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Abstract. For some time the magnetotail has been considered as a possible region
where hydromagnetic waves can propagate as waveguide modes. Recently, attention
has turned to the magnetospheric flanks as waveguides, and much useful insight has
been gained into propagation of fast waveguide modes there, and the structure of the
field line resonances they can drive. We return to the magnetotail and investigate
hydromagnetic wave propagation and coupling in a magnetotail waveguide. This
problem is significantly different from the flank waveguide as the ambient magnetic
field is directed along the waveguide rather than across. Field line resonances of
the flank type are not possible in the lobe waveguide. We describe a numerical
simulation of a model waveguide in which the Alfvén speed decreases across the
waveguide to the central plasma sheet. The waveguide is stimulated by a short
compressional perturbation located in the far tail. The cross-tail spatial structure
is chosen to give relatively weak coupling between fast and Alfvén modes so that
phase and group velocities of uncoupled fast modes can be used to interpret the
results. We find that the perturbation propagates dispersively down the waveguide
in the form of fast waveguide modes. Fourier components with small parallel
wavenumber contain most of the energy, and propagate relatively slowly toward
the “Earth.” These act as moving sources which launch Alfvén waves continuously
earthward. The wave dispersion relations are such that the waveguide modes couple
with Alfvén waves only in a limited region of the transverse Alfvén speed gradient.
The Alfvén waves travel at the local Alfvén speed along each field line, so that as
they travel the wave on a given field line becomes increasingly out of phase with
waves on adjacent field lines. The phase mixing in our model is novel in that it
includes the effects of transverse gradients in both Alfvén frequency and parallel
wavenumber which tend to cancel each other out. Nevertheless, the phase-mixing
process leads to increasingly fine transverse structure as the waves progress down
the waveguide. The results are likely to be applicable in regions such as the plasma
sheet boundary layer and the plasma mantle.

1. Introduction

The existence of an extended geomagnetic tail has
been appreciated for more than three decades. Rela-
tively early in that period it was also appreciated that
the large size of this cavity might allow the existence
of hydromagnetic eigenmodes with millihertz and sub-
millihertz frequencies, as an explanation for the obser-
vation of such frequencies in magnetometer data [e.g.,
Herron, 1967]. The “theta” model used by McClay
and Radoski [1967] derived reasonable eigenfrequencies
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from a cylindrical magnetotail with uniform antiparal-
lel magnetic fields in the top and bottom halves of the
cylinder, and a uniform Alfvén speed. The cylinder was
bounded by reflecting walls perpendicular to the axis.
Similar results were obtained by Patel [1968]. Recently,
Walker et al. [1993] have again considered waveguide
eigenfrequencies in a cylindrical magnetotail.
Increasingly detailed models were developed to in-
clude the plasma sheet [Siscoe, 1969] and solar wind
flow coupling to the plasma sheet via hydromagnetic
waves [McKenzie, 1970, 1971]. Work on waves re-
lated to the plasma sheet and neutral sheet has been
sporadic since then [Hopcraft and Smith, 1986; Se-
boldt, 1990; Liu et al., 1995], although much related
work has been carried out in modeling the solar at-
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mosphere [e.g., Roberts et al., 1984; Berghmans et
al., 1996], with some application of the results to the
magnetosphere [Edwin et al., 1986].

Waveguide ideas have recently come to the fore as
an explanation for certain very stable, discrete field
line resonance signatures seen in high-frequency radar
observations of the ionosphere [Samson et al., 1992;
Walker et al., 1992]. The waveguides were proposed to
lie on the magnetospheric flanks so that magnetic field
lines were transverse rather than longitudinal as in the
tail case. Fast waveguide modes could then drive field-
line resonances on these field lines which were line-tied
in the ionosphere. Detailed time-dependent results for
flank waveguide modes and field line resonances were
derived by Wright [1994], Rickard and Wright [1994,
1995], and Wright and Rickard [1995].

Recent observations have returned attention to the
magnetotail as a possible hydromagnetic waveguide.
Elphinstone et al. [1995] presented IMP 8 observations
of compressional waves in the northern tail lobe, which
appeared to be propagating Earthward from a source
tailward of xgsg = —28 Rg. Weatherwaz et al. [1997]
discussed observations of Pc5 pulsations with frequen-
cies of a few millihertz on high-latitude field lines which
mapped deep into the tail, but which were probably still
closed. Ables et al. [1996] and Wolfe et al. [1997a, b]
presented ground-based magnetometer observations of
mHz frequency ULF waves in the southern polar cap,
which should map to open field lines in the southern
magnetotail lobe. These observations all indicate the
occurrence of wave activity on field lines which extend
well into the region where the magnetotail should act
as a hydromagnetic waveguide. Note that Wolfe et
al. [1997a] effectively summarized the results of Wolfe
et al. [1997b], which are similar to the results of Ables
et al. [1996].

