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Kinetic Alfvén Waves From Magnetotail to the Ionosphere
in Global Hybrid Simulation Associated With Fast Flows

Lei Cheng!'~', Yu Lin'~', J. D. Perez!'"", Jay R. Johnson?, and Xueyi Wang'

1 Department of Physics, Auburn University, Auburn, AL, USA, ?Department of Engineering and Computer Science,
Andrews University, Berrien Springs, MI, USA

Abstract We have used the Auburn Global Hybrid Code in 3-D to study the generation, dynamics, and
global structure of kinetic Alfvén waves (K.AWs) from the magnetotail to the ionosphere. Our results show
that KAWSs are generated in magnetic reconnection in the plasma sheet, located around fast flows, and
carrying transverse electromagnetic perturbations, parallel Poynting fluxes, parallel currents, and parallel
electric field. Overall, shear Alfvénic turbulent spectrum is found in the plasma sheet. The KAWSs are shear
Alfvén waves possessing short perpendicular wavelength with k, p; ~ 1, where k, is the perpendicular
wave number and p; the ion Larmor radius. The KAWs are identified by their dispersion relation and
polarizations. The structures of these KAWs embedded in the plasma sheet are also revealed by placing a
virtual satellite in the tail. In order to understand whether the Poynting fluxes carried by the shear Alfvén
waves/KAWs in the plasma sheet can be carried directly along field lines to the ionosphere, we have
tracked the wave propagation from the plasma sheet to the ionosphere. It is found that in front of the
flow-braking region, the structure and strength of the shear Alfvén waves are significantly altered due to
interaction with the dipole-like field, mainly by the flow shear associated with the azimuthal convection.
Also in front of the dipole-like field region, ion kinetic effects (Hall effects) lead to the generation of
additional pairs of KAWSs. As such, the generation and transport of the shear Alfvén waves/KAWSs to the
ionosphere are illustrated for the first time in a comprehensive manner on the global scale.

1. Introduction

A magnetospheric substorm is a disturbance of the magnetosphere that causes energy in the magnetotail to
be released and injected into the high-latitude ionosphere. Near-Earth magnetic reconnection in the mag-
netotail is thought to trigger magnetospheric substorms onset (Angelopoulos et al., 2008), although the
underlying mechanism is not fully resolved (Lui, 2009). Bursty bulk flows (BBFs; Angelopoulos et al., 1994),
which are temporally and spatially localized high-speed streams of the plasma in the tail, are found to be an
important dynamical consequence of magnetic reconnection, a process resulting in the changing of mag-
netic topology and release of magnetic energy. Magnetic flux ropes and dipolarization fronts, referring to
the alteration of magnetic field configuration from stretched to more dipolarized form, are the most notable
structures associated with BBFs.

Shear Alfvén waves are fundamental and ubiguitous plasma waves (Anderson et al., 1982; Chaston et al.,
1999; Greenwald & Walker, 1980) carrying transverse electromagnetic perturbations and thus field-aligned
currents. While localized structures associated with the fast flows, for example, dipolarization fronts,
entropy bubbles, and flow vorticies, have also been suggested for the generation of field-aligned currents in
the tail (Keiling et al., 2009; Sun et al., 2013}, shear Alfvénic perturbations are a coherent normal mode that
can carry the field-aligned currents globally. When the perpendicular (to the magnetic field) wavelength is
short and comparable to the ion gyroradius, parallel electric fields E| can be developed, in the shear Alfvén
waves, which facilitate particle heating, acceleration, and transport. Kinetic Alfvén waves (K.AWSs) are shear
Alfvén waves with small perpendicular wavelength comparable to the ion gyroradius or the electron inertial
length, that is, k, g ~ 1, where k| is the perpendicular wave number and p; the ion Larmor radius. During
substorms, shear Alfvénic fluctuations, including KAWSs, are found in many observations (Dubinin et al.,
1990; Keiling, 2009; Keiling et al., 2000; Osaki et al., 1998; Takahashi et al., 1988; Wygant et al., 2000, 2002).
KAWs have been found in the plasma sheet associated with fast flows (Angelopoulos et al., 2002; Chaston
et al., 2009, 2012), at the plasma sheet boundary layer (PSBL; Gershman et al., 2017; Wygant et al., 2002),
and in the inner magnetosphere (Chaston et al., 2006, 2014; Huang et al., 1997). It has been argued that
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the KAWs observed around the tail plasma sheet carry sufficient Poynting flux flowing along magnetic field
lines toward the ionosphere to power low-altitude auroral acceleration (Angelopoulos et al., 2002; Lessard
etal., 2011).

Shear Alfvén waves in the kinetic regime differ from those in an magnetohydrodynamic (MHD) treatment
because the short wavelength requires a significant parallel electric field to maintain charge neutrality
because of ion density perturbations caused by the ion polarization drift. When the electron thermal speed
is higher than the Alfvén speed, the parallel electric field counteracts electron pressure (which would push
the electrons away from the ion density perturbations; Hasegawa, 1976). When the electron thermal speed is
lower than the Alfvén speed, the electric field must overcome the electron inertia (which prevents the elec-
trons from responding rapidly to the ion density perturbations; Goertz & Boswell, 1979). Hasegawa (1976)
first suggested that the parallel electric fields associated with small-scale KAWSs could efficiently accelerate
particles on magnetic field lines. KAWSs were further suggested as a mechanism that gives rise to particle
acceleration on auroral field lines (Goertz, 1984) as well as transverse ion heating in that region (Temerin
& Roth, 1986). Chaston et al. (2009) presented observations in the magnetotail from the Cluster spacecraft
showing that KAWs radiate outward from the X line with outward energy fluxes equivalent to that con-
tained in the outstreaming ions. Wave-particle energy exchange has been confirmed between KAWs and
plasma particles near the dayside magnetopause by high-resolution Magnetospheric Multiscale (MMS) mis-
sion observations (Gershman et al., 2017). Thus, KAWSs can be an important mechanism in plasma transport,
plasma heating, and particle acceleration (Chaston et al., 2007; Hasegawa & Chen, 1976).

The basic properties of KAWSs are described by their dispersion relation. While MHD Alfvén waves satisfy
the relation @ = k; V,, the dispersion relation of KAWs can be written as

ot =kgV3 [1/ (1-T, (k2}) 97 ) + T/ T KL} )

where @ is the ion gyrofrequency, ky is the wave number parallel to the background magnetic field, V, is
the Alfvén speed, I is the full Bessel function, g, is the ion gyroradius, and T, and T, are the electron and
ion temperatures, respectively. Employing a Padé approximation Tﬂ{kipf}f_ki’? = 1/(1+k] p]), the relation
can be simplified to

o = EVA[1+ 1+ T/ T pfl = VAL + K2 (o] + gD, @

where p, = {Tejm!}&jﬂr, with £, being the ion cyclotron frequency (Johnson & Cheng, 1997). Since shear
Alfvén waves possess transverse polarizations in both the electric and magnetic fields, the polarization
relation of KAWSs can be expressed as

|6E, /6B,| =V, (1+K07) 1+ K2 (a2 + p2) ", )

where 4E | is the perturbed electric field in the direction of k| and 4B, is the perturbed magnetic field, which
is perpendicular to both the background magnetic field and 4E, . The parallel electric field of KAWs can be
expressed as (Johnson & Cheng, 1997; Keiling, 2009; Lysak & Lotko, 1996)

|8Ey/6E. | = kyk o2/ (0 + 1L ). (4)

