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7 e MMS satellites observe whistler-mode waves inside the low-magnetic ducts.

8 « We provide an analytical explanation for the occurrence of leaking ducts and show
0 that the low-magnetic ducts are prone to leak.

10 « Simulations confirm our analytical prediction of the most trapped whistler-mode
1 waves in the low-magnetic ducts, provided by the least degree of leakage.
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Abstract

This paper studies extremely-low frequency (ELF) whistler-mode waves’ behavior within
small-scale magnetic field irregularities in the Earth’s magnetosphere, known as mag-
netic ducts. Based on the magnetic fields’ magnitude inside and outside these ducts, they
are categorized as high-magnetic ducts (HBD) and low-magnetic ducts (LBD). Using the
whistler-mode dispersion relation analysis, our primary focus is to show that LBDs are
prone to leak electromagnetic energy outside the duct. We further investigate the hy-
pothesis that whistlers can propagate within LBDs without any signal loss when the width
of the duct corresponds to an integer multiple of the perpendicular wavelengths of the
waves inside it. This condition offers a straightforward and effective method for iden-
tifying non-leaking eigenmodes of LBDs. Our analysis of this non-leaking condition re-
veals that every LBD possesses a finite number of non-leaking eigenmodes directly pro-
portional to the duct’s width and the magnitude of the ambient magnetic field within

it. The analytical results are then validated using two-dimensional, time-dependent sim-
ulations of the electron-Magnetohydrodynamics (EMHD) model. Also, we model the non-
leaking propagation of an ELF whistler-mode wave observed inside the LBD by the NASA

Magnetospheric Multiscale mission (MMS) satellites.

1 Introduction

Whistler-mode waves have attracted attention from the space plasma community
due to their ability to interact with high-energy electrons in the Earth’s radiation belt
through cyclotron resonance. This interaction changes the pitch angle of energetic par-
ticles, causing them to precipitate out of the magnetosphere. By intentionally introduc-
ing controlled injections of whistler-mode waves from Earth or space into the magneto-
sphere, the presence of energetic particles in the Earth’s radiation belt can be reduced,
thereby creating a safer environment for electronics and crews on space platforms (Inan

et al., 1985, 2003).

As a notable characteristic, whistler-mode waves in the magnetosphere propagate
along the ambient magnetic field, guided by field-aligned plasma density inhomogeneities
referred to as the density ducts, which can be formed as the low-density ducts (LDD)
and the high-density ducts (HDD). The presence of these ducts enables the propagation
of whistler-mode waves over considerable distances in the Earth’s magnetosphere, includ-

ing from one hemisphere to another, with minimal attenuation.
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Recently, (Streltsov & Nejad, 2023) have pointed out the occurrence of small-scale,
localized packages of ELF waves within the inhomogeneities of the ambient magnetic field
in the equatorial magnetosphere in the data gathered by the NASA Magnetospheric Mul-
tiscale Mission (MMS) satellites, which are interpreted as another mechanism of ELF
guiding that happens through the magnetic structures, referred to as high-magnetic duct

(high-B duct or HBD) and low-magnetic duct (low-B duct or LBD).

For almost 70 years, an extensive study has been done on different density struc-
tures, guiding whistler-mode waves in space and laboratory plasmas (Storey, 1954; Nunn,
1974; Karpman et al., 1974; Stenzel, 1976; Omura et al., 1991; Trakhtengerts et al., 1996;
Nunn & Smith, 1996; Stenzel, 1999; Hobara et al., 2000; Kostrov et al., 2000; Helliwell,
1965; Sazhin, 1993; Kondrat’ev et al., 1999).

An important feature of density ducts is the ability to guide ELF waves without
any leakage for specific conditions. These conditions have been studied in different works.
Notably, one of the key findings from these studies is that the leakage of whistler-mode
waves from the HDD with very narrow walls can be minimized when the HDD channel
encompasses an integer number of the smallest perpendicular wavelengths and the ra-
tio of the largest to the smallest internal perpendicular wavelengths is large (Zaboronkova

et al., 1992).

Further studies conducted by (Streltsov et al., 2007; Streltsov, 2007) shed light on
the complete elimination of leakage from HDDs with narrow walls, given certain condi-
tions. Specifically, the leakage is entirely eliminated when the width of the duct chan-
nel corresponds to an integer multiple of both the smallest and largest perpendicular wave-

lengths of the internal waves.

