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Abstract. The influence of magnetic turbulence in the near- fluctuations have a power law spectrum which indicates the
Earth magnetotail on ion motion is investigated by numeri- presence of the nonlinear interactions typical of turbulence
cal simulation. The magnetotail current sheet is modelled agMalara et al., 1992; Bauer et al., 1995; Ohtani et al., 1995;
a magnetic field reversal with a normal magnetic field com-Hoshino et al., 1994; Borovsky et al., 1997). Although the
ponentB,,, plus a three-dimensional spectrum of magnetic magnetic turbulence is stronger during active geomagnetic
fluctuationssB which represents the observed magnetic tur-periods, it is non-negligible even during the quiet times.
bulence. The dawn-dusk electric fiefg is also considered. ~ Analytical studies and self-consistent numerical simula-
A test particle simulation is performed using different values tions, both fluid and kinetic (Lui et al., 1991; Malara et al.,
of B, and of the fluctuation levellB / Bo. We show thatwhen  1992; Pritchett and &hner, 1995; Daughton, 1998, 1999;
the magnetic fluctuations are taken into account, the particlaviegelmann and Bchner, 2000; Peroomian et al., 2000;
dynamics is deeply affected, giving rise to an increase in the_apenta and Brackbill, 2000), were developed to study the
cross tail transport, ion heating, and current sheet thicknesgrowth of current sheet instabilities. The structure of the
For strong enough turbulence, the current splits in two layersmagnetotail current sheet also was studied by hybrid simula-
in agreement with recent Cluster observations. tions which treat the electrons as a charge neutralizing fluid

Key words. Magnetospheric physics (magnetospheric con-(Hesse et al., .1995,'1996). Further. information, Iikg cause
figuration and dynamics) — Interplanetary physics (MHD and effect relationships, can be obtained by test particle sim-

waves and turbulence) — Electromagnetics (numerical methtlations which take into account the two-dimensional (2-D)
ods) and three-dimensional (3-D) geometry of the magnetosphere

(Ashour-Abdalla et al., 1994, 1996; Delcourt and Belmont,
1998), the particle acceleration in self-consistent 2-D tur-
bulence (Matthaeus et al., 1984), the electric field morphol-
ogy (Antonova and Ovchinnikov, 1999), and the presence of
magnetic turbulence in the distant (Veltri et al., 1998) and in

The Earth’s magnetotail is a large reservoir of plasma and €N o hear Earth (Greco et al., 2002) magnetotail.

ergy, and is characterized by a magnetic configuration which . . . .
leads to many intriguing nonlinear phenomena. In particu- Ina prewous_study, Veltri et al. (1998) considered the dis-
lar, several spacecraft have observed phenomena as sudd t m.agnetotall, where the average compon ent of the mag-
plasma motions, current diversions, energetic particle burstﬁr,]e.t'c field normal to the currept shey is statistically neg-

and strong geomagnetic activity mixed with relatively quiet Igible, and found for fluctuation levelss/ Bo >~ O.Z.that
periods. The observations of ISEE 2, AMPTE/IRM, Geotalil, the curre_nt sh_e_et has_ a double layer structu_re, with a cur-
Interball, and other spacecraft have shown the existence ofnt den5|t_ym|n|mum in the center of the qua3|_-neutral sheet.
plasma and magnetic field turbulence in the distant and near Iso, Veliri et al. (1998) found that the fluciuations enhance

Earth's magnetotail (Angelopoulos et al., 1993; Hoshino eton heating and contribute to the formation of the equilib-
al. 1994: Ohtani et al. 1995° Bauer et a;I 199’5_ Borovskyrium structure. Recently, Greco et al. (2002) considered the

et al., 1997). Usually, the turbulence is stronger in the Cen_near-Earth magnetotail, whes, > 0, and found that even

ter of the plasma sheet (Bauer et al., 1995; Hoshino et al in this case the magnetic fluctuations induce a double layer

1996), while a more regular magnetic configuration is foundStruCture n Fhe current_ shegt, although a_stromg':eIBo IS
in the vicinity of the magnetospheric lobes. The observedusua"y required to achive this effect. In this paper we inves-
tigate ion dynamics in the presence of magnetic turbulence

