static, since the ions move much faster than the phase
velocity of the waves. In addition, the electric field fluctua-
tions can be effective only on those particles which have the
same velocity as the wave phase velocity, which once again
requires ven; =~ V4. Since no resonance condition is required
to obtain a significant acceleration by the static field E,, this
will have a much more important effect in accelerating the
bulk of particles than the fluctuating field, even when Ej is
much smaller than § E.

The equations of motion are
mi(;_: —e(E+ vxB
where B = B**(z) + éB(r) and E = £ Eye,, Ey =
const; also, m; is the ion mass, v the ion velocity, e the elec-
tric charge, and c the velocity of light. We can have equations
in a dimensionless form by normalizing all length scales to
the box side L, velocities to drift velocity Vg = ¢FEy /By,
magnetic field to By, and time to particle gyrofrequency in
By, §lo: = eBg/mac. Note that the magnetic field depends
on all of z,y,2, so that no canonical momentum is con-
served, and integration is to be carried out in a full six di-
mensional phase space. A fifth order Runge-Kutta adaptive
step integrator is used.

For the distant magnetotail, we have Ey = +0.1 mV/m,
and By = 10 nT (Nishida et al., 1994; Yamamoto et al.,
1994), so that the drift velocity Vg = ¢Ey/ By is equal to 10
km/s. Since a reasonable choice for the distant magnetotail
current sheet thickness is at least A = 2500 km (although
larger values were also found, see Pulkkinen et al. (1996)),
this implies that L = 10* km. Ion motion is studied in a
3-D box extending up to 20 L in the cross-tail direction, i.e.,
from y = —10L to y = 10L, up to L in the normal direction,
from z = —0.5L to z = 0.5L, and up to 5L in z. The
physical dimension corresponding to the simulation box in
the y direction is L, = 2 x 10% km = 30 R and is therefore
realistic.

We will use two injection schemes in space. The first in-
Jection scheme corresponds to the inflow in the Alfvén sheet,
that is particles entering from the planes at z = +0.5L, i.e.,
in principle, from the magnetotail lobes. The values of
and y are chosen at random on the planes z = =0.5L. The
second injection scheme corresponds to particles entering at
y = —10L, and at —0.05L < 2 < 0.05L; this scheme is
more appropriate to study the single ion velocity correlation
function. As far as injection in velocity space is concerned,

) )
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Fig. 1. Current density profiles for £ = 1 and various values of the magnetic
fluctuation level 6B/Bg. The value of § B/ By is indicated close to each
profile. Arbitrary units (Adapted from Veltri et al., 1998).

we assumed a Maxwellian distribution with thermal velocity
corresponding to the temperature of 6 x 10¢ K (Paterson and
Frank, 1994). In such a case, v;5; = 22V at injection. For
the first injection scheme, ions are injected in the direction
perpendicular to the boundary surfaces with the distribution
of the particle flux corresponding to a Maxwellian distribu-
tion (see Veltri et al., 1998).

3 Numerical Results

Several runs were made, considering a range of fluctuation
levels B /By = 0.0-0.5, and values of the dimensionless
electric field £ = 0.0-1. In the work of Veltri et ai. (1998),
it was shown that 68/ By = (.3 is a proper fluctuation level
to obtain values for the moments of the ion distribution func-
tion, that is density, bulk velocity, current density, tempera-
ture, and pressure, which are consistent with those observed
in the distant tail by the Geotail spacecraft. When varying £,
we will adopt that value for the magnetic fluctuation level.
Typically, 2 x 10* particles were injected from the lobes, at
z==0.5L.

3.1 Current Density and Velocity Profiles

Tn a test particle simulation, the current density is defined in
arbitrary units, since it is proportional to the number density.
We can fix a normalization for the density by requiring that
the numerical density at the injection planes, z = +0.5L,
is exactly equal to what is necessary to maintain the global
current in our model. In this way the total current does not
depend on §B/By and on £. In Figure 1 we show the ver-
tical current density profiles for different values of §B/ By,
and for £ = 1, compared to the current profile of the “equi-
librium” magnetic field, given by Eq. (2) (dotted line). We
note that the current carried by the ions grows in the y direc-

Greco, et al.: Turbulent collisionless conductivity

40 LN 7
-
2
G 20
S
L
-
=
- 0
o
-20 T l I T I

04 02 00 02 04

Fig. 2. Bulk velocity profiles for dB/Bg = 0.3 and different values of the
cross tail electric field £. Velocity in units of Vi (see text). The values of £
are indicated beside each profile.

tion because of the inflow of particles from the lobes in the
Alfvén neutral sheet, and that the total current is constant in
y because of the electron current which grows in the oppo-
site direction. Since we are studying only the ion motion, we
take all the vertical profiles at the end of the simulation box,
y = 10L, where the ions represent all of the current. Also,
the current profile is averaged in x, which can be considered
as a slatistically ignorable coordinate, as far as the global
structure is concerned. The negative values of j, found for
low § B/ By correspond to the VB drift in the negative y di-
rection.