Shear Alfvén waves can also be identified by the Walén relation, which describes the relationship between
fluctuations of velocity and magnetic field (Barnes & Hollweg, 1974; Belcher et al., 1969; Hudson, 1971;
Walén, 1944). In the MHD description with ion temperature anisotropy, the Walén relation in the de
Hoffmann-Teller frame, in which the convection electric field is zero, can be written as

&V = 2£YEV,, (5)
where 4V is the plasma velocity in the Hoffmann-Teller frame, 6V, = 6B/ /e is the fluctuation of mag-
Py-P,

netic field in the form of the Alfvén speed, £ = 1 — py—— is the thermal anisotropic parameter, and the
+{—) sign corresponds to kl < 0> 0). Nevertheless, the Walén relation is modified when including the par-
ticle kinetic effects. Based on the kinetic-fluid model {Cheng & Johnson, 1999; Damiano et al., 2015, 2019},
the Walén relation of KAWSs (see Appendix A for derivation) is given by

1/2

1+kj a2 ( 1 )
BV, = 286V, = 3 (&)
1+ (14 F)dg | \1F125K0
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where 4, is electron skin depth. Note that equation (6) is valid either the inertial Alfvén wave or the
KAW with ion acoustic (hot electron) and/or ion gyroradius effects. Dropping k, 4, for KAWSs in the outer
magnetosphere, the Walén relation of KAWSs in hybrid model can be simplified as

W,ﬂsiﬂ"“{ )]

1 1
1J1+(1+%)kiﬂf](l+l'25kipf)

Although KAWSs have been observed in the magnetotail and ionosphere, their generation mechanisms and
global transport properties are still unclear. Previous theories and simulations have shown that KAWs can be
generated via various mechanisms such as magnetic reconnection (Liang et al., 2016, 2017; Shay et al., 2011),
mode conversion (Hasegawa & Chen, 1976; Johnson & Cheng, 1997), and phase mixing (Guo et al., 2015;
Hasegawa, 1976; Visconez et al., 2015). Shay et al. (2011) have shown the signature of KAWSs generated by
reconnection via a 2-D particle-in-cell code. Liang et al. (2016, 2017) have presented a 3-D hybrid simulation
in a Harris current sheet showing that KAWSs are found throughout the transient plasma bulge region and
propagate outward along field lines with a slightly super-Alfvénic velocity. Dai et al. (2017) suggested KAW
eigenmode (Dai, 2009) as an explanation of Hall fields and currents in the process of magnetic reconnection.
Mode conversion from compressional waves to KAWSs under various solar wind conditions at the dayside
magnetopause has been studied using hybrid simulations (Lin et al., 2010, 2012; Shi et al., 2013, 2017). KAWSs
can also be generated by large-scale phase mixing of MHD shear Alfvén waves.

Since the magnetotail contains multiple plasma boundary layers embedded in and coupled with the global
dynamics, multiple boundary layers exist in the highly nonuniform plasma and magnetic field. Questions
remain. Will KAWs be generated at those boundaries? What will happen when Alfvén waves interact with
the boundaries during their propagation? The generation and evolution of KAWSs in the global system are
still far from being understood.

In this paper, we investigate the generation and evolution of KAWSs in the magnetotail associated with mag-
netotail reconnection and fast flows by using a 3-D global hybrid code, which solves the fully kinetic ion
physics in the self-consistent electromagnetic field. KAWSs are found to be generated by near-Earth mag-
netic reconnection. In addition, KAWSs are also identified in the flow-braking region, and the role of the
flow-braking region in the propagation of KAWSs and the associated Poynting flux from the tail to the iono-
sphere is illustrated. The subsequent impacts of the tail fast flows to the inner magnetosphere (e.g., Lysak
et al., 2015) is not the focus of this paper.

The paper is organized as follows. Section 2 describes the simulation model. Then, the simulation results
are shown in section 3. Finally, section 4 presents a summary and discussion.

2. Simulation Model

The simulation tool used in this paper is the Auburn Global Hybrid Code in 3-D (Lin et al., 2014, 2017),
a 3-D global hybrid code including both the dayside and nightside magnetosphere. In this code, ions
(protons) are treated as fully kinetic particles, while electrons are treated as a massless fluid. The simula-
tion domain extends from x = —60R; on the nightside to x = +20R; on the dayside, y = —30R; to +30R; in
the dawn-dusk direction, and z = —30R to 430R;; in the north-south direction in the GSM and Cartesian
coordinate system. There are six outer boundaries. The fixed solar wind and interplanetary magnetic field
(IMF) conditions are imposed at x = 420/, while the free boundary conditions are used at the other five
boundaries. The inner boundary is located at r = 3.5R;, where a magnetospheric-ionospheric electrostatic
coupling model is employed. The field-aligned currents, mapped along the geomagnetic field lines from the
inner boundary into the ionosphere, are the input to the ionospheric potential equation (Raeder et al., 1995},

V. -£. v = J,sinl, (8)

where £ is the conductance tensor, @ is the electric potential, Jy is the field-aligned current density, and [
is the inclination of the dipole field at the ionosphere. Uniform Pederson conductance £, = 5 Siemens is
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Grids ( y=10 Ry } adopted, while the Hall conductance E; is assumed to be zero. The details

(Ax, Ay AZ)=(0.15,0.15 0.15)RE.

about the boundary conditions can be seen in Lin et al. (2014). The
equation for ion particle motion, in the simulation units, is written as

— =E+vpxB-u(V, - V). (9)

where v, is the ion particle velocity, v is an ad hoc current-dependent
collision frequency with typical peak collision frequency ~0.01-0.1 £,
(Tan et al., 2011) used to model the anomalous resistivity, and V_,_, and
WV, are the bulk flow velocities of ions and electrons, respectively. A cold,
incompressible ion fluid coexists with particle ions (Lin &£ Wang, 2005;
Swift, 1996) in the inner magnetosphere (r < 6.5 Rg), considering
this simulation revolves the ion kinetic physics in the outer magne-
tosphere. The number density of the cold ion fluid is assumed to be
N, = {warjj[l — tanhir — 6.5)], where Neq = 1,000 cm ™. The electron
= 0 : " 3 flow speed is calculated from Ampere's law,

b1

" V x B
Figure 1. Confipuration of the prid used in the simulation. The red
rectangle denotes the region with grid size:

V.=V, -

alN ' 10)

where & = (uye’/my), iy is the permeability of free space, ¢ is the elec-
tron charge, and my is the ion mass. The ion inertial length d, is set as

dy = 1/4/(aN).
The massless electron momentum equation is given as

E=-V,xB— 1/iNVp,— v(V,—V)), (11)

where N = N + N is the total ion number density with N and N being the number densities of discrete
ions and cold ion fluid, respectively. V, = (N, /NJV, + (N /N)V is the total ion bulk flow velocity, with V,
being the flow velocity of the cold ion flow. Note that Vp, = T,V N since the electron fluid is assumed to be
isothermal with a constant temperature T,. The magnetic field is advanced in time by Faraday's law,