Correspondence tds. Zimbardo (zimbardo@fis.unical.it)  in the near Earth and middle magnetotail, whBgds north-

1 Introduction
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ward oriented. The considered configuration can be a (localand whereg, (k) are the polarization unit vectors (Veltri et
magnetotail model for the growth phase of magnetospherial., 1998),C is a normalization constant, arig, /,, /, are
substorms. With respect to Greco et al. (2002), we extendhe turbulence correlation lengths in they, z directions,
the turbulence spectrum by including in the model a num-respectively. While for the distant magnetotail Veltri et al.
ber of long wavelength modes, which may correspond to thg1998) assumed as the spectral index 1.5 (even though
formation of large magnetic islands. We study the influencea large variability of this index is often observed, Hoshino
of B, on the distribution function moments, and we find that et al., 1994), for the near-Earth magnetotai= 2.3 may be
it effectively controls the particle dynamics. When including appropriate (Slavin et al., 1985; Ohtani et al., 1995; Borovsky
magnetic turbulence, the vertical current profile thickens andet al., 1997; Zelenyi et al., 1998). Anyway, we anticipate that
for sufficient fluctuation level8 B/ By, the current splits into  the influence of the spectral index on the simulation results
two layers. Also, ion heating and isotropization is consid- is rather small.
erably enhanced. In practice, the magnetic fluctuations play For the runs presented here, the wave-vector components
the role of an effective scattering mechanism, but also alloware chosen on a grid such that = 27n;/l;, i = x,y, z,
easier motion along at the edges of the current sheet. wheren; are integers satisfying:? + n5 + n?) < 144. In

In Sect. 2 we set up the model magnetic field and we de-Greco et al. (2002) we also imposed + ”5) > 6, in or-
scribe the test particle simulation. In Sect. 3 we present tther to avoid the dominance of |0ng Wave|ength modeS, which
simulation results, and we discuss them in connection Withhave the |argest amp"tudes_ Here, however, we keep the |ong
the observations. In Sect. 4 we give the conclusions. wavelength modes, too, in order to mimic the presence of
magnetic islands or other coherent structures with scales of
a few Earth radii (Runov et al., 2003). Note that the longest
modes present idB have a wavelength = 5L. In ad-

The considered magnetic field configuration consists of arflition to the above magnetic field configuration, we assume
unperturbed, sign reversing component, directed along thdhat there is a constant cross tail electric field, oriented in
Earth-Sun axisBox(z) = Box(z)e:, such thatBo,(z) =  the dawn to dusk directiore = E,e, (see Greco et al.,
—Bo:(—z); an unperturbed, constant, normal component2002; Veltri et al., 1998, for more details on the magnetic
B, = Bse.; and of 3-D stationary magnetic fluctuations turbulence model). Hereinafte$8 = /(3B -4B), with
8B(r) having a power law spectrum (see below). Thus, thethe average made over the simulation box. We also define
total magnetic field is given b = Boy(z) + B, + 6B(r). 80 =38B/Boandb, = B,/Bo.
Following Veltri et al. (1998), we use fdBo, (z) the expres- In this paper we consider the electrons as a charge neutral-
sion of a modified Harris magnetic field reversal izing background, and leave a more detailed study of their
influence for future work. Although we are considering static

tanh(z/A) — (z/A) cosh (L /21) ) magnetic perturbations, it can be shown that the fluctuating
tanh(L/21) — (L/21) cosh2(L/2x) electric field (produced by realistic magnetic perturbations)

: . . . ... .has a negligible impact on particle dynamics (Greco et al.,
Here,L is the total thickness of the considered magnetic field . . : . . X
configuration (i.e. of the simulation box) and= 0.25L 2002). The equations of motion can be written in a dimen

. . sionless form by normalizing all length scales to the unit
is the current sheet half thickness. The unperturbed com; y g g

; L , .~ length L, velocities to electric drift velocitWz = cE,/Bo,
onents describe the parabolic field line geometry which is . s L
lfoound in the Earth’s t;;I from approxima?ely 10 '2/0 89 magnetic and electric fields By and E,, respectively, and