From Figure 1 it is clear that the current profile is very
peaked and thin for zero to low fluctuation levels, and be-
comes progressively broader as the fluctuation level is in-
creased. The fluctuation level which gives a current profile
consistent with the average field B2¥¢(z) can be selected by
requiring that the current thickness at half-height equals A.
Inspection of Figure 1 shows that the proper fluctuation level
is close to B/By = 0.3. The same value of B/By is
cbtained by requiring that pressure balance holds across the
current sheet (Veltri et al., 1998). On the other hand, another
feature emerges from Figure 1: for §B/ By > 0.2, the current
profile is double peaked, that is the current density is higher
at some distance from the neutral sheet than at z = 0. The
same feature is observed in the profiles of bulk velocity V,,,
Figure 2. This means that for sufficient fevels of magnetic
turbulence, the bulk velocity V}, is small at z ~ 0 because
of the concentration of fluctuations near the neutral sheet im-
posed on our model in Sect. 2. Instead, at some distance from
the neutral sheet the magnetic fluctuations are weaker, and
ion motion is less disturbed, so that a higher velocity and a
higher current density results under the influence of the elec-
tric field E,. Note that such a double humped current profile
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Fig. 3. Current per particle versus £ for §B/By = 0.3.

was inferred from the Geotail observations for the average
current sheet by Hoshino et al. (1996b); therefore a strong
level of magnetic fluctuations, ie., §B/Bp > 0.2 can be an
explanation for the observations. A similar effect could be
involved in the magnetospheric substorm current disruptions,
since the magnetic turbutence level is known to increase dur-
ing the expansion phase of substorms (e.g., Petrukovich et
al., 1999) and a double humped current profile is also in-
ferred (Sergeev et al,, 1993). In Figure 2 we plot the bulk
velocity V), versus z for 6 B/Bp = 0.3, and for different val-
ues of the electric field £. All the reported velocities are in
units of V. It is clear that even for small values of the elec-
tric field the velocity profile is double humped, and the same
is found for the current profites {not shown). This means that
the presence of the double peak is independent of £, and that
it is due to the concentration of magnetic turbulence in the
center of the neutral sheet. Of course, the bulk velocity de-
creases with the decrease of £, however we can notice that
it is not zero for £ = 0. On the contrary, there are several
negative peaks, which are due to the VB drift in the aver-
age magnetic field, and which is in the negative y direction.
This is one of the peculiarities of magnetotail magnetic field
reversals (e.g., Speiser, 1970; Holland and Chen, 1992; and
others).

3.2 Collisionless Ion Conductivity

Veltri et al. (1998) found that the average time needed for
ions to cross the simulation box increases steadily with the
level of fluctuations § B/ By, see Fig. 4 of Veltri et al. This
shows that the magnetic wrbulence effectively brakes down
the ion acceleration due to the electric ficld, so that this might
be a mechanism for collisionless resistivity. As Fig. 2 shows,
the buik velocity increases with £. We can argue that the
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Fig. 4, Probability distribution function P(/t} of the times needed to cross
the magnetotail simulation box for B/Bp = 0.3 and £ = ¢.4. A log-
normal distribution (thin solid line) is fitted to the data points.

same would happen for the current density. Following Hol-
land and Chen (1992), we define the current per particle as

() = e( ) (10)

where Ay is the displacement in y of each ion once the neu-
tral sheet, z ~ 0, has been reached an up to the point when
the simulation box is exited, At is the corresponding cross-
ing time interval, and the average is made over all particles
which exit the simulation box within the maximum allowed
time, tmax = 30009 The current per particle is plotted
in Fig. 3 versus the electric field for £ > 0.2. Tt can be
seen that an almost linear relation between {Ay/At)yand £
is found. However, as indicated by Fig. 2, for smaller values
of £ this linear relation is not followed. Also, the best fitting
line to the points with £ > 0.2 does not cross the origin, but
has a positive y intercept. Indeed, it is one of the features of
magnetic field reversals to induce a net current even in the
absence of an applied electric field, for instance because of
the VB drift and of the Speiser orbits in the neutral sheet
(Speiser, 1970, Lyons and Speiser, 1985; Holland and Chen,
1992). Note however that in the case of a strong density con-
centration in the neutral sheet, like in the Harris sheet, the
diamagnetic drift due to the density gradient is stronger than
the VB drift, and a positive 7, is found at all distances from
the neutral sheet. In other words, for E, = 0 the value of the
current also depends on the distribution of the plasma, that
is on the adopted physical model. Therefore, a relationship
of the form j, o< E, cannot be found for all the cases of
interest.