Despite the presence of magnetic structures in the inner magnetosphere, the trap-
ping mechanism of ELF whistler-mode waves within them has not been extensively stud-
ied. (Yu & Yuan, 2022) investigated the ducting of whistler-mode waves by magnetic dips
and peaks by analyzing the wave refractive index. In a recent study, (Streltsov & Ne-
jad, 2023) utilized the whistler-mode dispersion relation to derive analytical criteria for
wave trapping in HBD and LBD and to identify thresholds in the magnitude of the am-
bient magnetic field that facilitates the trapping of waves with specific frequencies. They
also determined the ranges of parallel and perpendicular wavelengths of the waves trapped

in LBDs and HBDs.
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In this study, we examine the leakage from LBDs with narrow walls and investi-
gate the conditions under which the leakage can be entirely eliminated. Specifically, we
explore the scenarios where the width of the duct channel corresponds to an integer mul-
tiple of both the smallest and largest perpendicular wavelengths of the internal waves.
This condition will be further validated through numerical simulations utilizing the full
wave model. By conducting these investigations, we will gain a comprehensive under-

standing of the mechanisms involved in eliminating leakage from LBDs with narrow walls.

2 Observation

Figure 1 shows an event demonstrating a correlation between the wave and the mag-
netic structure. It consists of the electric field, magnetic field, and plasma density mea-
sured by the MMS1 satellite from 19:09:20 to 19:09:40 UT on March 06, 2016. The data
are obtained by the MMS1 FPI/DES electron number density, and MMS1 DSP from FIELDS
Instrument Suite (Torbert et al., 2016), and magnetic field vector from MMS1 Flux-Gate

Magnetometer(FGM) instrument (Russell et al., 2016).

Figure 1la shows with a color pallet the power spectral density (PSD) of the a-component
of the electric field (in the GSE coordinate system) in the frequency range 150—330 Hz
and the magnitude of the background magnetic field (white line). Figure 1b shows the
corresponding electron density. The minimum magnitude of the ambient magnetic field
inside the duct is 33.37 nT (here the electron cyclotron frequency we. = 5.87x10% rad/s
and the lower hybrid frequency wr gy = 1.36 x 10? rad/s ), and it changes during this
time interval by ~ 16.91 nT or 50.6% compare to the maximum values outside the duct
of 50.28 nT. For comparison, during this time interval, the electron density changes from
83.4 cm™3 to 81.9 cm ™3 or by 1.8%. The density inside the duct is 81.9 cm ™3 (wpe =
5.1x10° rad/s). The frequency of the wave in the duct is 248 Hz, and the width of the

duct is &~ 13.483 km.

Figure 1c shows the trajectory and the location of MMS satellites in the GSE X-
Y plane on March 6, 2016. The red dot indicates the location of MMS satellites at 19:00:00
UT.

In the next section, we present an analytical investigation of the conditions where
any LBD with arbitrary values of the duct width and ambient magnetic field guides some

whistlers without leakage. Our approach is based on the analysis of the dispersion re-

—4—
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lation for whistler-mode waves, and it is similar to the analysis of the waveguiding via
density ducts developed earlier by (Streltsov et al., 2007; Streltsov, 2007). We also use
the same approach and simulations to model an event observed by the MMS1 satellite

in Figure 1.

3 Model

The ELF waves ducting in the plasma density inhomogeneities and the magnetic
field are investigated by the analysis of the dispersion relation derived from the linearized
equations of electron-MHD (EMHD), also called quasi-longitudinal approximation of EMHD,
where the displacement current in the Ampere’s law is omitted (Helliwell, 1965; Gordeev
et al., 1994; Sazhin, 1993). This model is valid for the cases which satisfy the following
conditions

WrH < W < Wee K Wpe, (1)

where, wr g is the lower hybrid frequency, w is the angular frequency of the wave; wege

is the electron gyrofrequency, and w, is the electron plasma frequency.

The dispersion relation of ELF-mode waves derived from the quasi-longitudinal EMHD

in the homogeneous media is

w 1
k?— —kjk+ = =0 2
w IR 3 (2)
where k| and k, are parallel and perpendicular to By wavenumber, with k? = kﬁ +

k%, and A = c/wpe is the electron plasma skin depth.