. time to ion gyrofrequencywy = eBg/m;c. Typical values
downtail. L
. : of the normalization parameters for the near-Earth magneto-
The power law spectrum of the magnetic fluctuations,

regularly observed by the Geotail (Hoshino et al., 1994),:;:';? k;e(;) tl)tr?]lc(/ar: byTSr?;tILrjiri]‘;t_leilgtr? %naEBge_aisgn?;—c’i to
AMPTE/IRM (Bauer et al,, 1995), ISEE 2 (Borovsky etal., be L }= 164 km wrllich implies a current sheet thickness
1997) and Interball satellites (Zelenyi et al., 1998) in this )= 0257 — 2560 Kkm.

region of .the magnetotail, has well-defined, “reproducible The particles are injected at the upper and lower boundary
features like the spectral shape, the frequency range, and thoe% the simulation box, af — +0.5 L, with random positions
fluctuation level for given geomagnetic activity levels. This in the xy plane, and \;vith veloéitieé distributed according to
suggests that magnetic turbulence is in a steady state, in a st “shifted MaXV\;eIIian (Ashour-Abdalla et al., 1994)
tistical sense. We represent these fluctuations as the sum o v

2 Numerical model

Box(z) = Bo

static magnetic perturbations (Zimbardo et al., 1995; Veltri - (v — u)2 + v2
etal., 1998; Greco et al., 2002) fpv) = (V2ru3)texp —ZU—ZL) NG
th
SB(r) kZ{;(SB(k)e(,(k) eXPli(k - T+ ¢, @ Here,u is the streaming velocity ang,, is the thermal ve-
locity. Following Ashour-Abdalla et al. (1994), we assume
where thatu = 200km/s andy,, = 170km/s, corresponding to a
5B(K) = C 3) particle energy of B keV (see Greco et al., 2002, for a full

