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In this paper, effects of a fast flow in the tail plasma sheet on the generation of kinetic Alfven

waves (KAWs) in the high-latitude of the near-Earth magnetotail are investigated by performing a

two-dimensional (2-D) global-scale hybrid simulation, where the plasma flow is initialized by the

E� B drift near the equatorial plane due to the existence of the dawn-dusk convection electric

field. It is found that firstly, the plasma sheet becomes thinned and the dipolarization of magnetic

field appears around ðx; zÞ ¼ ð�10:5RE; 0:3REÞ, where RE is the radius of the Earth. Then, shear

Alfven waves are excited in the plasma sheet, and the strong earthward flow is braked by the

dipole-like magnetic field. These waves propagate along the magnetic field lines toward the polar

regions later. Subsequently, KAWs with k? � kk are generated in the high-latitude magnetotail

due to the existence of the non-uniformity of the magnetic field and density in the polar regions.

The ratio of the electric field to the magnetic field in these waves is found to obey the relation

ðdEzÞ=ðdBy Þ � x=kk of KAWs. Our simulation provides a mechanism for the generation of the

observed low-frequency shear Alfven waves in the plasma sheet and kinetic Alfven waves in the

high-latitude near-Earth magnetotail, whose source is suggested to be the flow braking in the low-

latitude plasma sheet. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907666]

I. INTRODUCTION

Kinetic Alfven waves (KAWs) are the shear Alfven

mode in the short wavelength and dispersive regime. Their

perpendicular wavelengths are comparable to either the ion

gyroradius or the electron inertial length, while parallel

wavelengths are longer than the ion inertial length (here, the

parallel and perpendicular directions are relative to the local

magnetic field).1–3 KAWs carry a parallel electric field, and

their frequencies are below or comparable to the ion cyclo-

tron frequency.2,4 Due to the existence of the parallel electric

field and small perpendicular wavelengths, KAWs can lead

to the acceleration and heating of charged particles along the

magnetic field,3,5–10 the breaking of the motion constants

and consequently the cross-field particle transport.11–14 In

the Earth’s magnetosphere, KAWs have been suggested to

provide a possible mechanism for auroral electron accelera-

tion in the high-latitude magnetotail.2,4,15,16

The existence of KAWs in the high latitude of the mag-

netotail has been evidenced.17–19 Based on the measurements

from the Polar spacecraft, Wygant et al.17 found that the

observed waves in the high-latitude magnetotail have a large

characteristic amplitude ratio of the electric to magnetic field

fluctuations. They indicated that the observed waves are

KAWs with perpendicular scale sizes comparable to the ion

gyroradius. Besides the large ratio between the amplitudes of

electric and magnetic field fluctuations, Dombeck et al.18

confirmed that the frequency characteristics of these waves

are also consistent with those of KAWs.

It has been suggested that KAWs can be generated

through mode conversion,1,5,20–22 phase mixing,6,23,24 reso-

nant absorption,11,25 velocity shear,26,27 etc. Hasegawa1 pro-

posed that MHD surface waves could couple to KAWs via an

interaction with the density gradient at the plasma sheet–tail

lobe boundary. Lee et al.11 proposed that field line resonances

may be the dominant generation process of KAWs. Hasegawa

and Chen6 also showed that KAWs can be generated by spa-

tial phase mixing. Jaun et al.28 presented a new kinetic Alfven

mode conversion mechanism through a toroidal coupling.

Previous studies also suggested the generation of KAWs by a

velocity shear in a plasma boundary.26,27 Additionally, Hong,

Lin and Wang29 proposed a new mechanism of the generation

of kinetic Alfven waves using a two-dimensional hybrid simu-

lation: the KAWs are generated by ion beam-plasma interac-

tion in a non-uniform plasma boundary layer. All evidences

showed that generation of KAWs is associated with a non-

uniform background plasma and magnetic field, such as den-

sity, pressure, and magnetic field gradients.
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Nevertheless, the generation of KAWs in the high-

latitude magnetotail of the Earth’s magnetosphere is still not

understood. Wygant et al.17 provided the first evidence for

small-scale kinetic Alfven waves in the high-latitude magne-

totail during the onset time and expansion phase of sub-

storms. Meanwhile, they proposed that KAWs in the

high-latitude magnetotail are originated from the low-

frequency Alfven waves in the low-latitude magnetotail.