In Fig. 4 we show the probability distribution function
P(At) of the above crossing times A¢ (computed to obtain
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Fig. 5. Bulk velocity Vy, at z ~ 0 versus y.

the current per particle) for £ = 0.4, in log-log axes. It can
be seen that the distribution of crossing times is not Gaus-
sian, but rather it is well fitted by a log-normal distribution.
This means that also very long crossing times can be found,
and that the story of different particles within the neutral
sheet can be very different. Because of the high number of
magnetic perturbation modes, we do not have real dynami-
cal traps as in the standard map, but the ion dynamics can
be very rich and some ions can be side tracked for very long
times. In other words, the magnetic turbulence heavily influ-
ences the ion motion, but does not fully replace collisions: in
particular, the standard picture of particles being accelerated
by E, and their velocity being randomized by collisions oc-
curring on average after a mean collision time does not hold.
In this connection, we plot in Fig. 5 the bulk velocity V,,
{measured in the simulation box at z =~ 0 and averaged in z)
as a funciion of y for several values of £: it can be seen that
V, steadily increases with y. Again, this is different from
what happens in a Ohmic system, where the current carriers
reach a limit velocity (even though it is clear that the mag-
netic turbulence slows down and thermalizes the ions (Veltri
et al., 1998)).

In fact, in a collisionless plasma conductivity can be as-
sessed by kinetic theory rather than by a somewhat ambigu-
ous “collision rate”. In order to gain insight into the finite
congductivity due to the magnetic fluctuations, we refer to the
two time velocity autocorrelation function Cos{7). Indeed,
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Fig. 6. Velocity correlation function versus time shift 7.

the conductivity can be expressed as

n€2

Oag(t) = fdvf,-(v)]_ dt' v, (tus(t), (1)

M3V,
where ¢,5(t} is the conductivity tensor, n the number den-
sity, and f; the ion velocity distribution function. If it is as-
sumed that the velocity is statistically independent of time’
translations, one can perform a time average over a period T
and obtain (Horton and Tajima, 1990; 1991,; Horton et al.,
1991)

ne? o0
Tag = - /dvf,-(v)/o dr Cog(T), (12)
where
T
Cop(r) = % /D dtva(tus(t — 7). (13)

In this expression, it is assumed that C,z depends only on
the time difference 7. The decay of C5{7) measures quan-
titatively the loss of memory of the particles. For a colli-
sion dominated plasma, Coz(7) decays exponentially. In the
case of chaotic motion in a parabolic ficld reversal consid-
ered by Horton and Tajima (1991), C,5(7) decays as a power
law, Cag(7) ~ r~™, aiready indicating the presence of long
memory effects.

We have computed the ensemble averaged velocity corre-
lation function for the v, component, C,, (7), since this is of
main interest for the magnetotail, j, = oy, E,,. For this com-
putation we use the second injection scheme, in the neutral
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sheet, to single out the effects of the electric field and of mag-
netic turbulence when B*¥¢ is small. Fig. 6 shows C,, (7)
for dB/Bg = (.3 and £ = 0.4, averaged over 10? particles.
In addition, running averages of C,,(7) were done, in order
to smooth out the variations due to gyromotion. Although a
steady decay is found for times up to 200 Qq;, thereafter C,,,
has large amplitude oscillations which do not appreciably de-
cay even for very long integration times. This behaviour was
consistently found for all the cases with £ > (.2. We con-
sider that this is due to the electric field acceleration, which
systematically increases v,. As already indicated by Fig. 5,
the fluid velocity also keeps increasing, and the same hap-
pens for single particle motion. In such a case the two time
velocity correlation function depends on both ¢t and 7, and
there is no effective loss of memory. Then Cy,(7) cannot
be used to estimate the conductivity — the time integral in
Eq. (13) clearly diverges. Indeed, the validity of Eq. (15)is
questionable in our case, both because the long time response
to a steady FE, can be outside the range of validity of linear
Vlasov theory, and because our system is not homogeneous:
to the electric field corresponds a potential energy such that
the system is not invariant for spatial translations. Single
particle motion is not invariant for time translations, too, be-
cause of the energization process. It appears that only a non
local (integral) conductivity can account for the magnetotail
response to £, (see Horton et al., 1991). Such an integral
conductivity would also depend on the system size, so that a
non local, model dependent formulation of the conductivity
is necessary. If the regime £ = 0 is taken into account, this
formulation needs also to be nonlinear.