% =-VxE (12)
In the case presented, a purely southward IMF is chosen, with the field strength B, = 10 nT and ion number
density N, = 6 cm~?, corresponding to a solar wind ion gyrofrequency 2, = 0.958s7. The solar wind ion
inertial length dyy = ¢/wyy is set as 0.1Rg, where @y is the plasma frequency of solar wind and ¢ is the
light speed. Nonuniform cell grids are used, with a grid size of (Ax, Ay, Az) = (0.15,0.15,0.15)R in the
near-Earth regions with —25R; < x <12 R, —12B; < y < 12R;, and —-10 Ry < 7 < 10E; and a lower
resolution in other regions. The cell dimensions are set as n, xn_xn, = 337x241x217. The configuration of
the grid is shown in Figure 1. A total of 2 10° particles are used. A typical particle time step interval is At =
0.0502.1. Note that the hybrid model is valid for low-frequency ion kinetic physics with @ ~ €, and kp, ~ 1
(Lin et al., 2014). Given that the peak ion number density in the plasma sheet is on the order of 0.33 N, and
d, = -ﬂ-d'm, the lowest ion inertial length in the magnetotail is around 0.17R;; in the simulation. Therefore,

the grid mze, (Ax, Ay, Az) = (0.15,0.15,0.15)R, is small enough to resolve the ion kinetic physics.

It is necessary to scale the kinetic effects in order to compare with typical values in the magnetosphere
(Lin & Wang, 2005; Lin et al., 2014; Swift, 1996), since an artificial solar wind ion inertial length is adopted
given the finite computing resources. The time scale presented in the simulation is increased by a factor
of 6.76 in order to compare with typical values in the magnetosphere. The factor is chosen because the
artificial solar wind ion inertial length (0.1 ;) used in the simulation is 6.76 times as large as the realistic one
{(0.0148R,;) for a typical solar wind density of 6 cm™3. Thus, the convection speed is faster in the simulation
since the positions of the bow shock and magnetopause are assumed to be realistic.

In the presentation that follows as shown in Table 1, the spatial length (L) is in units of B and the time () in
units of seconds. The magnetic field (B) is in units of nT and the temperature (T) in units of eV. The electric
field (E) is in units of V/m and the current density (J) in units of pAfmz. The velocity (V) is in km/s and the
Poynting flux (S) in units of W/m?. The ion number density (N) is in units of cm— as scaled to the realistic
ion inertial length.

CHENG ET AL.

4 of 21



100 Journal of Geophysical Research: Space Physics 10.1029/2019JA027062
Table 1

Units of Parameters

L t B N E I T v 5
Ry 5 nT cm ™ V/m nA/m? ev km/s W/m?

3. Simulation Results

3.1. Global View

The results of the simulation described in this paper have the following input parameters: IMF components
By =B, =0,and By, = —10 nT, Alfvén Mach number M, = 7.87, ion density Ny =6 cm ™, convection
speed Vy = 700 km/s, ion temperature Ty = 10 eV, and electron-to-ion temperature ratio Ty /Ty = 2
in the solar wind. Runs with various Mach numbers are also conducted, and the generation of fast flows
and Alfvén waves are found to be similar for M, = 4 — 8, although their strengths vary. The electron-to-ion
temperature ratio in the solar wind is set to 2 so that the ratio in the plasma sheet is realistic. This is necessary
because electrons are assumed to be isothermal for simplicity in this simulation and thus not to be heated
in the magnetosheath as under the real condition.

Figure 2 shows a time sequence of global views of the magnetic field and ion density in the GSM equa-
tor along with typical magnetic field lines. The sequence begins approximately 4 min after the magnetotail
forms in the simulation and spans a period of approximately 3 min. The black cones show the ion bulk
flow velocity. Open field lines are marked as blue lines, while closed field lines are marked as orange lines.
The red lines are dipole magnetic field lines, and the black lines are reconnected magnetic field lines due
to the dayside magnetic reconnection at the magnetopause. The initial condition of magnetic field was set
as a dipole magnetic field plus mirror dipole magnetic field for x < 15Rg at t = 0 s, and the uniform solar
wind and IMF occupy the region of x > 15R. Initially, the ion particle density is 0.05N, in the region of
dipole magnetic field. As time proceeds, the magnetosphere forms self-consistently while the solar wind
continuously enters the domain and interacts with the dipole magnetic field. The standoff distances of the
magnetopause and bow shock are around 8Rp and 12R, respectively, as shown in Figure 2a. Magnetic
reconnection occurs at the dayside magnetopause around x = 8R; along X lines through the subsolar point
and another in the nightside plasma sheet, which extends from x = —35R; to x = —15R;. Flux ropes,
that is, twisted magnetic field lines, as a signature of magnetic reconnection are shown both at the day-
side magnetopause and in the tail plasma sheet. They are marked in Figure 2a as the black field lines at
the magnetopause around x = 8Ry and as the violet field lines in the magnetotail plasma sheet around
x = —25R;. Significant variations of magnetic field strength and ion number density at the equator in both
the magnetotail and magnetosheath are shown in the left- and right-hand columns, respectively, as indicated
by the color bars at the bottom of the figure.

The near-tail X line initially developed at x ~ —25R_. In Figure 2a, two typical flux ropes marked as “A”
(closed field lines on both sides) and “B" (one side is open, and the other side is closed) are generated by
magnetic reconnection at t = 2391 s. As shown in the expanded views pointed to by the white arrows,
flux rope “A™ has both ends of the field line extending sunward (earthward), while flux rope “B" has one
end going sunward and the other end extending tailward. At this time flux rope “A” near x = —22.0R,
¥ = —6.0R; is moving with earthward fast flows at a speed of a few hundred kilometers per second generated
by reconnection, while flux rope “B” near x = —27.0R, ¥ = 7.5Ry is moving tailward. The two flux ropes
also drifted dawnward as shown in Figure 2b as the result of E = B drift associated with Hall electric field
(Lin et al., 2014; Lu et al., 2015), which cannot be described by MHD models. A little more than 1 min later,
flux rope “A™ has drifted sunward and dawmward tox = —14.58;, ¥y = —9.0R, and flux rope “B" has drifted
antisunward (tailward) and dawnward to x = —31.0R;, y = 4.0R. A new flux rope with both ends of the
field line extending antisunward, marked as “C,"” is generated at t = 2,470 5. About 1.5 min later, as shown in
Figure 2c, flux rope “B” has continued its eastward drift and moved from the duskside to the dawnside. By
this time, flux rope “A" has arrived at the dipole-like field region, where it releases its helicity and merges
with the dipole-like magnetic field lines. Once it is deeper in the magnetosphere, it is expected to drift to the
duskside due to the magnetic gradient and curvature drift (Lin et al., 2014).