Our intention in this paper is to develop a numeri-
cal simulation of hydromagnetic wave propagation and
coupling in a simplified model of the magnetotail. This
initial work is aimed at determining qualitative features
of these processes and hence identifying the fundamen-
tal physical processes that operate. A detailed obser-
vational comparison will be carried out in later work.
Therefore we do not at present attempt to compare our
results directly with the observations described above.

We retain full time dependence rather than examin-
ing tail eigenmodes as was generally done in the earlier
magnetotail work cited above. We regard coupling be-
tween compressional fast waves and Alfvén waves as be-
ing important, and therefore include appropriate Alfvén
speed gradients and cross-tail spatial structure to allow
this coupling. Note that the simple cross-tail structure
used here is not intended to be a realistic model of the
magnetotail, but should be regarded as a demonstra-
tion of the physical effects that can occur in any region
of the magnetotail where significant cross-tail Alfvén
speed gradients occur.

In the following sections we describe the model struc-
ture, the numerical simulation, and the results. Finally,
we interpret the physical meaning of the results and
discuss their applicability to the magnetosphere.
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2. Model Structure

Our model magnetotail waveguide is based on the
two-dimensional hydromagnetic box model of Radosks
[1971] and Southwood [1974]. The main difference be-
tween the present case and the flank waveguide model
of Rickard and Wright [1994] (hereinafter RW) is that
the magnetic field extends parallel to the waveguide axis
rather than being across the waveguide as in the latter
work. Figure 1 is a schematic of the waveguide. The co-
ordinate z extends from a position in the tail at = 0 to
z =z, the “Barth.” The coordinate z extends across
the waveguide from z = —zj at the southern “magne-
topause” to z = z)s at the northern “magnetopause.”
Note that in this qualitative model z = +2); need not
necessarily be taken as representing the magnetopause
in the physical magnetotail but are convenient bound-
aries for the region of cross-tail Alfvén speed variation
described below. Variation in the third dimension y is
represented by a single Fourier component as described
later.

The magnetic field B = By% is uniform. Plasma mass
density is chosen to vary as a function of z in such a
way that the Alfvén speed V, varies linearly across the
northern and southern “lobes” as shown in Figure 1.
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Va changes by a factor of 2 between z = 0 and z = +z),.
We have in effect assumed a very thin plasma sheet at
z = 0 with no neutral line so that we can use a mag-
netic field of constant strength that reverses direction
across z = 0 (as in the cylindrical model of McClay and
Radoski [1967]). This is fairly unrealistic but is ade-
quate for modeling the propagation of hydromagnetic
waves in a cold plasma, as this propagation depends
only on V4 rather than the magnetic field and density
independently and does not depend on the direction of
B. The linear variation of V} is also a major simplifica-
tion. This variation is chosen for numerical convenience,
in order to ensure that the Alfvén wave phase-mixing
length (see RW)

Va(z) = (1)

Lpy(z,t) = 2n[w(2)t]!

(2)

is constant across each “lobe” of the model;ﬁagneto-
tail at a given time. Here wy(2) is the frequency of an
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Figure 1. Schematic of the model waveguide, show-
ing the variation of the Alfvén speed V4 between the
“plasma sheet” (horizontal dashed line) and the nominal
“magnetopause.” The constant magnitude magnetic
field B reverses direction across the “plasma sheet.”
The y direction is into the plane of the diagram.
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Alfvén wave witha given wavelength on the field line at
z, the prime denotes d/dz and t is elapsed time. Con-
stant Lpy at a given time ensures that a grid spacing
in the numerical scheme which resolves Lpy at one z
resolves it at all z in the lobe. Even with this idealized
variation of V,, we expect that our results should be at
least qualitatively applicable to regions where there is a
transverse variation of the Alfvén speed in the physical
magnetosphere. Later (in section 5.2) we show (2) is
actually an underestimate of the rather subtle phase-
mixing length which occurs in our model.

We solve the following set of linearized first-order
ideal hydromagnetic equations in the waveguide.

by /0t = —(0u,/0z+ kyuy) (3)
ob, /0t = Ou,/0z (4)
b, /0t = Ou,/0z (5)
Ouy /0t = (Oby /0 + kybs)/p (6)
Ou,/0t = (0b,/0z — db,/0z)/p (7

Here b = (b, by, b,) is the wave magnetic field, u =
(0, uy, u,) is the wave E x B drift velocity, and p is
the plasma mass density. The velocity u, is chosen to
have a separable y variation of sin(kyy), with u, = 0
at the y boundaries of the waveguide. The other field
components have y variations consistent with this.

These hydromagnetic equations have been normal-
ized using zps as the unit of distance, and zp/Van
as the unit of time, where V) is the Alfvén speed at
z = Fzp. Velocities are normalized using Vj4ps, mag-
netic fields using By, and densities using BZ/poV3,,-
From now on all quantities quoted will be normalized.