Space observations suggested that Alfven waves in the low-

latitude magnetotail are associated with earthward fast flows

produced during substroms.30–32 The earthward fast flow is

closely related to the formation of the magnetic dipolariza-

tion.33 The dipolarization often appears in the near-Earth

magnetotail during substorms.34–37 Sergeev et al.38 studied

the propagation of the wide fast flow jet origin from about

40RE in the midtail, and found that the jet is able to reach

the inner magnetosphere at 6:6RE in about 10 min. This

property conforms to the results of previous MHD simula-

tions on the basis of the spontaneous fast reconnection

model.39 When the fast flow reaches the near-Earth magneto-

tail, it is obstructed, which is in good agreement with the ob-

servation results of earthward fast flows.40

Hybrid simulations have been widely used to investigate

the kinetic physics of magnetic reconnection, substorm, low-

frequency waves, and associated ion dynamics. Hesse,

Winske, and Kuznetsova41 presented hybrid simulation

results of collisionless magnetic reconnection in a current

sheet with a normal component of the magnetic field and

width of an ion inertial length. Krauss-Varban and Omidi42

used 2-D hybrid simulations to investigate ion kinetic

physics associated with the quasi-steady reconnection in the

magnetotail. 2-D hybrid simulations were also carried out to

study the structure of the reconnection layer in the distant

magnetotail.43 Karimabadi et al.44 used both two- and three-

dimensional hybrid models to investigate magnetic recon-

nection in a current sheet within ion gyroradius. On the other

hand, Lin and Swift45 studied the evolution of the near-Earth

plasma sheet by a global 2-D hybrid model. The substorm

onset and generation of field-aligned currents in the plasma

sheet were also simulated by Swift and Lin.46 Furthermore,

the 2-D global hybrid model was used by Hong, Swift, and

Lin47 to study the ion dynamics associated with Alfven

waves in the near-Earth magnetotail. Recently, Lin, Johnson,

and Wang21,22 investigated the mode conversion and struc-

ture of KAWs around the magnetopause boundary layer with

both 2-D and 3-D hybrid simulations. Meanwhile, the gener-

ation of KAWs in the global magnetotail has not been

addressed, although a 2-D hybrid simulation has already

been utilized to investigate the generation of KAWs in a

non-uniform magnetospheric plasma boundary layer.29

In this paper, by using a 2-D global hybrid simulation,

we investigate the effects of the fast flow on the generation

of Alfven waves in the near-Earth magnetotail, where the

plasma flow is initialized by the E� B drift due to the exis-

tence of the dawn-dusk convection electric field. It is shown

that shear Alfven waves are originated in the low-latitude

magnetotail as a result of the fast flow, and KAWs are then

produced in the high-latitude magnetotail during the pole-

ward propagation of the shear Alfven waves along the

magnetic field lines. A possible mechanism is given for the

generation of KAWs observed in the high-latitude magneto-

tail of the near-Earth. It is noted that the convection of result-

ing waves in the dawn-dusk direction is ignored in the 2-D

hybrid simulation model, and the 2-D simulation may have

also exaggerated the pileup of plasma in the near-Earth

region due to the earthward flow.

The outline of the paper is as follows. The simulation

model is described in Sec. II. The simulation results are

presented in Sec. III. A summary and discussion is given in

Sec. IV.

II. SIMULATION MODEL

A 2-D global-scale hybrid simulation is performed in

this paper. In the hybrid model, the ions (protons) are treated

as discrete, fully kinetic particles, and the electrons are

assumed to be a massless fluid. The details of the simulation

model have been described by Swift and Lin.46 The simula-

tion is performed in the noon-midnight meridian plane of the

Earth’s magnetosphere, and the simulation domain includes

the plasma sheet and magnetotail lobes. A generalized curvi-

linear coordinate system, with 121� 181 coordinate grids, is

used in the simulation. One of the coordinate boundaries is

the surface of the Earth at the geocentric distance of 1RE.