The relation (2) can be used to express B in terms of w, k1, &, and wy, in the form

s o))

Figure 2 illustrates the meaning of By and Bg, where the plot of B, i.e. equation (3),

of the following function.

is depicted as a function of k1, k|, and wpe. It shows that B; is the value of the B when

ki =0, and Bj is the minimum value of the B when k;, = k,,. Here,

Me 1
Bi="Cu(14+ 4
! ew<+k|2>\g>’ )

Me 2
By = — . 5
T (’We) )
and,
2 3
w2, B2
kJ_Lz = ki” 12 (1 F — B3> -1 . (6)
757
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Figure 2 reveals another important feature of the LBDs. It shows that for the partic-
ular value of w, there are two different real solutions, £, ,, for any B in the range By <
B < Bj; one real solution outside the duct for B > By, denoted by k| ,; and no real

solution exists for B < Bs.

With all that said above, the ELF wave can propagate inside the LBD if By and
By, the magnetic fields inside and outside the duct respectively, satisfy the following con-
dition.

By < By < By < By. (7)

If the magnitude of B inside the channel allows propagation of at least one ELF wave
with By < B, then for any By, > By, there always exists a propagating wave with the
same w and k| outside the duct. Therefore, the waves inside the duct may couple to the
propagating wave outside and carry energy away from the duct, resulting in the leak-

age of electromagnetic energy from low-B ducts.

The results by (Streltsov et al., 2007) lead to an important condition where the leak-
age from high-density ducts with thin walls vanishes. Hence, for a duct with a width of

2L, the leakage is identically zero if
2L =1Ay, ki, L=Inr
2L:m)\J_2 kJ_QL:mﬂ'
with both [ and m as integer numbers.

Due to the same leaking features, this condition remains valid for the low-B ducts.

The following section will study the discrete non-leaking eigenmodes of LBDs.

3.1 Non-leaking Eigenmodes of Low-B Ducts

Following (Streltsov et al., 2007), we introduce dimensionless variables = w/wc.,
Qp = Wpe/Wee, K1 = k1c/wee, and K| = kjjc¢/wee. In these variables, relation (2) has
two solutions for K| as the function of K, §2, Q, as

-\ 2 3
1 2Q0
K, ,=K |-—= |1 R s -1 .
Li2 I 402 + < KH > (9)

These two perpendicular wave numbers represent solutions propagating inside the LBD,

where the relation (7) is satisfied. Hence, K, , are real when K\, ,,, and Q satisfy in-
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equalities

K Q
20 < — —_— 1
<Qp< -0 (10)

These inequality relations are the same for HDDs as in (Streltsov, 2007). Figure 3 shows

the area satisfying these inequalities.

Applying conditions K|, L. = In, and K, ,L = mm to the expressions (9), one

gets
200, > I \°
= 2Q 1 11
(% ) (ir) + wh
i \ 2
=2Q 1. 12
( K ( L) i ()
Solutions of the relations (11) and (12) determine families of curves, referred to as I-curves

and m-curves, inside the region that is defined by (10). The intersections of these curves
provide a finite set of discrete non-leaking eigenmodes of an LBD. Figure 3 shows some

of these intersections for specific values of [ and m.

4 Simulation

The simulations are based on a quasi-longitudinal electron-MHD model, consist-
ing of equations for the wave electric field, E, magnetic field, B, and the electron veloc-

ity, v (Streltsov et al., 2006)

un62V><V><E+E-—%(v-V)v—v><B, (13)
07t

ov 1

o _ 14
o uoneﬁVXVXE’ (14)
oB

C . _VxE. 1
Er V x (15)

The finite-difference, time-domain (FDTD) technique is employed to numerically imple-
ment these equations within a rectangular domain (z, z) (Streltsov et al., 2006). The z-
direction aligns with the background magnetic field, while the plasma density and back-
ground magnetic fields exhibit homogeneity in the z-direction but inhomogeneity in the
x-direction. The domain extends from —I,/2 to [,/2 in the z-direction and from —I /2

to l;/2 in the z-direction.

The boundary conditions in the z-direction are set to be periodic, with [, being equiv-

alent to one Aj. On the boundaries in the x-direction, the values of E, B, and v are all

—7—
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set to zero, following the Dirichlet boundary conditions. The simulations begin with the

initial conditions for E, B, and v as described in (Streltsov et al., 2006).