In order to resolve the small structures in the near-Earth magnetotail, Figure 3 provides zoom-in contours
of the ion number density (N) and parallel current density (J,) in the equatorial plane from x = 0R; to
x = —30R at the same time as in Figure 2a. Earthward fast flows (i.e., BBFs) and tailward fast flow channels
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Iigs

Figure 2. Time variation of contours of B (left column) and N (right column) at the equatorial plane with typical
magnetic field lines showing the dayside and nightside magnetosphere, with multiple flux ropes in the plasma sheet.
The black cones denote ion bulk flow velocity.
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Figure 3. Contours of N aml.fl at the equatorial plane with typical magnetic field lines and fast flows at { = 2,460 5.
The black cones denote ion bulk flow velocity.

with speeds of 300-1,000 km/s marked as large black cones are found from x = —30R; to x = —10R,
sunward and antisunward of the near-tail X line around x = —25 Ry, respectively. Enhanced ion density
is present inside the flux ropes, which move with the fast flows earthward and tailward. On the earthward
side, at the flow-braking region at r ~ 10 in front of the strong dipole-like field, the earthward fast flows
slow down and convect bidirectionally to the dayside magnetosphere.

During a substorm, many waves are generated by reconnection, including shear Alfvén waves (Chaston
et al., 2009; Hong et al., 2008; Lin & Swift, 2002; Sigsbee et al., 2002). In our simulation, near the X line
on both the dawnside and duskside around x = —20R;, many small structures of ion number density and
parallel current density are shown in the equatorial plane. These kinds of structures are developed on an
Alfvén time scale. Since Alfvén waves are a possible carrier of field-aligned currents, we will examine the
shear Alfvénic characteristics around the reconnection regions. Note that if these are Alfvén waves, then they
are likely to be KAWSs because typical MHD Alfvén waves do not have ion density perturbations. This will
be confirmed in section 3.2. We will show more information is revealed when the structures of field-aligned
current are viewed in the xz plane. Since the xz planes in general show the geometry of the DC magnetic

B a8 ¥ [T i & 4 4 & @ & 4 & 4

Figure 4. (a) Mapnetic field line confipuration and contours of (b) transverse magnetic field (B,), (c) parallel current density (J) ), (d) parallel electric field (E)}
and () parallel Poynting flux (5,) at t = 22915, { = 23915, { = 2448s and { = 25275 with typical magnetic field fines and ion flow velocity(black arrows) in the
plane y= 8.0KE.
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field, the propagation of Alfvén waves can be traced globally from the tail
to ionosphere at different local times.

3.2. KAWs in the Magnetotail

Figure 4 shows the time evolution of an X line and contours of parallel
current density [J"], parallel electric field {E"], transverse magnetic field
(B,}, and parallel Poynting ﬂmr.{S" )in the az plane at y = 8.0R, where
reconnection occurs on the duskside in Figure 3. This time evolution
begins about 1.5 min before the times shown in Figure 2a and ends about
1 min before the times shown in Figure 2c. At t = 2,291 s, near-Earth
magnetic reconnection is found with an X line evident from the config-
uration of the magnetic field lines at x = —29 Ry in Figure 4a. A little
more than 1.5 min later, the X line moves a little earthward, located at
x = —27Rg at t = 2,391 5. Subsequently, the X line moves a little tailward to
x = —28R at t =2.448 s and further tox = —21 R at t = 2,527 5. The pink
circles show the time evolution of the same wave structure generated by
reconnection and its propagation to the Earth along magnetic field lines
in the plasma sheet boundary layer. The consistent correlation of B, in
Flguse S, Bosmcosplof oLy =253t~ 762 3(ed ek Uhcs waves have propertiesof KAWa The waves hive a ange perpendic
t= 2462 s{white patch)and { = 2572 s (blue patch) with typical

magnetic field lines (green lines) showing the evolution of the same KAw  ular wave number in the perpendicular direction (roughly z direction).
structure penerated around x = —23 K. The highly field-aligned extension of these structures indicate k) < k,.

The finite parallel Poynting flux inside the pink circle above the equator

has the opposite sign compared with that below the equator in Figure 4e.
Considering the direction of the local magnetic field lines, the wave structure propagates toward the iono-
sphere both above and below the equatorial plane. The consistent sign indicates that wave power is absorbed
as the wave propagates toward the ionosphere. At the initial time in this sequence, that is, t = 2,291 s, the
wavefront at z = 0.15R; is near x = —25R;. About 100 s later, the wavefront at 7 = 0.15 Ry arrives at
x = —17Rg. Approximately 1 min later, at = 2,448 s, the earthward KAWSs arrive in the dipole-like field
region and then propagate toward the northern and southern ionosphere along the field lines. This is shown
by the enhancement of the values u['.fl, EI' and B:_, at t = 2,527 s (see Movies 51 and 32 included in the sup-
porting information S1 for more details). Note that the background B, component is much smaller than the
transverse perturbation of magnetic field whilex < —12Rj. So the propagation of KAW structure is nearly in
the plane y = 8.0R .. In x > —12R, the background B, component cannot be ignored, and the propagation
of KAW structure is no longer only in the plane y = 8.0R;. Meantime, a new wave structure arises around
x =—22R; at t = 2527s. The above time scale for the wave propagation is consistent with the Alfvén wave
speed, which will be illustrated below.

Figure 5 shows the propagation of KAWs from the magnetotail to the ionosphere in 3-D view, where the red
patch, the white patch, and the blue patch mark the same KAW structure at different times. At t = 2,362 5,
the highly 3-D structure of KAWSs characterized by isosurface of J; marked as the red patch is generated near
X lines on the duskside. The structure propagates to the Earth along the magnetic field line and arrives at
the dipole-like field region. As time evolves, the structure merges with the Region 1 current on the duskside
and propagates to the ionosphere at t = 2,572 5.

In order to further confirm that these waves are KAWSs, Figure 6 examines the shear Alfvén polarization
relation and Walén relation along the blue line segment (at x = —15R) marked in the B, contours in Figure 4
for t = 2,391 s and y = B.0R;. Figure 6ia shows the spectrum of J; in k.-k; space, from x = —150 R
to —10.0R and from z = —2.0R,, to 2.0R; at y = 8.0R; marked as the black rectangle in Figure 4b. k' is
defined as k/2r. Since the background magnetic field is almost in the x direction, with B ~ B, and the
wave number is mainly in the g direction, with k ~ k; (k; = I:l} as shown in Figure 6a, the electric field
polarization E, and magnetic field polarization 4B, associated with KAWs are predominantly B and E,
respectively. In Figure 6a, k] is 0.2 — 0.6/Rg, and k; = 2xk] ~ 1.3 — 3.Brad/Rg. The local ion gyroradius is
found to be p, ~ 0.2 R — 0.4R;,. The perpendicular wave number is thus k, g, ~ kg, ~ 0.4 — 1.1 in these
waves. Figures 6b and 6c show polarization relation and Walén relation, respectively. The shear Alfvénic
transverse components E, and 4B, in Figure 6b are well correlated, with 6E, = —1.17B,V, inz > 0
and 6E, = 1.098B,V,, in g < 0. The ratio of E, /6B, has different signs in g > 0 and g < 0 due to the
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Figure 6. (a) Polarization relation and (b) Walén relation: The corresponding 6E, vs 4B, and EF,, m&VA}, both from
= 23695101 = 23915aJungmeblueIinesegmemma.rkndhﬂmmntnu:ufﬂ,inﬂwplm;-: 8.0Ry in Figure 4b,
where 5V, = 8B,/ /gp. The solid black lines show the fitted values based on the simulation data. (c) Spectrum of J;
in ky-k; space, from x = —15.0R; to —10.0R; and from £ = —2.0R t0 2.0R at y = 8.0K; marked as the black rectangle
in Figure 4b.

relative direction of k. Based on equation (3), the theoretically predicted ratio between the perturbation
of magnetic field and electric field is |6E, /8B, | = 1.07V, — 1.44V,. The simulation result is consistent
with the theoretical polarization relation (see equation (3)) of KAWSs propagating along (opposite) to the
magnetic field on the north (south) side of the plasma sheet, similar to the satellite observations (Duan
et al., 2016; Stawarz et al., 2017) with a super-Alfvénic velocity. Furthermum, it is seen from Figure 6c that
aVy, = —0.745V,, inz > 0 and 6V}, = 0.626V,, in £ < 0. Note that -‘ < 1. Based on the Walén relation,
equation (7), the theoretically predicted relation between the perturhatlcm of velocity and magnetic field is

8V, = 0.27 — 0.778V . Therefore, the fit line in Figure 6c based on the

simulation data is also consistent with the theory. In a word, the polariza-
tion relation and Walén relation, together with the existence of finite Jj
- andE; (Figure 4), are consistent with KAWs with k) <= k, and k, g, ~ 1.