Boundaries are chosen to be perfectly reflecting at
the “magnetopause” (u,(z = %zp) = 0) and at the
“earthward” end of the box (z = zg), the latter crudely
representing the high-latitude ionosphere. (Note that
the simulation was not run long enough for waves to
reach the Earthward end of the computational domain,
so this boundary does not affect the results.) Symmetry
boundary conditions are applied at the z = 0 end of the
waveguide (Ou,/0z = 0).

Waves in the guide are stimulated by a compressional
disturbance in u, occurring along the “plasma sheet”
z = 0 over the range z = 0 to z4 (where z, is short
compared with zg) and for a time t; short compared
with the minimum Alfvén transit time to zz. The form
of the disturbance is '

u, o cos(mt/tq)[1 — cos(2mt/ty)][1 + cos(mz/z4))

(8)

for t < t4, with u, = 0 for ¢t > t;. This imposed veloc-
ity at z = 0 corresponds to a positive displacement at
z = 0%, and a negative displacement at z = 0~. The
associated expansion of the field lines in the z direction
could arise from a flux rope or plasmoid moving down
the tail. This disturbance can be thought of as rep-
resenting a sudden localized energy release in the tail
plasma sheet.

Wright [1994] and RW discussed the dispersive prop-
agation of fast mode waves in inhomogeneous hydro-
magnetic waveguides: They showed that the phase and
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group velocity properties of the uncoupled (k, = 0)
‘WKB solutions were useful for interpretation of the cou-
pled wave results. Here we give these properties for
the tail waveguide using the appropriate dispersion and
group velocity diagrams. In the top panel of Figure 2
the full curve shows the waveguide mode parallel dis-
persion relation (frequency w versus k| = k;) for the
fundamental n = 1 mode in z when k, = 0. This curve
was calculated using a shooting method, with boundary
conditions u, = 0 at z = £1. A mode with wavenumber
k| has a parallel phase velocity given by V, = w/k).
The dashed lines show Alfvén wave dispersion relations
for the range of V4 in the model, from V4 =0.5at z =0
to V4 =1at z=1, including V4 = 0.9 at z = 0.8. The
dash-dot line shows in arbitrary units the kj Fourier am-
plitude spectrum of the applied impulse (8) for z; = 1.2.
The full line in the bottom panel of Figure 2 gives the
parallel group velocity Vg = 0w/0k). This has a char-
acteristic maximum at a relatively small value of ky,
followed by a slow decrease to the asymptotic value for
infinite &y, given by the dashed line. The properties in
Figure 2 will be used later to interpret the numerical
results obtained in the coupled case where k, is small
but not zero.
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Figure 2. (top) Parallel dispersion relation for the

n = 1 fundamental waveguide mode (solid line), the
Alfvén wave dispersion relations for V4 = 0.5, 0.9, and 1
(dashed lines), and the initial perturbation k spec-
trum in arbitrary units (dash-dot line). (bottom) Paral-
lel group velocity for the n = 1 waveguide mode (solid
line) and the asymptotic value as kj — oo (dashed line).
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3. Numerical Solution

The system (3)—(7) is integrated forward in time us-
ing the leapfrog-trapezoidal algorithm [Zalesak, 1979)
as described in section 3 of RW. This algorithm is
second-order accurate in both space and time. Since the
system is linear, we use a fixed time step equal to a frac-
tion of the shortest Alfvén transit time across one cell
of the grid. We use different (constant) grid spacings
in z and z. A finer grid spacing is used in z as phase
mixing in the z direction may ultimately develop some
of the shortest spatial structures in the simulation. The
grid spacing in = must be at least fine enough to resolve
the z structure of the initial perturbation (8) well. In
this perturbation of u, we choose t; = 2 and z4 = 1.2.
Since wave propagation in the system is symmetrical
about z = 0, we need solve only in the region z > 0 and
then reflect the solution in the line z = 0 to obtain the
complete solution.

We also choose k, = 0.5 as the Fourier component
perpendicular to the simulation plane allowing coupling
between fast and Alfvén modes. If a half wavelength
in y is taken as representing the width of the waveg-
uide, then the width for k, = 0.5 is 27r. This value of
k, ensures moderate coupling between fast and Alfvén
modes, but larger values of k, (and hence larger cou-
pling) could be taken without making the waveguide
unrealistically narrow. However, as discussed by RW,
we wish to keep the coupling relatively weak so that
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energy densities derived using the field components of
the uncoupled fast and Alfvén modes can still be used
as approximate diagnostics for the propagation of the
coupled modes.