To solve the Helmholtz equation (13) for E at every time step, the method of suc-
cessive overrelaxation (SOR) is used. A third-order predictor-corrector algorithm is used
to advance the equations in time, with the Adamse-Bashforth method as a predictor and

the Adamse-Moulton method as a corrector (Streltsov et al., 2006).

4.1 Leaking/Non-leaking Low-B Duct Model

Several numerical experiments were conducted to verify the accuracy of the pre-

diction, which states that leakage from LBD is minimal under conditions (8).

To achieve this goal, we first simulate the propagation of whistler-mode waves within
a model LBD with parameters that satisfy the relations (8). Then, we purposely disrupt
the non-leaking conditions by modifying the width of the duct in two distinct schemes,

e.g., by shrinking and extending the duct size.

In these simulations, we assume that the plasma density remains uniform in the
x and z directions, with n = 60 cm™3. On the other hand, the magnetic field maintains
homogeneous in the z direction while exhibiting inhomogeneity in the x direction. Within
the duct, the magnetic field has a magnitude of By = 37.35 nT, while it measures By, =

60 nT outside the duct.

The wave frequency is set to f = 302 Hz, accompanied by a chosen parallel wave-
length of A = 7.298 km. For these specific wave and plasma parameters, equations (4),
(5), and (6) yield the following values: By = 41.64 nT, B, = 36.5 nT, k;, = 0.79
rad/km (with A, = 7.92 km), and k,, = 1.59 rad/km (with A, = 3.94 km).

To model a non-leaking duct, the initial width of the duct is chosen as 2L = 7.94

km. This size and the wave parameters calculated above satisfy non-leaking relations Lk, =

m(or 2L = Ay,), and Lk, = 2x (or 2L = 4\ ,) inside the channel. To smash the
non-leaking case, we repeat the simulation of the same wave two more times by only chang-

ing the width of the duct to 60% and 140% of its primary size.

Figure 4 shows the results of the simulations of the three situations mentioned above,

accompanied by the propagation of the same wave in the homogeneous background mag-
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netic field. These results show the wave simulations during the time interval of 331 ms

or 100 wave periods.

Based on the results presented in Figures 4a, 4b, and 4c, it can be concluded that
the wave characterized by the specific values of w and A is confined within the LBD,
aligning closely with the prediction made using the analytical criteria (7). Figure 4d pro-
vides another confirmation for the occurrence of ducting due to the presence of inhomo-
geneity in the background magnetic field, where in the absence of that inhomogeneity,

the same wave propagates at a significant angle relative to the magnetic field.

Figure 4a shows the simulation of the propagation of the whistler-mode wave in
the shrunken duct with 2L = 0.6\ ,. The propagation of the whistler-mode wave in
the initial duct with 2L = A, is shown in Figure 4b, while the extended duct, for which

2L = 1.4\, is shown in the Figure 4c.

Figures 4a’, 4b’, and 4c¢’ show profiles of By across By for the shrunken, original,
and extended ducts, respectively. Also, the dynamics of E,(z,z = 0,t) for the shrunken,

original, and extended ducts are illustrated respectively in Figures 4a”, 4b”, and 4c”.

The simulations’ results in Figure 4 validate the theoretical prediction that leak-
age from the LBD can be entirely eliminated by ensuring the width of the duct chan-
nel aligns with an integer multiple of perpendicular wavelengths of internal waves. This
result is evident by comparing the amplitude of E, component of the propagating wave
in Figures 4a”, 4b”, and 4c¢”, whilst the width of the duct deviates (reduced or extended)
form the initial width in Figure 4b’, the amplitude of E, gets smaller, showing that the

energy is leaking from the duct.

These simulations highlight the importance of maintaining precise alignment be-
tween the channel width and the integer number of perpendicular wavelengths to guide
the most trapped wave, as any mismatch between them results in substantial leakage from

the duct.

4.2 Leaking/Non-leaking Observed LBD Event

As illustrated in Figure 1, the observed event showcases the confinement of whistler-
mode waves within the LBD. In our analysis, we assume that the plasma density and

the background magnetic field exhibit homogeneity along the z direction but display in-
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homogeneity along the z direction. The plasma parameters within the duct are obtained
from the observations presented in Figure 1. The wave frequency is 248 Hz. Also, By =
33.37 nT, and ng = 81.92 cm ™2, representing the minimum value of the magnetic field

inside the duct and the corresponding electron density.