Figure 7 shows tra.tmrerse electric field power spectral density 5E7 (@),
where E7 (o) = — [f SE (e, by, ke, )dkydk, with 8E, (@, k. k,) being
the 3-D FFT DfSEJ_{x ¥, £), from x = —40.0 RE to —10.0 Ry and from
y=-100 Rgtol00 Ryatz=045 R fromt=2362stot=3,0%4s,
7 where T is the time interval L, and L}, are the length in x and y direction,
respectively. A spectral break in the vicinity of @ ~ £}, indicates the onset
of dissipation, the energy sink at cross-scale coupling in the turbulence
spectrum. At the dissipation region (@ > £3;), magnetic energy is coupled
to thermal motions of ions. Such a turbulent spectrum is consistent with
- various satellite observations (Chaston et al., 2008; Leamon et al., 1998).

-3.45
(w>0)

Virtual satellite observations of various parameters at a fixed position
J (x, y,z) = (—15,8,0.6)R; above the equator are shown in Figure 8. The
gray patch marks the time interval when a KAW structure passes from
t=2,2905 to 2,505 5. Before t = 2,290 s, the value of magnetic field (B) and

-3 -2

ion number density (N) are about 15 nT and 2.0 cm® in Figure 8a, denot-
g ing the virtual satellite is in the plasma sheet. From ¢ = 2,290 to 2,505 5, the

=

(=

-1

E

]-Dglﬂw ! magnetic field increases, and ion density decreases, indicating this posi-

Figure 7. Spectrum of transverse electric energy density from ¢ = 2,362 s to tion is located in the PSBL between the plasma sheet and the northern tail
t = 3,004 5. The blue dash line and red dash line are the fit power laws in lobe. After t = 2,505 s, the satellite is located in the lobe with a very low
inertial range (f~%%) and dissipation range (%), respectively. ion number density and a very high Alfvén speed V. In the PSBEL from
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Figure 8. Time variation of (a) magnetic field and fon density; (b) x, ¥, and z components of magnetic filed; (c) x, y.
and z components of electric filed; (d) ion flow velocity; (e) field-aligned electric field and current density; (f) parallel
and perpendicular temperature from ¢ = 2,061 s to ¢ = 3,000 5 at the position (x, y, ) = (—15, 8, 0.6)RE. The gray patch
marks the time interval when a KAW passes from { = 2290 s5tot = 2,512 5.

£=2.290 to 2,505 5, the magnetic field perturbation iz in B, and B, in Figure 8b, while the electric field per-
turbation is predominantly in E; in Figure 8c. The perturbation of ion flow velocity (V; and V) in Figure 8d
is in the same order and negative sign with 6V, satisfying the Walén relation of field-aligned-propagating
KAWs, Meantime, field-aligned electric field (E"_} and current density {I"_}I are well correlated in Figure 8e.
All these features show that KAWSs pass by this position in the plasma sheet boundary layer from ¢ = 2,290
to 2,505 s in the PSBL. KAWSs have been observed by Stawarz et al. (2017) based on an MMS event at 9 B in

5
X(Rg)

Figule'}.TTbeﬂmeseqummeufﬂmspaﬂalmtsﬂfoEB},fmmI=13ﬂsm
t=2,577 salong £ = 0.75R at y = 7.5Ry from x = —19R; to —10Rg .

the plasma sheet, which may be associated with the BBF braking region
and/or the magnetic reconnection separatrix. Similar to the MMS obser-
vation, the perturbation in magnetic field is a few tens of nT, and that in
the flow speed is a few hundreds of km/s in our simulation results shown
in Figure 8. The perturbation of electric field in our simulation is around
10 mV/m, which is one order smaller than that in the observation event,
in which the local Alfvén speed is about one order larger than that in
our simulation. Note that B /E | in our simulation is larger than that pre-
dicted by linear theory (Liang et al., 2016). There is an obvious increase of
parallel ion temperature and relatively smaller increase of perpendicular
ion temperature in Figure 8f. Note that the increase of ion temperature
may not all come from jon heating. The temperature anisotropy with
T, > T, is consistent with the result described by Liang et al. (2017).
Liang et al. (2017) presented the parallel and perpendicular heating of the
accelerated ions beam by KAWs occurred simultaneously with T, > T, in
the earlier stage, while the overall temperature anisotropy with T > T,
develop in the later stage due to the increase of the fraction of the acceler-
ated ions and the interaction between the accelerated beam and the core
population.

Figure 9 shows the time sequence of 5B, as a function of x from f = 2,362 5
tot = 2,577 s along z = 0.75R; at y = 7.5R;. The wave propagation speed
of the KAWSs can be measured by tracking the propagation of the wave-
front as indicated by the red line. The phase speed of KAWSs is nearly along
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Figure 10. Cunmu:sufﬂyat{ajtzlﬂﬂs,{b}rz 2,813 5 in the plane = 0Rg, and (c) t = 2,863 s in the plane £ = —0.3R (the center of plasma sheet is not
always in the equatorial plane) with typical magnetic field lines.

the magnetic field, which is nearly along the x direction, and their group velocity is along the magnetic field.
The phase speed is estimated from the slope of the red line as 343 km/s in the simulation frame. Note that
the background convection speed is very small and can be ignored and the ion flow is nearly perpendicular
to the background magnetic field. Thus, the phase speed of the wave is larger than the local Alfvén speed of
~290 km/s, consistent with the feature of KAWs with k, 5 ~ 0.6.

3.3. KAWs in the Flow-Braking Region and Penetration of Poynting Flux

As the shear Alfvén waves generated in the tail plasma sheet encounter the strong dipole-like field in the
flow-braking region, their wave power is found to be altered. Take flux ropes (also carrying shear Alfvénic
magnetic field perturbations) as an example. At t = 2,770 s, the flux rope from the magnetotail as shown
in blue in Figure 10a arrives at x = —15R;, carried by a fast flow. Due to the flow braking, sheared flow is
present in the azimuthal direction, as marked as black cones (see Figure 10a.) which causes perturbations
in the dawn-dusk component of the magnetic field. While shear flow alone can generate shear Alfvén waves
(Dobrowolny, 1972, 1977; Wang et al., 1998), in our case the flow shear is found to alter the incoming flux
rope helicity at the flow shear interface. At the dipole-like field region around the equator at = 2,813 5, the
flux rope around x = —12R;; releases its helicity (see Figure 10b). This process alters the strength of shear
Alfvén waves, which can be distinguished by the change of B, structure. Finally, the helicity of the flux rope
is fully released at t = 2,863 5, and the perturbation of transverse magnetic field propagates away from the
equatorial plane along magnetic field lines (see Figure 10c.).