Diagnostic checks were carried out using successively
finer grid spacings until we were satisfied that the solu-
tions had converged correctly. For example, when the
driving condition (8) had unit amplitude, the difference
between the u, fields at the center of the z > 0 simula-
tion box for a 100 x 500 grid and a 200 x 1000 grid in z
and z was less than 5 x 10~ when the code was run for
25 time units. In all runs we took the time step to be
1/20 of the shortest transit time between two adjacent
grid points. The final configuration used had 200 grid
points between z = 0 and 1. The length of the box zg
was chosen to be 25 in normalized units, and 1000 grid
points were taken between z = 0 and zg. The simu-
lation was run for 25 time units so that disturbances
traveling at the maximum Alfvén speed (V4 = 1) just
reached the end of the box at ¢ = 25. This ensures
that the box acts as a true waveguide over the complete
simulation time, with no interference from reflections at
zg. The grid spacing in z is small enough to ensure that
the phase-mixing length (2) at t = 25 is well resolved.

For this configuration we found that the ratio of the
wave energy in the box at t = 25 to the total injected
energy was 0.9995. The maximum value of normalized
V - B for all positions and times in the box was 10712,
These figures convince us that the simulation is behav-

ing properly.

t=1.25

15 20 25

Distance X along waveguide

Figure 3. Contour plots of the fast mode energy density Fr and the Alfvén mode energy density
E 4 versus z and z for times ¢t = 1.25, 10, and 2% during the simulation.
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4. Results

As discussed earlier, we use energy densities derived
from the field components of the uncoupled fast and
Alfvén waves as approximate diagnostics of the rela-
tively weakly coupled modes in the waveguide when k,
is not too large. The uncoupled (k, = 0) fast and Alfvén
mode energy densities Er and E4 are given by

Ep =
Ep =

(pus + b2 +1bZ)/2 (9)
(pu2 +b2)/2 (10)

We also use the diagnostic D, defined by

Da = uy +b,/p*/? (11)
which is exactly zero when the (u,, b,) wave field is
purely Alfvénic. If the (uy, by) perturbations are sig-
nificantly non-Alfvénic, then D, is nonzero.

In Figure 3 we display contour plots of Er and E4
at times ¢ = 1.25, 10, and 25 during the evolution
of the simulation. Each contour plot is normalized to
its own maximum value. Note how the development
of the structure of EFr with time qualitatively resem-
bles the development of the structure of the compres-
sional magnetic field component shown in Figure 3 of
Wright [1994]. Dispersion in the waveguide means that
Fourier components with the largest k| and smallest
k. propagate fastest down the waveguide, while compo-
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nents with smaller k) and larger k. propagate mainly
across the waveguide, and travel much more slowly
down the waveguide. At t = 25 in Figure 3, significant
fast mode energy has only propagated about halfway
down the waveguide. Most of the fast mode energy is
still lingering near the beginning of the waveguide be-
cause the energy in the initial disturbance is mainly in
small kj components (see the dash-dot curve in the top
panel of Figure 2).

The development of E 4 in Figure 3 is of major inter-
est. At t = 1.25 there is a clear E4 structure centered
on the plasma sheet at z = 0 and associated with the
developing Er which initially was derived purely from
u,. At t = 10 new E,4 structures have appeared near
z = 1. They originate at an z position within the
propagating Er structure but appear to have traveled
down the waveguide at the local Alfvén speed for given
z. This is confirmed at ¢ = 25, where the origin of
the E4 structures at z = =1 is still associated with
the slowly propagating Er, but their leading edges at
z = £1 have almost reached the “earthward” end of the
waveguide.

The E 4 structures near z = +1 appear to be Alfvénic
in character. To test this we show in Figure 4 the field
components u, and b, for t =1.25, 10, and 25 at z =1
and z = 0.8 along the complete waveguide. Also shown
as dash-dot curves is the Alfvén diagnostic D, given
by (11). At t = 1.25 the initial disturbance has not yet
reached z = 1, but a small non-Alfvénic disturbance
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Figure 4. Velocity and magnetic field components u,, (solid lines) and b, (dashed lines) versus z
at z =1 and 0.8 for times ¢ = 1.25, 10, and 25. The Alfvén diagnostic D, is shown by dash-dot

lines. .
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Figure 5. Velocity and magnetic field components u,
(solid lines) and b, (dashed lines) versus z at = 5, 15
and 20 for time ¢t = 25. The Alfvén diagnostic D4 is
shown by dash-dot lines.

has reached z = 0.8, with an extent in z compara-
ble with (8). At t = 10 waves are propagating down
the waveguide, becoming increasingly more Alfvénic as
x increases. At t = 25, the structure at z less than
about 7 is not Alfvénic, as D4 is definitely nonzero. For
& greater than 7 the waves become more Alfvénic until
by about 2 = 14 they appear to be virtually pure Alfvén
waves. The wave at z = 1 is just reaching the end of
the waveguide at ¢ = 25, while the wave at z = 0.8 still
has some way to go.

Figure 5 shows cuts of u, and b, across the north-
ern lobe of the waveguide at * = 5, 15, and 20, for
t = 25. The structure at = = 5 is not Alfvénic, while
those at z = 15 and 20 are Alfvénic. At z = 15 the
amplitude appears to decay inward from z = 1 to about
z = 0.5, and then becomes enhanced again before be-
coming small near 2 = 0. At z = 20 there is a clear
oscillatory structure for z > 0.6.