A further indication of nonlinearity comes from the com-
putation of the ensemble averaged single particle velocity
(vy} for a fixed integration time (this differs from the bulk
velocity V), which is an Eulerian average velocity, whereas
(vy) is the average of Lagrangian velocities, with particles at
different places). Again using the second injection scheme,
we compute {v,) as a function of t for different values of £,
In Fig. 7 we plot {v,) versus &, for a set of fixed integration
times, in log-log axes: it is evident that {v,) grows almost
with the square of £, a very nonlinear behavior. The analysis
of these results by means of Lévy random walk models has
been undertaken by Zimbardo et al. {2000) and by Greco et
al. (in preparation). In order to check whether an asymptotic
regime would be reached, such that a saturation of velocity
would be obtained, we used very long integration times, up
to t = 6000 ;' (this is much longer than the average time
which would be needed to cross the magnetotail). Neverthe-
less, the scaling {v,) o £2 holds at all times, with no indica-
tion of saturation. We note that this scaling is totally differ-
ent from that corresponding to free acceleration, (vy) o £,
and once more points out the complexity of the influence of
magnetic turbulence on the ion motion. Of course, for long
integration times the particles overcome the dimensions cor-
responding to the magnetotail, and may reach such velocities
that the streaming instabilities would set in, increasing the
effsctive resistivity of the plasma. However, when staying
within the simulation box corresponding to the width of the
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Fig. 7. Average of Lagrangian particle velocity for different integration
times, as a function of £, in log-log axes. The integration time, in units
of ﬂ&-l, is 1000 for empty triangles, 2000 for empty diamends, 3000 for
solid triangles, 4000 for solid circles, 5000 for empty circles, and 6000 for
solid squares.

magnetotail, the ton velocity is much smaller of the thermal
velocity (see Veltri et al., 1998), so that streaming instabili-
ties should not grow in the magnetotail. On the other hand,
the analysis of such instabilities and of the related resistivity
is beyond the scope of this paper.

4 Conclusions

From Geotail and other spacecraft observations it appears
that low frequency magnetic turbulence is usually present at
distances of 100-200 Rg downtail. We can interpret this as a
permanent feature of the distant magnetotail, which is easily
destabilized with respect to tearing modes due to the negligi-
ble value of the normal component of the magnetic field. The
resulting turbulence then counteracts the compression due to
the cross tail electric field, inflating the current sheet and en-
abling a quasi-steady equilibrium.

The magnetic turbulence observed by the Geotail space-
craft in the distant magnetotail is reproduced by a numericat
modei consisting of a modified Harris sheet and a power law
magnetic fluctuation spectrum. A test particle simulation is
performed in which ions are injected in this magnetic struc-
ture and in a constant cross tail eiectric field £,. Although
the large scale (equilibrium) magnetic configuration is one
dimensional, the presence of magnetic turbulence makes the
problem fully 3-D. Values of the average cross tail electric
field smaller than that observed are also used in order to in-
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vestigate the collisionless conductivity, and because an elec-
tric field shielding is suggested by the self-consistent numer-
ical simulations (Hesse et al., 1996), too.

The main results are:

I. A splitting of the current density in two sheets is ob-
tained for 6B/ Bg > 0.2, in agreement with the current pro-
file deduced from the observations (Hoshino et al., 1996b).
The double hump is due to a corresponding increase in the
bulk velocity, and this means that the braking due to the mag-
netic fluctuations is larger in the center of the neutral sheet.
The presence of the double hump is not affected by the re-
duction of the cross tail electric field, unless the latter is very
smali.

2. The study of the current-electric field relation shows
that collisionless conductivity is not easily assessed in our
system, in spite of the braking and thermalizing effects of
the magnetic turbulence. We find no saturation of V, a di-
verging velocity correlation function, and several indications
of a nonlinear relation between the current density 7, and the
electric field E,. It appears that Ohm’s law is not satisfied,
and that a non local, model dependent formulation of con-
ductivity would be necessary. These results also imply that
the meaning of “noise-related” resistivity needs further clar-
ification.

In summary, the considered low frequency magnetic tur-
bulence can enhance ion heating, can influence the current
profile by causing it to thicken and to split, and can brake
down the electric field acceleration, but this does not corre-
spond to a collisionlike resistivity. On the other hand, a more
realistic description of collisionless conductivity in the mag-
netotail should include the electric fluctuations, time variabil-
ity, and the electron contribution. We keep these issues for
future work.
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