In addition, ion inertial effects are found to lead to the generation of additional KAWs at the boundary
between the tail-like and dipole-like field, as illustrated in Figure 11. Besides the KAW structure highlighted
by black rectangles (shown for the midnight-meridian plane and the planez = 0.5 Rg) in Figure 11a propa-
gating from the magnetotail, new K.AWs marked as white rectangles in Figure 11a are generated at the inner
edge of the flow-braking region in front of the dipole-like field. This is due to ion inertial effects. Figures 11b
and 11c shows the generation and propagation of the new KAWSs in the midnight-meridian plane and the
plane z = 0.5R, respectively. The black arrows in these figures show the flow vectors. At t = 2,870 s, there
is no signature of KAWSs in the near-Earth region of x > —11R, and a close examination of the flow vectors
shows that fast flows have also not arrived there yet. This is because magnetotail reconnection is firstly ini-
tiated on the dawnside and duskside close to the equatorial magnetopause, not in the midnight region. It
is developed in the midnight region at a later time. Nevertheless, at t = 2,920 5 in Figures 11b and 11c, fast
flows due to reconnection have arrived at x =~ —11R in this midnight region, and there are well-correlated
structures i.nBy,.I", and E" (marked as the white circles), exhibiting the features of KAWs similar to Figure 4.
In this region, charge separation occurs because of the larger inertia of ions than electrons. lons penetrate
deeper into the magnetosphere before being stopped by the strong magnetic field. As a result, a pair of par-
allel currents appear, as previously found by Swift and Lin (2001) based on a 2-D global hybrid simulation.
The wave power increases at t = 2,963 s. Then, the waves propagate to the high latitudes along magnetic field
lines. At t = 3,035 s, the waves have gone further away from the equatorial plane and cannot be shown in the
plane of 7 = 0.5R;. A global diploarization is also seen over the time period from ¢ = 2,870 s to t = 3,035 5,
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Figure 12. (a) Polarization relation and (b) Walén relation: the corresponding 4E, versus 68, and &VE}, VEISUS EVA,
both from £ = 2,963 5 to t = 2,985 5 along the green line segment marked in the contour cut'_f" in Figure 12b in the plane
¥=0 HRg. The solid black lines show the fitted values based on the simulation data.

which causes the expansion of the dipole-like geomagnetic field region. Figure 11c shows the correspond-
ing structures in the plane z = 0.5R;. The localized structures highlighted by the white circles in Figure 11c
are the near-equatorial counterparts of these new KAWs. These waves are identified as KAWs in the same
manner as the waves in the magnetotail (see Figure 6).

Figure 12 shows the polarization relation and Walén relation along the green line marked in the contour plot
ofJ} in Figure 12b. 5E, and B in Figure 12a are also well correlated, with 6E, = —1.466B, V, ing > Dand
8E, = 1.276B,V,, in g < 0. The ratio of 5E, /6B, inz > 0and g < 0 has different signs due to the opposite
direction of k. The perpendicular wave number k p; ~ 0.2— 1.1 in these waves. The polarization relation in
Figure 12a is consistent with the theoretically predicted ratio with |3E, /6B, | = 1.02V; — 1.48V, based on
equation (3). Based on equation (7), the theoretically predicted relation between the perturbation of velocity
and magnetic field is 8V, = 0.27 — 0.935V,,,. The Walén relation in Figure 12b with &V, = —0.975V, in
z > 0and 8V, = 0.675V,, in g < 0 is also consistent with theory.

Figure 13 presents the time wariations of the same quantities as shown in Figure 8 at
{x,y.z) = (-11.1,0.5,0.6)R; in the flow-braking region. Before f = 2,870 s, B, is dominant, Bz < B, and
thus, the magnetic field line is more stretched (see Figure 13b). The flow velocity is very small, as seen
from Figure 13d, indicating there is no fast flow yet at this near-midnight location. The shaded region from
t= 2870 s to t = 3,034 s shows one event of KAWSs generated around this position. A pulse of B, is generated
during this time interval, as shown in Figure 13b. Near the end of the interval, the background B, decreases
while B;, the field strength B (as shown in Figure 13a), and the average ion perpendicular temperature (as
shown in Figure 13f) also have a sharp increase, indicating that the position is now inside the dipole-like
region due to the global dipolarization and the B, wave pulse is located just at the edge of the dipole-like
field region. Unlike the KAWSs in the magnetotail, here near the flow braking, V. from t = 2,870 s to
t = 3,034 5 is very small (see Figure 13d). While the perturbation of the magnetic field is mainly in the y
direction, the pulse of electric field perturbation has both E, and E, components (see Figure 13c) since k|
is oblique in the xz plane. Correspondingly, the wave pulse is also seen in Vi, and V,, (Figure 13d), J; and
E) (Figure 13e), and both ion temperatures T; and T, (Figure 13f). Note that compressional wave perturba-
tions are also frequently present in the flow-braking region. As seen in Figure 13, just a few tens of seconds
after t = 3,037 s, a large-amplitude compressional wave pulse is generated, with clear enhancements in B
and ion perpendicular temperature. There is an antiphase correlation between B and N.

Since shear Alfvén waves/KAWs generated in the equatorial magnetotail must interact with the transition
region between the tail-like and dipole-like fields before they can propagate to the ionosphere, as discussed
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Figure 13. Time variation of (a) magnetic field and ion density; (b) x, ¥, and z components of magnetic filed; (c) x, »,
and z components of electric filed; (d) ion flow velocity; (e) field-alipned electric field and current density; and (f)
parallel and perpendicular temperature from ¢ = 1682 s to £ = 3,794 5 at the position (x, y,z) = (—11.1,0.5,0.6) Hg.
The shaded region from { = 2,870 s to ¢ = 3,034 5 shows one event of KAWs penerated around this position.

above, it is important to understand whether the Poynting flux follows a direct mapping from the plasma
sheet to the ionosphere. In the following we estimate how much Alfvénic wave energy can be transmitted
across this transition region around r ~ 10,0 Ry, Figure 14a shows the contours of B in the equatorial plane
at t = 2,548 s, with ion flow velocity superposed as black arrows. Colored lines in the figure are a magnetic
flux tube tracked from t = 2,491 s to t = 2,548 5. The transition region between the dipole-like magnetic field
region and the tail-like region is around r = 10.0-11.0 Rj. Note that the dashed lines in the equatorial
plane in Figure 14a mark various geocentric distances. The ratio between the parallel Poynting flux and the
magnetic field strength, S, /B, along the field line as a function of the latitude « at various times is shown in
Figure 14b, where & = 90° — # with # being the polar angle. At t = 2,491 s, the flux tube is stretched tail-like
around the equator, going through the plasma sheet. As time proceeds, the flux tube moves earthward. If
there were steady driving of Alfven waves and all the wave power in the plasma sheet propagated into the
inner magnetosphere along the flux tube, the ratio 5/ Bshould tend to be nearly a constant, considering that
the flux tube cross section area is inversely proportional to B. The results in Figure 14b, however, show clearly
that not all the wave energy reaches the ionosphere. Overall, the value of 5 /B is quite different between
the tail-like part of the field line (near equator, with & < 10°) and dipole-like region (higher latitudes). The
ratio remains nearly constant only inside the dipole-like field region ( & > 30°) on the earthward side of the
tail-dipole transition region, as seen from Figure 14b.