The general qualitative impression from these results
is that part of the fast mode structure propagating rela-
tively slowly down the waveguide is acting as a moving
source of Alfvén waves near the z = £1 boundaries
of the waveguide. These Alfvén waves then propagate
down the waveguide at the local Alfvén speed on a given
field line. In the next section we consider more quanti-
tative aspects of these ideas.

5. Discussion
5.1. Quantitative Interpretation

We begin by considering Alfvén waves that are not
driven resonantly but are associated with the initial
transient of the driving condition. These waves would
exist on the field lines even if the z = £1 boundaries
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were transparent to fast waves and no waveguide effects
existed. Alfvén transients are seen most clearly in the
E4 contour at t = 25 in Figure 3. Alfvén waves at
z = 0 and £1.0 propagate at speeds of 0.5 and 1.0, re-
spectively. Thus at ¢ = 25 the transients have reached
the points (z, z) of approximately (12.5, 0.0) and (25.0,
+1.0). There is also a clear ridge of Alfvén energy
joining these points associated with the transients on
intermediate field lines. This leading edge delineates
the propagating information front and the Alfvén waves
that comprise it are not resonantly driven. The region
to the right of the front is undisturbed by the driv-
ing condition. The Alfvén transient is also apparent in
Figure 5: the profile at z = 15 (when ¢ = 25) should re-
veal Alfvén waves propagating at a speed of 0.6, which
corresponds to field lines at z = 0.2. Indeed, this z co-
ordinate clearly identifies the leading Alfvén transient,
although it occupies a range of z reflecting the fact that
the driving source is extended in z and ¢. Similar rea-
soning suggests the profile at z = 20 (when t = 25)
should have a transient feature propagating at a speed
of 0.8 and be located around z = 0.6. The transient at
z = 20 is adjacent to Alfvén waves (z > 0.75) that are
resonantly driven, and we now focus upon these Alfvén
waves.

The properties of the k, = 0 uncoupled waveguide
modes in Figure 2 can be used to interpret the small
k, coupled results described in the previous section.
Significant coupling between fast waveguide modes and
Alfvén modes (for a given k, # 0) will occur when (1)
the waveguide mode parallel phase velocity V,,| matches
the Alfvén velocity and (2) there is significant power in
the waveguide mode k| spectrum at that phase velocity.

Coupling of fast and Alfvén waves can only occur
when the fast frequency lies inside the Alfvén contin-
uum. This corresponds to the solid line in the top
panel of Figure 2 lying between the dashed lines la-
beled 0.5 and 1.0. When this condition is satisfied,
the parallel phase velocity of the waveguide mode will
match the Alfvén speed at some z value; this identifies
the fieldline where “resonant” coupling can occur. The
fast mode dispersion curve (n = 1) enters the Alfvén
continuum at (kj,w) = (3.3, 3.3), so fast modes with
kp < 3.3 do not couple to Alfvén waves. The same
panel also shows that the dominant power in the kj
spectrum is for k) less than about 5. Hence signifi-
cant mode coupling can only occur for waveguide modes
with 3.3 < kj < 5.0. The frequencies of these modes
are in the range 3.3 < w < 4.2, and the parallel phase
velocities are 0.85 < V,| < 1.0. Equating these phase
velocities with Alfvén speeds identifies the layer of field
lines on which Alfvén waves may be excited. Employing
(1) implies the coupling layer is 0.7 < z < 1.0. This is
the case in Figures 3 and 5. At x = 15 in Figure 5 the
lobe structure of the perturbation k| amplitude spec-
trum in Figure 2 appears to be mirrored in the u, and
b, amplitudes from about z = 0.7 to 2 = 1.0. At
z = 20 a significant wave amplitude is also present be-
tween 0.6 < z < 0.7 and is associated with the Alfvén
transients discussed earlier in this subsection. ‘
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In the top panel of Figure 2 the intersections of
the V4 = 0.9 and 1.0 lines (at z = 0.8 and 1.0)
with the waveguide mode dispersion curve occur at
k) = 4.13 and 3.30, respectively; these correspond to
parallel wavelengths Ay = 1.52 and 1.91. From Fig-

ure 4 at t = 25 the measured wavelengths of the Alfvén

waves over the interval for which the Alfvén diagnos-
tic Dy is zero (after z ~ 12) are about 1.52 and 1.91
~ for z = 0.8 and 1.0, respectively. Therefore the Alfvén
waves propagating in the model waveguide are consis-
tent with generation by coupling to fast mode waves
which approximately obey Figure 2.