Two other boundaries are the polar axes, which extend out to

612RE, and the outer boundary that extends to the radial dis-

tance of x ¼ �36RE in the tail. The coordinate system is

specified as a table giving the GSM coordinate of the coordi-

nate points, in which x is in the sunward direction, y in

the dawn-dusk direction, and z aligned along the magnetic

polar axes. Only the nightside ðx < 0Þ is included in the

calculation.

Initially, the magnetic field consists of a 2-D dipole field

plus a tail-like field, which corresponds to a current sheet

with a half-width of 0:5RE. The current in the sheet is

directed along the y direction, and the normal of the sheet is

along the z direction. The dipole field strength on the Earth’s

surface is 50 s�1, corresponding to the gyrofrequency of a 5

AUM ion in a 2500 nT field, close to the geometric mean of

the Hþ and Oþ masses. This particular field scaling is chosen

so that the nominal tail field would scale to 15 nT, compara-

ble to the observed values. The By component normal to the

plane of the simulation is initially set to zero. The initial ion

particle density contains two populations. A cold population

has a thermal velocity of 101 km=s, filling the lobe region of

the magnetotail and the semicircular region surrounding the

earth within about 6RE. A hot population occupies the

plasma sheet with a half-width of 0:5RE in the z direction

and in x < �6RE, with a thermal velocity of 304 km=s. The

initial density in the lobe is uniform and has a value of

400=R3
E, which gives a lobe Alfven velocity of 676 km=s.

This density is adjusted to maintain the initial stress balance

with the tail-like field in the z direction. A total of 3.2 � 106

particles are initially loaded. Additionally, the region from

6 RE inward is filled with a cold fluid in an MHD approxima-

tion. The transition region between the kinetic and fluid pop-

ulations has a scale thickness of 0:6RE. The plasma flow is

initialized according to the E� B drift due to the dawn-dusk
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convection electric field of Ey ¼ 2:3mV=m, corresponding

to the generated by the solar wind with a speed of 400 km=s

carrying a 5 nT field.

For the boundary fields at the Earth’s surface and on the

outer boundary, the tangential components of the electric

field and the normal component of the magnetic field are

specified. The radial component of the magnetic field at the

Earth’s surface is assumed to be fixed to its dipole value. For

the run that is featured in this paper, the constant dawn-dusk

electric field Ey0 ¼ 2:3 mV=m. This field is implemented

along the entire boundaries, except that the tangential elec-

tric field is taken to be zero at the Earth’s surface.

In the simulation, the density is expressed in units of the

ion number density N0 in the lobe, and the magnetic field is

in units of the asymptotic lobe field, B0. The time t is

expressed in units of second, and the distances are measured

in Earth radius, RE. The velocity is in units of the lobe

Alfven speed, VA0.

III. SIMULATION RESULTS

Figure 1 presents the contour plots of the y-component

the magnetic field By, ion density N, and the earthward ion

flows Vx in a time sequence of t ¼ 0:0, 22.0, 27.0, 36.0, and

44.0. Superposed on the ion density plots are the magnetic

field lines. The arrows in the right panel show the ion flow

vectors, while the white dashed lines mark the position

x ¼ �10RE. Initially, the dawn-dusk magnetic field compo-

nent By ¼ 0, and the simulation domain contains a high den-

sity dipole field region, low density lobes, and a density peak

in the plasma sheet, where the high-speed initial earthward

flow exists. In t > 0, the tail current sheet first undergoes a

thinning process due to the unbalanced stress in the x direc-

tion, as described by Swift and Lin.46 Small perturbations in

By and the ion density gradually develop. At t ¼ 22:0, the

disturbance can be seen around ðx; zÞ ¼ ð�10:0; 0:0ÞRE in

the low-latitude of the near-Earth magnetotail, as well as in

the plasma sheet boundaries. Dipolarization of the tail mag-

netic field can be seen at t ¼ 27:0. Here, the dipolarization is

defined as the turning of the local magnetic field direction

from a nearly radial to a more north-south orientation. In

the stage of the dipolarization, considerable variations of

By appear in the low-latitude magnetotail around ðx; zÞ
¼ ð�10:0; 0:0ÞRE. They then develop into field-aligned