At t = 2491 s, 5/B peaks at « = 3" near the equator where the source of KAW in the tail is, which is
outside the transition region, with the peak value ~ 10.5 x 107% W/(m?nT). As discussed in Figure 10, the
structure of KAWs from the tail are then significantly altered by the flow-braking region. A dip is seen in
the ratio 5, /B at & = 7°, and then another much weaker peak appears, associated with the Poynting flux
both transmitted from the magnetotail and locally generalized, which only reaches 1.7x 10% ' W/(m’nT)
at @ = 13° in Figure 14b for = 2,491 5. The ratio then decreases from & = 13" to @ = 30°, which is likely
due to ion Laudau damping. The ratio then reaches nearly constant in a > 30°.

Att=2,513 5, the peak value ufS"jE near the equator has decreased to about 6.2x 1075 W/(m*nT) as the tail
flux tube moves closer to the Earth and some waves have propagated away from the equator. Again, 5, /B
decreases significantly from the tail-like to dipole-like field region. The tail KAWs continue to propagate
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magnetic flux tube as shown in Fipure 14a at { = 2,401 5 (blue), t = 2,513 5 (red), { = 2,527 s (black), and t = 2.54E 5
(white), respectively, where @ = 907 — # with # being the polar angle; time evolution of (c) Alfvénic wave enerpy

{AE ) and (d) electromagnetic wave energy (AE g, ) flowing out of the spherical shell over the nightside from
t=2147 sto = 3,794 5 with black dash line from r=70 Rpgtor=380 Ry, magneta dash line from r = 8.0Rg to
r= 9.0Rg, red line from r = 9.0R to r = 10.0R g, cyan line from r = 10.0Rg to r = 11.0Rg, and blue line from

r= 11.0Kg to r = 12.0K. Parts of the interface between the surface of the sphere and the equatorial plane are marked
as black dash curves in Figure 14a.

away at t = 2,527 s. By t = 2,548 s, the flux tube has moved to L = 12 R (see the white field line in
Figure 14a), and the wave energy has spread out over the field line. At later times, part of Shear Alfvén
wave/ K AW energy is seen to be reflected at the inner boundary, similar to that described in Guo et al. (2015).
Given that the average Alfvén speed along a tracked magnetic flux tube is around 1,500 km/s, it takes about
80-100 5 for Shear Alfvén waves/KAWs to arrive at the inner boundary and be reflected. The peak values
of 5 /B ata =~ 3" at t = 2,491 5 and = 2,548 s are roughly corresponding to the initial and final stage,
respectively, of the source Poynting flux associated with a fast flow event outside the transition region. The
difference between these two peak values is ~ 10.5x 107  W/(m’nT) as the source Alfvénic energy from
the tail propagates away over this time interval. Similarly, the difference between the two peak values at
a=13,~1.5x%10° W/(m’nT), roughly corresponds to the increase of Alfvénic energy in the dipole-like
field region as a result of the fast flow event. Such a result indicates that a factor of less than 1.5 107%/10.5x
107% ~ 1/7 of the Alfvénic wave energy from the magnetotail goes across the transition region into the
dipole-like field region during the fast flow period. After a decreasing of the wave power over a, the values
of 5, /B remain nearly constant in « for & > 307 with 5 /B ~ 149 x 107 W/(m’nT) at t = 2,491 s and
5,/B ~ 0.77x107° W/(m*nT) at t = 2,548 5. As a result, the Poynting flux received in the ionosphere during
the period from t = 2,491 s to t = 2,548 s can be estimated as ~ 0.72 % i W!{mzn'lj.{)vmﬂ,rcmgh]}r
less than 0.72 % 107%/10.5 % 107% ~ 1/14 of the Alfvénic wave energy from the magnetotail fast flow reaches
the ionosphere.

Figure 14c shows the time evolution of Alfvénic wave energy (AE ) flowing out of the spherical shell over
the nightside for different radii, where AE ;5 (ry .m0, 1) = E g Oy, £) = E e Uro, £) with E g (r, ) being written as

F=t $=lx/l ri=x
Elr.ti= —/ / / 5 rr sin(f) d@ dep dr’, (13)
r=2147 Jg=ayz  Jo=0
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with ¥ being the unit vector in the radial direction and (r, 8, ) giving the radial distance, polar angle, and
azimuthal angle. From r = 12.0R; to r = 10,0R, the total Alfvénic wave energy is increasing as seen by an
over all increasing positive AE 4 (see the blue and cyan line), which means there are new sources of shear
Alfvén wave coming from the tail to the tail-dipole field transition region.

In the dipole-like field region, the wave energy decreases from r = 9.0R; to r = 7.0Rj; as seen by an over-
all decreasing negative AE, (see the black and magenta line) in Figure 14c. Evidence of the decrease of
shear Alfvénic wave energy from the magnetotail to the inner magnetosphere can also be seen in Figure 14b.
Such a decrease may be due to ion Landau damping. Note that our simulation also shows that shear Alfvén
waves/KAWSs are present throughout the inner magnetosphere (Lin et al., 2014). The presence of KAWSs,
including kinetic field-line resonance, in the inner magnetosphere has been observed by Chaston et al.
(2014). They may be generated by mode conversion from compressional waves that propagate across the
field lines from the tail. Such a process of coupling between the compressional and transverse modes and
the excitation of resonant waves (Lysak et al., 2015) will be investigated elsewhere.

The total Alfvénic wave energy varies in time and would not be keeping decreasing or increasing in the
region from r = 10.08; to r = 9.0, (see the red line in Figure 14¢.). That is because this region is not always
in the tail-dipole field transition region or dipole-like field region. For example, the region is located in the
tail-dipole field transition region, and AFE 4 is increasing from £ = =2,147sto t = 2,404 5. From = 2,404 5
to t = 2,662 s, the region is located in the dipole-like field region due to the global dipolarization, and AE
is decreasing.

To assess the contribution of the new local source and external source to E ., Figure 14d shows the time
evolution of electromagnetic wave energy, (AE g, ), flowing out of the spherical shell over the nightside for
different radii. The quantity Eg,, is calculated in a similar way as E by substituting 5, with 5. The increase
of AE 4 seen in the transition region in Figure 14c by itself does not establish that there is local generation
of the Alfvén waves because parallel Poynting flux could arise through a mode conversion process. However,
if the development of paralle] Poynting flux were the result of mode conversion, it would not change Eg,.
Owerall, the lines in Figure 14d have the same trends with those in Figure 14c. However, AE,, (11,12, )
and AEp,, (10,11, £) at t = 3,794 s have a value of 7.3 x 10'* J and 4.1 % 10" ], respectively, smaller than
AE (11,12 f) and AE 4;,(10, 11, £) with a value of 8.5 % 10'* J and 5.7 x 10'? J, respectively. This is because
parts of compressional wave energy are converted to Alfvénic wave energy. In a word, the generation of
much of the wave energy is local while some of the wave generation is likely due to mode conversion.