The Alfvénic nature of the waves near z = £1 was
tested by plotting the position of the leading edge of
the Alfvénic structure at z = 1 versus time. It was
found to be moving at exactly unit speed, confirming
it to be an Alfvén wave. At z = 0.8 the leading edge
moves at the expected speed of 0.9 until about t =
14. After this time a small structure appears extending
beyond the true leading edge (see the bottom panel of
Figure 4). This structure has an amplitude of about 7 x
10~2, comparable with the error discussed in section 3.
We therefore interpret this as a numerical artifact which
makes no difference to the qualitative insights gained in
this paper. However, care would have to be taken to
reduce the artifact for longer runs.

As discussed at the end of the previous section, the
Alfvén waves at a given z appear to emanate from a
source moving at a speed significantly less than V4 (z).
We have seen earlier that these Alfvén waves have
kj = 4.13 and 3.30 at z = 0.8 and 1.0, respectively. The
bottom panel of Figure 2 then gives the parallel group
velocities of fast mode waves with these values of k| as
approximately Vg = 0.55 and 0.49, respectively. If we
assume that fast mode wave packets moving at these
values of V| are generating the Alfvén waves, then at
t = 25 the source wave packets should have reached po-
sitions & = 13.7 and 12.4, respectively. These values
are in excellent agreement, with the positions in the bot-
tom panel of Figure 4 which identify the points beyond
which D4 = 0 (and the waves are Alfvénic) and before
which D4 has a small but significant value (indicating
the disturbance is not solely Alfvénic). We expect this
as these positions should coincide with the leading edges
of the driving fast wave packets. This supports our
idea that the Alfvén waves at given z emanate continu-
ously from a moving fast. mode wave packet with parallel
wavenumber at that z determined by the matching of
phase speeds. The Alfvén waves then travel down the
waveguide at speed V4(z). Note that the Alfvén wave
energy is extracted from that part of the fast mode &y
spectrum which interacts with the Alfvén waves. Since
the coupling was chosen to be small in this illustrative
example, the Alfvén wave amplitudes are relatively con-
stant on a given field line. If the coupling were chosen
to be larger, the driving fast mode energy would be de-
pleted, and we would expect to see the emitted Alfvén
waves decrease in amplitude with time and 2. Simi-
lar features would result if the fast mode energy leaked
from the waveguide.
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Figure 6. Schematic of ray trajectories and coupling
site for the upper half of the magnetotail waveguide.
(top) Three ray trajectories. Very low kj waves are
incident upon the “magnetopause” at z = 1 (ray 1).
At larger k| a critical value exists where the turning
point is located at z = 1 (ray 2). For larger k the
turning point (z;) moves to lower Alfvén speeds. The
mode couples resonantly to Alfvén waves at z,. which
is located just beyond z;. (bottom) A single kj mode.
It propagates away from the source region at speed V
and radiates an Alfvén wave at z, which propagates
with speed V4(z,) ahead of the fast mode.

A cartoon of the fast waveguide mode propagation,
dispersion and mode coupling to the Alfvén wave is
shown in Figure 6. The top panel shows modes with a
very small k| which do not have a turning point inside
z =1 (ray 1). These waves are free to leak out unless
the change in magnetoplasma parameters across z = 1
provides a sufficiently good reflecting boundary. As k)
is increased, trajectories like that of ray 2 are produced
for which the turning point is located at z = 1. Increas-
ing ky still further moves the turning point deeper into
the tail to smaller z (ray 3). In general, the turning
point is located at z;, defined via

w? = VZ(z)(k] + k) (12)

Since w is a known function of ky (Figure 2), the
above equation effectively defines ky(2;) or equivalently
w(zt). We expect small k, modes to be most efficient at
mode coupling to Alfvén waves as the resonant field line
(at z-) will be located near the turning point and will
not require significant tunneling of fast mode energy.
The location z, is defined via

w? = Vj(zr)kﬁ (13)
so it is clear that for small k,, 2z, & z;. Since w is a
known function of ky (Figure 2), the above equation
effectively defines k| (2,) or equivalently w(z,).

The lower panel in Figure 6 shows where the energy
associated with fast modes in the interval [k, k) + dky)
is located. It moves along in a band at speed Vo (kyp)
and has a width in z of (9Vy/0k)dkt, where ¢ is the
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Tail Lobe

Tail Lobe -

Figure 7. Schematic of a possible Alfvén speed struc-
ture within the plasma sheet, plasma sheet boundary
layer (PSBL), and tail lobe.

time since the waves were excited. The width broadens
in time due to dispersion. The energy is concentrated
on the low Alfvén speed side of the turning point. While
the band of fast mode energy is propagating along the
guide, it is also coupling to Alfvén waves at z, which
are radiated from the moving source and propagate at
a speed V4(2,). Thus the Alfvén waves run ahead of
the fast mode source region.