structures and propagate toward the high-latitudes along

the field lines. It is probable that fluctuations in the ion den-

sity are associated with these field-aligned structures. The

dipolarization at t ¼ 27:0 is associated with the constant

accumulation of earthward moving plasmas around ðx; zÞ ¼
ð�10:0; 0:0ÞRE and the subsequent tailward expansion of the

field due to the enhanced total pressure. At t ¼ 36:0, the

region of perturbations in By and N in the dipole-like field

has expanded poleward and tailward. At t ¼ 44:0, large

perturbations of N and By still exist in the high-latitude mag-

netotail, and the wave structure has developed into fine field-

aligned structures with a small perpendicular wavelength.

The perturbations in By and N continuously propagate pole-

ward and expand tailward in the low-latitude of the

magnetotail.

Our results show that when the fast earthward flow

reaches around x ¼ �10RE in the low-latitude magnetotail,

it is braked by the strong dipole field. The detailed descrip-

tion of this process is illustrated in the right panel of Figure

1. Initially, the plasma flow is determined by the drift due to

the dawn-dusk convection electric field. At t ¼ 22:0, the

north-south width of the strong earthward ion flow region is

about 3RE. The brake of the earthward flow appears at about

x ¼ �10RE. From t¼ 22.0 to 44.0, the brake zone, where the

earthward flow stagnates, is seen to retreat from x ¼ �10RE

to �13:6RE in the near-Earth magnetotail. The turning-back

flow direction indicates the rebound of the plasma by the

dipole field, as shown at t ¼ 27:0, 36.0, and 44.0 near the

brake zone, which is consistent with the observations of Du

et al.48

The ion flow arrows show a significant, sharp northward

and southward diversion of the flow. Figure 2(a) depicts the

time evolution of Bz and Bx at ðx; zÞ ¼ ð�10:5; 0:3ÞRE, and

the vertical dashed line indicating t ¼ 22:0. Before about

t ¼ 22:0, the plasma sheet becomes thinned, which can be

identified by the increase of Bx and the decrease of Bz at

ðx; zÞ ¼ ð�10:5; 0:3ÞRE. After t ¼ 22:0, with the brake of the

earthward flow by the dipole field, Bx decreases and Bz

increases at ðx; zÞ ¼ ð�10:5; 0:3ÞRE, and the dipolarization

appears. Such a process has also been found previously by

Swift and Lin.46 Figure 2(b) illustrates the spatial profile of

the ion flow Vx along x direction at z ¼ 0:3RE during the time

interval t ¼ 0� 60. The abrupt decrease of Vx from Vx ¼ 0:9
to Vx � 0, e.g., near x ¼ �10:0RE at t ¼ 22:0, indicates the

flow braking point and thus the dipolarization front, which

moves tailward with time. The tail side of the dipolarization

front is also demonstrated in this plot. At about t ¼ 44:0, the

ion flow Vx becomes tailward at ðx; zÞ ¼ ð�10:5; 0:3ÞRE,

which leads to the increase of Bx and decrease of Bz at

t ¼ 44:0 in Figure 2(a).

During the above dynamic processes of the magnetotail,

wave perturbations are found throughout the plasma sheet

and the dipole-like magnetospheric regions. Furthermore,

waves of the low-latitude and high-latitude regions exhibit

different structural properties. As shown in Figure 1, large-

scale fluctuations are generated in the low-latitude magneto-

tail during the dipolarization process. Such waves propagate

to the high-latitude ionosphere along the magnetic field lines.