(k2132 + ky2Ly2 + k212 + 1)e/4+1/2 description of the injection routine).
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3 Numerical results ticular, the motion along, the cross tail direction, is inhib-
ited by B, in spite of the presence of the electric fiely,
In the present simulations we assume a value of the normagxcept for the central layer where ion motion is unmagne-
magnetic field ofb, = 0.05, which is typical of the mag- tized. Thex component of the bulk velocity, second panel, is
netotail at pre-onset (Petrukovich, 2000). The correspondingtrongly negative. Taking into account the fact thatirexis
value of the stochasticity parametgr(Buchner and Zelenyi, is oriented toward the tail, this means that the plasma flow is
1986, 1989) is;; ~ 0.21, so that ion motion in the quasi- toward the Earth, with the well-known earthward convection
neutral sheet is not adiabatic, but is in the quasi-adiabati¢jue to the dawn-dusk electric field. On the other hands
regime characterized by < 1. This means that the par- oriented along the electric field, and is clearly larger in the
ticles can have meandering orbits in the quasi-neutral sheetentral band around = 0, where|Bg,| is smaller and the
Atinjection, the ion Larmor radius in the asymptotic figtd ions are unmagnetized. Some negative valueg,ofand of
is po =~ 0.026L, so thatpp ~ A/10. Thus, our parameters ), corresponding to the dark blue areas, can also be seen.
correspond to a moderately thick current sheet (e.g. WiegelThese diamagnetic current wings are due to a combination
mann and Bchner, 2000). Sample particle trajectories canof drift effects (Zelenyi et al., 2000). The component of
be found in Zimbardo et al. (2000) and Greco et al. (2002). velocity has smaller values than the other two components,
In order to gain an understanding of the typical ion dynam-is zero on average, and there are no spatial features. This
ics, we inject many particles in the simulation box and nu-means that at any location in the simulation box there are
merically integrate their equation of motion. Then we com- as many particles going up alongs there are going down.
pute the distribution function moments as densitpulk ve-  The current density, has features similar t#,. The lowest
locity V, current density, temperaturdl’, etc., on a three- two panels show the temperatut®sand7’ , computed with
dimensional grid with 20 grid points iw, 400 iny, and  respect to the local magnetic field. We can see fhais
40 in z. Typically, 50000 particles are injected for each very nearly the same as at injection, since very small acceler-
run. In a test particle simulation, the normalization for the gtion byE, is allowed. HoweverJ; appears to be somewhat
number density is, to a good extent, arbitrary. Here, it is|arger tharl'| , since the streaming velocitygiven at injec-
based on the consideration that the ion curignitas to be  tion gives rise to two counterstreaming beams which increase
strong enough to reproduce the unperturbed magnetic fielghe spread in parallel velocity and herite
Bo, (z) introduced in our model. Indeed, Ampere’s law leads  When magnetic turbulence is included in the simulation,
to 2BoL, = 4uly/c, with I, = [ j,dxdz the total cur-  the results change in a significant way. In Fig. 2 we show the
rent across a section of the current sheet of lerdgth On same quantities of Fig. 1, for the same valuépf= 0.05,
the other hand, velocity is expressed in unitsVof (see  while b = 0.5. In order to ease the comparison between
Sect. 2), so that the normalization for density is obtained ashe two figures, the same color scales are used in both figures
n* = Iy/[e [ Vydxdz], with I, constant for all the runs (this  (that is why some panels in Fig. 1 do not show many col-
implies that when the average valueWgfis large, the density  ors), except for the density . In Fig. 2 it can be seen that the
is low). density is somewhat peaked at the center of the neutral sheet,
In Fig. 1 we show the two-dimensional contours, from top that the current carrying region is considerably inflated, and
to bottom, ofn, V,, Vy, V;, they component of the current  that cross tail motion away from ~ 0 is no longer inhib-
density j,, and of the parallel and perpendicular tempera-ited. We can see that the magnetic fluctuations scramble
tures, T = (m;/nkg) [(v)—V|)?fd3vandT, = 3(T—Tj),  the oscillatory, bouncing-motion of the injected particles
for §b = 0, b, = 0.05, andE, = 0.1 mV/m. Herekp is which creates, fob = 0, a number density depression in
Boltzmann’s constant. For each panel, we haddL < the central region. As a consequence, in the presence of tur-
y < 10L and—-0.5L < z < 0.5L, corresponding to the bulence particles spend more time in the central region, giv-
whole simulation box, while an average overwas per- ing rise to a more physical density profile. The influence
formed. In all panels of Figures 1 and 2, strong variations atof long wavelength modes, with periodicity = 5L, can
the left boundary{ = —10L) can be seen: these are an arti- be seen in the density plot as a series of density enhance-
fact of the injection scheme (the injection zone corresponddanents, which we argue are located where the fluctuating
to the range-10L < y < 10L) and are due to the fact that magnetic field is weaker, as a result of the random phases in
the cross tail electric field pushes the particles toward posi{2). The density plot shows that strong magnetic turbulence,
tive y. Since there are no particles coming fremx —10L, with § B/Bg >~ 0.5, can generate a factor 2 in density vari-
a particle depletion is found close to the left boundary. In theations. Also, the modulus of the veloci¥; is decreased in
top panel the plasma number density is reported. The denthe central region, since the magnetic fluctuations disturb the
sity appears to be larger at thddoundaries of the simulation earthward convection: indeeth is larger tharb,,, so that lo-
box, because the injected particles are mirrored toward theally the E x B drift can be in different directions than On
center whergB| is smaller, so that, in the absence of any average, the drift in the direction prevails but the changing
scattering agent, particles are faster in the center and give direction of motion slows down the earthward drift. The in-
reduced contribution to number density. fluence of magnetic turbulence on the velodityis twofold:
In Fig. 1 it can be seen that the normal compongnhas  on the one hand, turbulence causes the peak of the velocity
a strong influence in organizing the particle motion. In par-to decrease because it scatters the ions around. On the other
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Fig. 1. Contour plots of the ion mo-
ments. From top to bottom, the density
n, the three components of the bulk ve-
locity Vy, Vy, andV,, the current den-
sity jy, the temperaturedj and 7.
For this runéb = 0 andb, = 0.05.
Density is in units ofn*, velocity in
units of Vg, currents density in units of
¢Bo/4r L, and temperatures in units of
m; Vg/kB. Color scales on the right.