4. Conclusions and Discussion

In this paper, the generation and propagation of KAWSs in the magnetotail are studied via a 3-D global hybrid
simulation based on Auburn Global Hybrid Code in 3-1. The main results are as follows:

1. KAWSs are generated by the near-tail reconnection, propagating earthward and tailward. As part of the
structure of the reconnection, the electromagnetic fluctuations, parallel electric, parallel currents, and
parallel Poynting fluxes are carried by KAWs to the ionosphere. These highly 3-D Alfvénic waves with
k, # k are identified by the polarization and dispersion relations of Alfvén modes. The spectral break
of the electromagnetic power spectral density shows that ion kinetic physics begin to show up at o ~ £,.

2. As the shear Alfvén waves generated in the tail plasma sheet encounter the strong dipole-like field in the
flow braking region, their wave power is found to be altered.

3. KAWs are also generated at the inner edge of flow-braking region in front of the dipole-like field due to the
ion inertial effects. Polarization and dispersion relations of these waves are also presented in this paper.

4. The total Alfvénic wave energy on the nightside is estimated. Roughly less than 1/7 of Alfvénic wave
energy originating from magnetotail reconnection can cross the transition region around r = 10.0 By
~ 110 R, and less than 1/14 of the Alfvénic wave energy from the magnetotail reaches the ionosphere.
Magnetotail reconnection, local sources at the flow-braking region, and mode conversion are the sources
of Alfvénic wave energy of the ionosphere.

It should be pointed out that as the wave propagates closer to the ionosphere, they will be in the inertial
regime when § is less than the electron-to-ion mass ratio m,/m,. Nevertheless, inertial Alfvén waves are
not included in the hybrid model, in which electrons are considered as a massless fluid. Electron Landau
damping is also ignored in the model.
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The parallel electric field is clearly present in the polarization of KAWS, but its magnitude in our simulation
appears to be larger than that predicted by the linear theory. The magnetic field perturbations in the KAWs
generated in the tail fast flows are of large amplitude (e.g., Figure 8), and the waves are localized, embedded
in the nonuniform plasma. This introduces uncertainty in the estimate of E. In our diagnostics, we have
calculated Ej by projecting E to the wavy local magnetic field B.

Owerall, our simulation presents a comprehensive picture of the generation and structure of KAWSs in the
global magnetosphere as well as their connection to the ionosphere. The shear Alfvén waves and KAWs
are shown to be significant carriers of the parallel currents and Poynting fluxes that are injected to the
ionosphere. Nevertheless, due to the presence of multiple boundary/transition layers in the magnetosphere,
the magnitude of Poynting fluxes in the tail KAWSs is not simply mapped to the ionosphere.
Appendix A: Derivation of Walén Relation for KAWSs
The set of the basic equations based on the kinetic-fluid theory (Cheng & Johnson, 1999) can be written as
P =IxB-V.P-V.IL (A1)
dp
L=y, (A2)
dB
= =~V xE, (A3)
VxB=1, (Ad)
where p and V are mass density and bulk velocity of one fluid, respectively, and P and IT are diagonal
pressure tensor element and off-diagonal pressure tensor element, respectively. The charge quasi-neutrality
condition, ne = ¥,;n,q,, is assumed. Substituting the J x B term in equation {A1) using the perpendicular
generalized Ohm's law (Krall & Trivelpiece, 1973) and ignoring electron inertial terms, we have
1 dv,
E, +VxB= E?L-{P+ﬂ}+p?. (AS)
The gyroviscosity contribution is given by Cheng and Johnson (1999)

V, -M=V,6P. +bx VP, (A6)
where b is the unit vector along the background magnetic field, 6P, = fd?*vu—:i cos2846 f, and 6P, =
f dlul:i sin 285 f with # being the particle gyrophase angle between b and k  (the unit vector along the
perpendicular wave vector directions). Fourier transforming fields and ignoring the background gradients
and parallel magnetic field fluctuations (this approximation is valid for the whole derivation), the following
equation can be obtained from equation (A5):

V,xB+(I[,—T)E, =0, (A7)
where ', = I,“I{i:r}.e"”f with b = kipf and I, being the modified Bessel function of first kind of order n. The
gyroviscosity term is conveniently considered together with the pd—} term because

P 1-T, JdExB
bx V, 4P = —(Ip—T; - . AB
Let us define a new velocity variable
1-T,
?EV+(T"—{1‘D—F1}) =2 (A9)
The Ohm's law is then reduced to
1-TH ExB
V==t Al0
PR (A10)
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where

V. (A11)

In transforming these equations to real space from their Fourier representation, we employ the Padé
approximation, which leads to

1-T, 1
—_— i — Al2
b 1+b a12)
and
') DU SRS A13
T) T (A13)
The Padé approximation implies upon inversed Fourier transform that
(1- V2 )V, » EXB (A14)
and
(1-1250/W3 )V, = V. (A15)

Using equations (Al4) and (A15), the momentum equation and the Faraday's law can be written as

o V.VV=B.VE-V(P+52) (A16)
and
O = (1-AVY)(B-VV-BV-V-V.VB)- VxE, (A17)

respectively. Based on the parallel Ohm's law,
m, i, 1
—dl fdt= ——=b-Vx (VxE)=E, +—VP, AlB
nye? W/ nge? ( =Ey+ ne ° (A18)

the parallel electric field can be written as
T,
(1—42¥7) E = —ii?II?J_- E - —"'i'"p, (A19)
ep

where 4, is the electron skin depth. Using Ohm's law and keeping terms to order a/£};, the continuity
equation can be expressed as

ldp &

B- aB/dt
gdt m)d ’

T (A20)

BxV, -aV/dt+

Neglect compressional effects and background gradients in equation (A20). Then equation (A19) can be
simplified as

(1= 2Vi)Ey=—(pf = 42 (1= V1)) ¥ (Bx V.- V), (A21)
where p? = (T,/T;) g7 is the ion acoustic gyroradius.

Finally, the perpendicular terms of equations (A16) and (A17) in the homogeneous limit in the Fourier
representation are written as

wpdV, = —k B,6B, +k, (6P + B,5B,) (A22)
and
@B, = —k,B, (1+k,p]) 6V, —bx k,E. (A23)
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Equation {A21) in the Fourier representation is written as

(1+122) By = kyBy (72— 2 (1+17) ) bk, -5V, a2

Combining equations (A23) and (A24), we obtain the relation between the perturbed magnetic field and

velocity as

1+(1+T,/T,) kinj
1+k a2

wiB, = kB, 5V, (A25)

The projection in the bx k, direction of equations (A22) and ( A24) gives the KAW/SAW dispersion relation:

e Evll + (14 T/ T,) 2 o7

— (A26)
A
I 1412 22

Combing equations (411), (A13), (A25), and (A26) and considering 6V = &V, the Walén relation for KAWs
is given by
1/2

5V, s V| T Kite ( 1 ) (A27)
T (e B | \1+12skg )]

a 1 a N a
where the coefficient T comes from the gyroviscosity in the pressure tensor.
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