During the propagation of the large-scale fluctuations, small-

scale fluctuations are found to be generated in the high-

latitude magnetotail around 7RE, where the plasma density

and magnetic field show strong turbulence. In order to illus-

trate the detailed wave properties, we choose a low-latitude

region around ðx; zÞ ¼ ð�10:0; 0:0ÞRE and a high-latitude

region around ðx; zÞ ¼ ð�5:0; 5:0ÞRE for analysis. Three

boxes are selected for these two regions, as marked in Figure

1, with the box denoted by “a” in the low-latitude magneto-

tail just above the equator (from x ¼ �10:0RE to �11:5RE

and z ¼ 0:0RE to 2RE), the box denoted by “b” in the low-

latitude region just at the equator (from x ¼ �10:0RE to

�11:5RE and z ¼ �2:0RE to 2RE), and the one denoted by

“c” in the high-latitude dipole-like region of the northern

hemisphere (from x ¼ �4:0RE to �6RE and z ¼ 4:0RE to

5:5RE), as marked in Figure 1.
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To illustrate the wave modes for the fluctuations in the

low-latitude magnetotail, Figures 3(a) and 3(b) show, in

turn, the x� kk dispersion relation of the waves in the

regions denoted by “a” and “b.” At these two locations, kz is

approximately the parallel wave number kk. The dispersion

relation is calculated during the interval from t ¼ 20:0 to

FIG. 1. Contour plots of the y-component magnetic field By, the ion density N, and the earthward ion flows Vx in a time sequence of t ¼ 0:0, 22.0, 27.0, 36.0,

and 44.0. Superposed on the ion density plots are the magnetic field lines. Box “a” (from x ¼ �10RE to �11:5RE and z ¼ 0:0RE to 2RE) and box “b” (from

x ¼ �10RE to �11:5RE and z ¼ �2:0RE to 2RE) are in the low-latitude magnetotail and box “c” (from x ¼ �4:0RE to �6:0RE and z ¼ 4:0RE to 5:5RE) is in the

high-latitude region of the northern hemisphere. The arrows in the right panel show the ion flow vectors, while the white dashed lines show the position x ¼ �10RE.
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t ¼ 40:0. In Figure 3, the solid line depicts the dispersion

relation for shear Alfven waves, i.e., x ¼ kkVA, with VA

being the local Alfven speed, while the dashed line shows

the fitted value based on the simulation data. It can be seen

from Figure 3(a) that the waves in region “a,” above the

equator, satisfy the shear Alfven wave dispersion relation

x ¼ kkVA, with wave propagation direction kz > 0, to the

north. The wave polarization is found to be dominated by the

shear components By, further indicating the existence of

shear Alfven waves. In region “b” centered at the equator,

the waves are also shear Alfven waves, but wave modes with

both kz > 0 and kz < 0 are identified, as seen in Figure 3(b).

It demonstrates the propagation of Alfven waves from the

equatorial magnetotail plasma sheet ðz ’ 0Þ to the northern

and southern polar regions along the magnetic field lines.

As these Alfven waves propagate in the near-Earth

dipole magnetosphere, they develop into small-scale struc-

tures with a dominant wave number in the direction perpen-

dicular to the magnetic field. To illustrate the detailed

characteristics of the small-scale fluctuations generated in

the magnetosphere, we now analyze the waves in region “c”

around ðx; zÞ ¼ ð�5:0; 5:0ÞRE, as marked in Figure 1. It is

noted that the magnetic field is almost parallel to the x direc-

tion around this high-latitude region. The waves have a large

parallel wavelength as can be seen in Figure 1. The dominant

wave vectors are found to be approximately in the z direc-

tion, perpendicular to the magnetic field (k? � kk). Figure

4(a) shows the spatial cuts of the magnetic field B, By and

the ion density N from z ¼ �10RE to z ¼ 10RE along x ¼
�5:0RE at t ¼ 36:0. The field component By and the ion den-

sity N display coherent wave structures around z ¼ 65RE,

FIG. 2. (a) Time evolution of Bz and Bx at ðx; zÞ ¼ ð�10:5; 0:3ÞRE, with the

vertical dashed line indicating t ¼ 22:0. (b) Time evolution of the spatial

profile of Vx along the x direction at z ¼ 0:3RE in a time sequence from

t ¼ 0� 60:0.