hand, the velocity fotz| > 0.1L increases because of the wards the right, where energization from the electric field is
presence of particles scattered away from the center, and béavoured. Greco et al. (2002) have shown that ion heating
cause the fluctuationsB, bend the field lines also in the progressively increases with the turbulence level, although
direction. This allows cross field motion (with respect to the there is no critical turbulence level above which heating ap-
average field) even for magnetized particles, although of gpears. The ion heating is strong since the ion temperature
biased diffusive type, sincB,) = 0 andE, # 0. How- reaches more than 3 times the injection temperature. Once
ever, whensh becomes large, the magnetic turbulence alsothe numerical values are set into the estimates of the ion ther-
slows down the ion motion because ions are strongly scatmal energy density and of the turbulence energy density, they
tered (Veltri et al., 1998). turn out to be of the same order of magnitude. However, ion
] ) ] _heating comes from the dawn-dusk potential drop, not from

The temperature is greatly increased with respect to Fig. 1yne gissipation of magnetic turbulence, which is not consid-

showing that the magnetic turbulence scrambles the orderegred in our simulation. The nonlinear feedback of ion motion
velocity gained because df, into all directions, leading to  ang heating on the magnetic turbulence will be considered in

an effective thermalization of the potential drop. Algpand 3 fyture work. Note that there are only minor differences be-
T, are larger in the center of the simulation box and grow to-
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Fig. 2. Same as Fig. 1 but fax» = 0.5
andb,, = 0.05.

tweenTj and T, showing that heating is nearly isotropic. current splitting was due to the ion meandering orbits which
The comparison between Figs. 1 and 2 shows that the magmply maximum (and positivey, away fromz = 0. How-
netic fluctuations lead to a fast pitch angle diffusion, which ever, in our model, enhanced pitch angle scattering masks
results in isotropizing the temperature. the effect of meandering orbits, and no current splitting is ob-
. - tained without magnetic fluctuations. Therefore, the physical

Both jy and vy exhibit a marked double layer structure. origin of the current splitting reported here lies in the distur-
This structure, which is also inferred from the observationspgnce to ion motion due to magnetic turbulence (Sergeev et
(Sergeev et al., 1993; Hoshino et al., 1996), is due in our nuy)  1993). It is noteworthy that recent magnetic field obser-
merical model to the enhanced braking:at: 0, due to the  y51i0ns by the Cluster mission unambiguously showed that
concentration of turbulence in the quasi-neutral sheet, which,o magnetotail current sheet at aboutkz0downtail can
models the observations (Bauer et al., 1995). A splitting in agyhibit a bifurcated structure (Nakamura et al., 2002; Runov
double humped current profile was also obtained by Ashour; 41 2003 Sergeev et al., 2003). These bifurcated cur-
Abdalla et al. (1994) and Delcourt and Belmont (1998), by ront sheets appear to not necessarily be associated with the