Figure 6 illustrates that the efficiency of the bound-
ary at z = 1 as a reflector is not an important factor
in containing the critical part of the fast mode energy
spectrum in the waveguide. Rays which do not have
a turning point before z = 1 may be lost through the
boundary if it is not a good reflector. Rays which in-
teract with Alfvén waves have turning points inside the
waveguide and are evanescent for z > 2z;. Such modes
do not lose significant energy through the z = 1 bound-
ary and are fairly insensitive to the boundary condition
imposed there.

- In Figure 7 we sketch a probable region where the
ideas described in this paper could apply. The Alfvén
speed in the plasma sheet and the plasma sheet bound-
ary layer (PSBL) varies with z roughly as shown in
Figure 7 before the more constant conditions of the tail
lobe are reached. We expect that Alfvén waves gener-

ated by guided fast mode waves are most likely to exist
in the PSBL.

5.2. Phase-Mixing Lengths

The Alfvén waves running ahead of the fast source
regions are essentially decoupled Alfvén waves which
will phase mix and produce small scale lengths in the
z direction. (This can be seen in the bottom panel of
Figure 5.) Previous studies of phase mixing have either
looked at time dependent systems in which the (Alfvén)
frequency of each field line is a function of position but
ky is constant [e.g., Mann et al., 1995], or considered
normal modes in which k) is a function of position, but
w is constant [e.g., Heyvaerts and Priest, 1983]. The
situation in our present study includes the richness of
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both types of phase mixing: we noted above that (13)
defines kj and w4 for Alfvén waves that will be excited
resonantly at a given z. _

Energy has propagated away from the region around
(0,0) since t = 0. Subsequent propagation would sug-
gest a local mode structure of exp i,

¢ =ky(z)z —wa(2)t

where k| (z) is the parallel wave number for which fast
and Alfvén waves are resonant at z, and wy(z) is the
frequency of these waves. The local phase mixing length
in z of this solution is Lpy = 27 /k,(z), where

o¢
kzzE—_—kﬂm—wkt

(14)

(15)

and a prime denotes 9/9z.

Since we have already quoted the values of V4 and k|
at z = 0.8 and 1.0, it is easy to estimate the gradients
of wy and kj at z = 0.9, and thus the phase-mixing
length there. These gradients are kil(z =0.9) ~ —4.20,
and w’y(z = 0.9) & —2.15. The bottom panel of Fig-
ure 5 enables us to measure the phase-mixing length at
z = 0.9 from the numerical solution to be about 0.2.
These waves are observed at t = 25.0, z = 20.0 from
which we can estimate the phase-mixing length to be
0.208, which is in excellent agreement with the value
measured from Figure 5. It is interesting to note that
the phase mixing from gradients in k) and wy tend to
cancel each other, and it is important to include both
mechanisms. If we only include one or the other pro-
cess we get the following estimates for the phase-mixing
length, 2/(w/yt) = 0.117, and 2m/(kjz) = 0.075, nei-
ther of which is close to the measured value. Since the
two contributions to the phase mixing tend to cancel
each other out (i.e., reduce k, in (15)), the system takes
longer to develop small scales than the less sophisticated
estimate in (2) suggests. This is important for deciding
whether electron inertial or finite Larmor radius effects
will become significant.

5.3. Application to the Magnetosphere

Our model magnetosphere is very idealized and does
not include several features of the physical magneto-
sphere, for example, variation of parameters in the z
direction. Flaring of the tail results in an increase in
cross-sectional area and a decrease in the lobe magnetic
field with antisunward distance. However, flaring be-
comes very gradual beyond about 20-30 Rg downtail
of the Earth [Petrinec and Russell, 1996]. Over most
of the region in which fast waveguide modes couple to
Alfvén waves the structure should be reasonably inde-
pendent of z. Only in the near-Earth region is there a
significant change in the waveguide parameters. This
may affect some long-wavelength components of the dis-
persive fast mode structure but should have no signif-
icant effect on the field-guided Alfvén waves. We feel
that the following results should apply at least qualita-
tively to the physical magnetosphere.

1. A significant energy release in the far tail plasma
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sheet should result in the launching of fast waveguide
modes toward and away from the Earth.

2. If the energy release has a reasonable extent along
the waveguide (of the order of the lobe width), most of
the fast mode energy will travel relatively slowly toward
the Earth because of the slow parallel group velocities
of the waveguide modes with significant energy. Very
small kj modes that do not have a turning point inside
the magnetopause may escape to the magnetosheath.

3. A range of these fast waveguide modes can couple
with Alfvén waves in a limited region containing field
lines on which the parallel phase velocities of the fast
and Alfvén modes match. These waveguide modes act
as moving sources emitting Alfvén waves ahead of the
fast mode.

4. The excited Alfvén waves travel in front of the
fast modes (on any given field line) at the local Alfvén
speed, which is generally significantly larger than the
source speeds (i.e., Vg).

5. Similar waveguide modes may be launched anti-
sunward down the tail and drive antisunward propagat-
ing Alfvén waves.

6. Our model does not have a single resonant field
line but a layer of field lines on which Alfvén waves are
resonantly driven. The width of the layer can be deter-
mined from the equilibrium structure of the waveguide
and the parallel extent of the source region.