FIG. 3. (a)–(c) Dispersion relation x� kk based on the Fourier transform of

waves in the regions denoted by “a,” “b,” and “c” as marked in Figure 1,

respectively. The solid line depicts the shear Alfven dispersion relation

x ¼ kkVA, with VA being the local Alfven speed. The dashed line shows the

fitted value based on the simulation data.

022117-5 Guo et al. Phys. Plasmas 22, 022117 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

222.195.76.140 On: Tue, 10 Feb 2015 01:04:15



with the perpendicular wavelength k? � 0:34� 0:67RE,

which corresponds to k?qi � 0:33� 0:65, where qi is the

local Larmor radius. In the regions with coherent wave struc-

tures in Figure 4(a) (the region in z > 0 coincides with

region “c” in Figure 1), the magnetic field By and the ion

density are non-uniform. Previous studies49,50 have shown

KAWs can be excited in the region with an inhomogeneous

plasma density and magnetic field. Figures 4(b) and 4(c)

show the enlarged images of By in regions “b” and “c” at

times t ¼ 27:0 and 44.0, respectively. Superposed on the

magnetic field By plots are the magnetic field lines. At

t ¼ 27:0, large-amplitude magnetic fluctuations can be

observed in region “b,” and the field-aligned structures are

gradually formed. Later at t ¼ 44:0, the disturbance still

exists in region “b,” while field-aligned structures with large

variation perpendicular to the magnetic field appear in region

“c,” and its short perpendicular wavelength corresponding to

k?qi � 0:33� 0:65. In the present simulation, the fluctua-

tions in region “c” are also identified as kinetic Alfven

waves. Figure 3(c) shows the dispersion relation for region

“c” obtained from the simulation from t ¼ 20:0 to 40:0,

which is fitted as x ¼ 1:30kkVA, consistent with the theoreti-

cally predicted x � 1:20kkVA on the basis of the analytical

KAWs dispersion relation x2 ¼ k2
kV

2
A½1þ ð1þ Te

Ti
Þk2
?q

2
i �.

For the waves in region “c,” Figure 5(a) shows the time

evolution of the magnetic field By (red line) and the electric

field Ez (black line) at ðx; zÞ ¼ ð�5:0; 5:0ÞRE, and Figure

5(b) shows the corresponding dEz vs. VAdBy during the inter-

val from t ¼ 0:0 to t ¼ 80:0. Three stages are identified from

Figure 5(a). In the stage from t ¼ 0 to about t ¼ 27:0, the

disturbances are of small amplitude, with no apparent rela-

tionship between the perturbations of electric field and mag-

netic field. Strong wave perturbations then appear about

FIG. 4. (a) Spatial cuts of total magnetic field B, By and the ion density N
from z ¼ �10RE to 10RE along x ¼ �5RE at t ¼ 36:0. The right panel

depicts the spatial cuts of B, By and the ion density N along z at x ¼ �5RE

from z ¼ 4RE to 8RE, respectively. (b) The enlarged images of By in regions

“b” and “c” at t ¼ 27:0. (c) The enlarged images of By in regions “b” and

“c” at t ¼ 44:0. Superposed on the magnetic field By plots are the magnetic

field lines.

FIG. 5. (a) Contour plots of the time evolution of the electric field Ez (black

line) and the magnetic field By (red line) at ðx; zÞ ¼ ð�5:0; 5:0ÞRE. (b) The

corresponding dEz vs: VA dBy during the interval from t ¼ 0:0 to t ¼ 80:0.