using a three-dimensional magnetic configuration at larges hstorm expansion phase, that is with dipolarization of fast
scales but without magnetic turbulence; in those cases, the
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flows. It would be interesting to assess the magnetic fluc-mal component of the magnetic fieR),. This study is rel-
tuation level during those events in order to see whether th&vant to the substorm growth and early expansion phases of
bifurcated structure can be attributed to the influence of magthe magnetotail dynamics when, in the tail thinning phase,
netic turbulence, as reported here. B, becomes smaller while the tail stretches in the antiso-
We have computed theprofiles (averaged over andy) lar direction. The magnetic turbulence observed by several
of n, Vy, j, and of the other distribution function moments spacecraft was modeled numerically, and a test particle sim-
for several values ofb and ofb,, (Greco et al., 2002). The ulation was performed in which ions are injected into the
main results of such a parametric study can be summarized aguasi-neutral current sheet. The fluctuation le¥Bl/Bo
follows. It appears that the presence of magnetic turbulenceind the normal componem®, were given values relevant
has a strong influence on the global ion dynamics, inflatingto the near-Earth magnetotail. The presence of long wave-
the current carrying region and favouring the thermalizationlength modes causes inhomogeneities in the plasma density,
of the kinetic energy gained by ions in the electric potential as is sometimes observed. For a substantial level of fluctu-
drop, as shown in Fig. 2. A substantial level of turbulence, ations,§B/Bo > 0.2, the current splits into two sheets for
8B/Bo > 0.3 is needed to attain pressure balance normal toB, ~ 0 (Veltri et al., 1998), but increasing, requires a
the current sheet. From this point of view, magnetic turbu-higher§B/Bg in order to have the current splitting (Greco
lence appears to be a basic ingredient of the magnetotail equéet al., 2002). Also, ion heating increases with the increase
librium structure, both for the distant (Veltri et al., 1998) and in § B/ By and with the decrease iB,, as these changes fa-
for the near earth tail (Greco et al., 2002). In many respectsyor motion perpendicular to the average magnetic field and
B,, and$ B have opposite effects on the current structure andalong the potential drop. The magnetic fluctuations are very
ion heating. Indeed, a large value®f inhibits they motion  effective in thermalizing the directed kinetic energy gained
in the quasi-neutral sheet, while magnetic fluctuations favorfrom the electric potential drop, in causing pitch angle scat-
y motion at some distance of the center; the strong magnetitering, and in isotropizing the ion temperature. Our results
turbulence in the center of the current sheet slows down thegree well with previous (Sergeev et al., 1993; Hoshino et al.,
ion motion and causes the double humped profiles of the cur1996) and recent (Nakamura et al., 2002; Runov et al., 2003;
rent and of ion velocity. The level @B/ By needed for cur-  Sergeev et al., 2003) spacecraft observations of bifurcated
rent splitting grows with that oB,,: we argue that this is due current sheets and allows one to interpret them as the effect
to the fact that for largeB, the ions cross the sheet rather of magnetic turbulence. Further study is needed to assess the
quickly, with the normal component acting like a guide field. electron contribution to the magnetotail current structure in
Indeed, the stochasticity paramentergrows with B, and  the presence of turbulence. Altogether, it appears that mag-
for k; — 1 the length of the meandering orbits is strongly netic turbulence is not only the product of plasma instabili-
reduced; as a consequence, the ions have less time to interdigs and nonlinear dynamics, but also an active physical phe-
with the magnetic turbulence and to feel the braking/giin nomenon that can help to set up both the magnetotail equilib-
the center of the current sheet. rium structure and the scenario of magnetospheric substorms
When the ion simulation is run with the average magneticevolution.
field profile corresponding to the computed current, current
splitting persists, so that it can be considered a self-consisterficknowledgementdt is a pleasure to thank A. V. Milovanov and
feature of the current sheet (Greco et al., 2002). For lowA: A Petrgkovich forfruitfuldiscus§ions. This work was supported
5B and moderate anisotropy of the incoming distribution 2Y the ltalian MIUR through a National Project Fund (Cofin 2000)
function, negative diamagnetic current wings are found inand by the European Union with the Research Training Network

th t fi h in Fig. 1. with di “Turbulence in Space Plasmas: Theory, Observations, and Simula-
€ current profiie, as shown in Fig. L, with cormespondingyj,ne» Numerical simulations were performed in the framework of

overshoots in the magnetic field profile, a feature which isyhe HpcC (Center for High Performance Computing) at the Uni-
sometimes observed (e.g. Sergeev et al., 2003). Thus, OWersity of Calabria. L. M. Z. acknowledges the support of RFFI
model helps to understand the influence of magnetic fluctugrant 01-02-16637 and of the Humboldt foundation in his theoret-
ations and of the normal component on the bulk features ofcal studies. During his stays in Italy A. L. T. was supported by
the ions in the magnetotail, and allows one to explain somegrants of Italian INFM and MUIR.

experimental features. The current splitting may be con-  Topical Editor T. Pulkkinen thanks two referees for their help in
sidered as the beginning of the current diversion process avaluating this paper.

the onset of magnetospheric substorms, whgrlecreases
ands B usually increases, while ion heating grows witB
and decreases witB,,, in agreement with the observations
(Petrukovich, 2000).
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