Point 4 means that pure Alfvén waves should arrive at
the Earth well before fast mode waves with comparable
energy. Fast waves may lose significant energy through
the flanks of a realistic model, and so we anticipate that
not all of the fast mode energy will reach the near-Earth
magnetosphere. Also field lines at high magnetic lat-
itudes become distorted as they approach the Earth.
Alfvén waves should be guided to the high-latitude iono-
sphere along these field lines, but fast mode energy may
be lost across the field lines before reaching the iono-
sphere. The wave signature at the high-latitude iono-
sphere may therefore be predominantly Alfvénic. If we
choose zps = 20 R and Vap = 700 kms™!, the model
time unit is 180s. Alfvén wave frequencies near z = %1
are then about 3mHz, similar to frequencies observed
under the ionosphere in the region where field lines are
extremely stretched or open [Ables et al., 1996; Wolfe
et al., 1997a, b).

A further interesting effect of point 4 is that the
Alfvén waves “phase mix” as they travel toward the
Earth at different speeds on adjacent field lines [e.g.,
Heyvaerts and Priest, 1983; Nocera et al., 1984;
Mann et al., 1995]. Our results generalize these stud-
ies by including both spatial and temporal phase mix-
ing. This generates increasingly finer transverse spa-
tial scales as the waves propagate, an effect which can
be clearly seen in Figure 5. If fine enough scales can
develop (because of long propagation distances, steep
Alfvén speed gradients, or both), it is possible that non-
hydromagnetic effects may occur. For example, if the
transverse scale length approaches the ion Larmor ra-
dius, the Alfvén waves may begin to disperse across the
field lines [e.g., Streltsov and Lotko, 1995]. Similar
effects would occur if the transverse scale length ap-
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proaches the electron inertia length. To estimate these
parameters, we take By ~ 10 nT, an ion temperature of
107K, and an electron number density of 5 x 105 m™3
[Paterson and Frank, 1994]. These give an ion Larmor
radius of about 300km, and an electron inertia length
of about 10km. With z); = 20 Rg our phase mixing
length of 0.2 becomes 4 Rg. It therefore seems likely
that two-fluid effects will still be insignificant by the
time our Alfvén waves reach the Earth. Of course, the
equilibrium structure of the tail will determine the de-
tails of how rapidly phase mixing will occur. Our equi-
librium was chosen for numerical convenience. The use
of a more realistic model where localized large density
gradients may occur will alter the phase mixing length
estimates.

Note that our normalized waveguide length of 25
means that our perturbation occurs in the far tail. It
is uncertain how far down-tail such disturbances can
occur. However, our intention here has been to give
enough propagation time to allow the obvious develop-
ment of features such as phase mixing.

6. Conclusions

We have presented a numerical simulation of hydro-
magnetic wave propagation in a simplified magneto-
spheric tail, modeled as a hydromagnetic waveguide
with uniform longitudinal magnetic field and a trans-
verse density gradient chosen to give an Alfvén speed
which increases linearly across each lobe from the thin
“plasma sheet” to the nominal “magnetopause.”

A relatively short (in duration and longitudinal ex-
tent) transverse velocity perturbation is applied at the
far tail end of the waveguide’s plasma sheet. This prop-
agates dispersively down the waveguide in the form of
fast waveguide modes. Fourier components with small
parallel wavenumber contain most of the energy and
propagate relatively slowly toward the “Earth.” Com-
ponents above a critical k| act as moving sources which
launch Alfvén waves continuously earthward. The wave
dispersion relations are such that the waveguide modes
couple with Alfvén waves only in a limited region of
the transverse Alfvén speed gradient. The Alfvén waves
travel at the local Alfvén speed along each field line, so
that as they travel the wave on a given field line becomes
increasingly out of phase with waves on adjacent field
lines. This phase-mixing process leads to increasingly
fine transverse structure as the waves progress down the
waveguide, but the structure is not likely to become fine
enough to allow two-fluid effects to develop unless the
local Alfvén speed gradients are very steep.

We conclude that energy releases in the far tail which
result in a transverse displacement of the tail field lines
should have signatures which propagate up- and down-
tail from the source region as relatively slowly moving
compressional waveguide modes. In a limited region
of any transverse Alfvén speed gradient these modes
should launch Alfvén waves which propagate ahead of
the fast wave front. The latter should be seen in and
below the high-latitude ionosphere as a train of Alfvén
waves of significant duration on stretched or open field
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lines. This could possibly be followed by compressional
wave signatures if the waveguide modes reach the high-
latitude ionosphere with significant amplitudes. Note
that this mechanism provides a way of generating oscil-
latory Alfvén wave signatures without requiring stand-
ing waves on closed field lines and should be applicable
in regions such as the plasma sheet boundary layer and
the plasma mantle.
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