The solid line shows the fitted value (�1.29) based on the simulation data.
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t ¼ 27:0. In the stage from t ¼ 27:0 to t ¼ 54:0, coherent

perturbations are seen between By and Ez, with a nearly 180�

phase difference in Figure 5(a). After t ¼ 54:0, the perturba-

tions show a more complicated structure due to the arrival of

reflected waves from the ionospheric boundary, and the

amplitudes become larger. Overall, the ratio dEz=dBy is

nearly equal to �1:29VA, which is based on the simulation

data and shown by the red solid line in Figure 5(b). This ratio

agrees well with that based on the dispersion relation of

KAWs.17,51–53 Therefore, the polarization relation obtained

from the simulation agrees very well with the theoretical pre-

diction and dispersion relation of KAWs.

In the regions with KAWs or shear Alfven waves, the

ion velocity distribution evolves significantly with time.

Figure 6(a) shows contour plots of the ion velocity distribu-

tions in the vx � vz plane (left column) and the vx � vy plane

(right column) for times t¼ 0.0 (top row), 44.0 (middle row),

and 60.0 (bottom row), for the high-latitude region at

ðx; zÞ ¼ ð�5:0; 4:0ÞRE of region “c.” The white arrows in

Figure 6 show the direction of the local magnetic field.

Initially, the ion distribution is nearly isotropic with a nearly

zero bulk velocity. At t ¼ 44:0, the distribution has become

a triple-humped structure, with an ion beam centered at

ðvx; vy; vzÞ � ð0:35; 0; 0Þ along the magnetic field (nearly

points to the x direction in this high-latitude region) and

another ion beam centered at ðvx; vy; vzÞ � ð�0:35; 0; 0Þ op-

posite to the magnetic field, in addition to the core plasma

population. At t ¼ 60:0, the distribution exhibits a single,

heated component, with a larger perpendicular than parallel

temperature. Figure 6(b) plots the results at ðx; zÞ ¼
ð�10:0; 0:0ÞRE down tail in the low-latitude of region “a.”

At t ¼ 0, the ion velocity distribution is almost isotropic,

without a bulk velocity. At t ¼ 44:0, the distribution has

become a double-humped structure, with an ion component

FIG. 6. (a) The ion velocity distributions in the high-latitude region at ðx; zÞ ¼ ð�5:0; 4:0ÞRE of region “c” in the vx � vz plane (left column) and the vx � vy

plane (right column) for times t¼ 0.0 (top row), 44.0 (middle row), and 60.0 (bottom row). (b) Ion velocity distributions at ðx; zÞ ¼ ð�10:0; 0:0ÞRE in the low-

latitude downtail of region “a” at times t ¼ 0:0, 44.0, and 60.0. The white arrows show the direction of the local magnetic field.

022117-7 Guo et al. Phys. Plasmas 22, 022117 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

222.195.76.140 On: Tue, 10 Feb 2015 01:04:15



vz � 0:2 along the magnetic field (almost pointing to the z

direction in this low-latitude magnetotail) and another ion

component vz � �0:2 opposite to the magnetic field. Note

that since the location for Figure 6(b) is just earthward of the

flow braking, no large ion velocity is observed in the vx

direction. At t ¼ 60:0, the distribution exhibits a larger per-

pendicular than parallel temperature. These results are con-

sistent with the results of Hong, Swift, and Lin.47

IV. SUMMARY AND DISCUSSION

In this paper, we have carried out a 2-D global hybrid

simulation to investigate the evolution of Alfven waves in

the magnetotail. The fast Earthward flow is initiated by the

E� B drift, which then leads to the plasma sheet thinning

and a dipolarization of the tail magnetic field. When the

earthward flow reaches the strong dipole field region, it is

braked by the geomagnetic field, and the ion flow has a sig-

nificant northward and southward diversion. Subsequently,

the dipolarization spreads tailward, and the tailward flows

appear. These simulation results are in good agreement with

observations, which show the occurrence of the tailward

flow increases during the magnetotail stretching, and the

flow decreases or ceases during magnetic field dipolariza-

tion.48 When the fast flow encounters the stationary near-

Earth plasma, low-frequency shear Alfven waves are gener-

ated. The Alfven waves are identified by analyzing the

dispersion relation of the wave modes for the fluctuations in

the low-latitude magnetotail. These Alfven waves propagate

towards the polar regions along the magnetic field lines, and

evolve into kinetic Alfven waves in the high-latitude magne-

tosphere, where the magnetic field and density are non-

uniform. The KAWs are identified by analyzing the disper-

sion relation, perpendicular wavelength, and the polarization

relation between magnetic and electric fields. Our simulation

gives an explanation for the source of the observed kinetic

Alfven waves in the high-latitude of the near-Earth magneto-

tail. In the satellite observation by Wygant et al.,17 it was

also speculated that the kinetic Alfven waves above the auro-

ral acceleration region at altitudes of 4RE � 7RE of the

plasma sheet may be originated from the shear Alfven waves

in the low-latitudes.

The process of the conversion of kinetic Alfven waves

from shear Alfven waves in a non-uniform magnetic field

and density has been studied in Ref. 29. Our simulation

suggests that the KAWs in the high-latitude magnetotail

are generated from the shear Alfven waves in the low-

latitudes through mechanism similar process. The shear

Alfven waves are generated by the interaction of the fast

earthward flow with the stationary near-Earth plasma

around ðx; zÞ ¼ ð�10:0; 0:0ÞRE. These Alfven waves propa-

gate towards the polar regions along the magnetic field

lines. Due to the existence of the non-uniform background,

the spatial variation of the local Alfven speed leads to an in-

clination of the wave front. The perpendicular wave number

kz becomes dominant through a phase mixing process. In

our simulation, the shear Alfven waves are found to evolve

into kinetic Alfven waves with a large k? in the high-

latitude polar regions.

Many researchers have proposed that auroral electrons are

produced when a field-aligned electric field is developed within

KAWs.1,9,11,54,55 In particular, the physical nature in the auroral

ionosphere and magnetosphere can be well explained by in situ
observations of KAWs with the polar orbiting satellites, Freja,

FAST, Cluster.18,19,52,56–61 Both in situ measurements and nu-

merical simulation investigations provide further evidence that

KAWs can be responsible for the field-aligned energization of

electrons that drive bright aurora.51,62–64

KAWs are dissipative as well as dispersive waves

because their perpendicular wavelengths have scales compa-

rable to the microscopic kinetic scales of particles, such as

the ion gyroradius or the electron inertial length. The focus

of this study is on the KAWs whose perpendicular wave-

lengths are comparable to the ion gyroradius. Due to the

assumption of the massless electron, the electron-scale

physics of KAWs is not addressed in our hybrid model.

Another limitation of the model is that in the 2-D assump-

tion, effects of the east-west diversion of the plasma are not

included. Previous simulations have shown that the genera-

tion of KAWs may be dominated by the 2-D physics,21,29

however, further 3-D studies are necessary to understand the

fully nonlinear evolution of KAWs.22

Energies of the distant magnetotail can be transported

into the near-Earth magnetotail through the fast earthward

flow. Our simulation shows that Alfven waves are generated

by the interaction of the fast flow with the stationary near-

Earth plasma, and turbulence energy is then radiated away

from the equatorial region as Alfven waves propagate

towards the polar regions. It has been found that the turbu-

lent cascade process of shear Alfven waves to small-scale

KAWs, and the associated wave-particle interaction can lead

to the energy conversion from waves to the particles since

the scale lengths of KAWs match the particle kinetic scales

by previous studies. The particles can be effectively acceler-

ated in this way. Such process may play an important role in

the auroral particle acceleration. So the generation of shear

Alfven waves and KAWs shown in our simulation may also

provide a process for the energy transport from the distant

magnetotail to near-Earth magnetosphere. Nevertheless,

while the spectrum of kinetic Alfven waves observed by

spacecraft is usually of a broadband, our present simulation

has only run to a limited duration corresponding to the tail

convection time scales, and thus the broadband spectrum has

not been fully developed. A longer simulation is required in

order to investigate the fully developed turbulence spectrum.
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