To simulate the observed propagating ELF wave inside the LBD, we need to es-
tablish initial conditions by calculating k| in a way that the wave can be trapped inside
the duct. (Williams & Streltsov, 2021) showed that the whistler-mode waves cannot prop-

agate along a high-density duct for every parallel wavelength. Due to the existing sim-

ilarity between HDDs and LBDs, not all parallel wavelengths will be trapped inside LBDs.

For this particular event, 0.903 < k| < 1.023 provides two real ks, meaning that the

wave may be guided by the duct.

It is also important to note that the approach used to set the simulation param-
eters for the non-leaking and leaking cases of the event differs from the one employed
in simulating the LBD model. In the LBD model, the wave parameters, e.g., A and Ays,
were kept fixed while altering the duct width to create various non-leaking and leaking
scenarios using relations (8). However, when dealing with an observed event, it is not
admissible to modify the width of the duct. Consequently, the wave parameters are ad-
justed for the fixed duct width to generate different scenarios for non-leaking and leak-

ing conditions.

« Wave I
To simulate the non-leaking propagation, k| should be chosen in a way that sat-
isfies the condition (8). This goal will be achieved by choosing & = 0.98 rad/km
(A = 6.89 km), resulting to Lk, = 27 (or 2L = 2)Ay,), and Lk, = 37 (or
2L = 3\_,) inside the channel.
Based on this wave and plasma parameters of the event, relations (4), (5), and (6)
yield the following values: By = 39.69 nT, By = 33.05 nT, k;, = 1.168 rad/km
(with A1, = 5.38 km), and &k, = 1.726 rad/km (with A, = 3.64 km).

*+ Wave I1
To investigate the leaking situation, we will simulate the wave with the kj = 0.925
rad/km (A} = 6.792 km), resulting in Lk, = 1.87 (or 2L = 1.8\ y,), and Lk, =

3.47 (or 2L = 3.4),) inside the channel. Based on the wave and plasma param-
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eters, By = 38.83 nT, By = 32.59 nT, k;, = 1.008 rad/km (with A\;, = 6.232
km), and k,, = 1.901 rad/km (with A , = 3.303 km).

The outcomes of these simulations, alongside the wave propagation in a homoge-
neous background magnetic field, are presented in Figure 5. All these results exhibit wave

propagation within a time interval of 403 ms or 100 wave periods.

Figure 5 shows that the waves I and II, characterized by the above-mentioned val-
ues of w and As, are trapped inside the LBD, following the analytical prediction made
by (7). Figure 5c illustrates the dispersion of the whistler-mode wave I in the absence

of the magnetic duct.

Figure ba illustrates the simulation’s result of the propagation of a whistler-mode
wave I in the duct, satisfying the relations 2L = 2X; |, and 2L = 3A,. On the other
hand, Figure 5b presents the simulation’s outcome of the propagation of whistler-mode
wave II in the same duct, where the relations 2L = 1.8\, |, and 2L = 3.4\, are sat-
isfied. The Profiles of By across By for these cases are presented in Figures 5a’ and 5b’,

respectively.

By comparing the dynamics of E(z,z = 0,t) for the ducts in Figure 5, one can
observe the difference between the propagation of the ELF waves in three different sit-
uations, i.e., in the presence of the LBD ducts where its width corresponds to an inte-
ger multiple of perpendicular wavelengths of the internal wave shown in Figure 5a”, in
the presence of the LBD ducts where its width does not correspond to an integer mul-
tiple of perpendicular wavelengths of the internal wave shown in Figure 5b”, and in the

absence of the LBD shown in Figure 5¢”.

5 Conclusions

In this paper, we study the property of LBD to guide whistler-mode waves with
minimum attenuation. This is conducted by analyzing the dispersion relation obtained
from the linearized equations of the quasi-longitudinal EMHD (Electromagnetic Hydro-
dynamics) model. Our analysis demonstrates that the low-magnetic duct can leak en-
ergy outside due to the potential coupling between the waves propagating inside and out-

side the duct channel. This property of magnetic ducts is similar to the property of high-
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density ducts, where they can leak electromagnetic energy due to coupling with the waves

outside the channel.

To expand on the earlier studies conducted by (Zaboronkova et al., 1992; Streltsov,
2007) on high-density ducts, our research offers new findings for LBDs. Specifically, we
discover that an LBD of a specific width and plasma density can guide a finite number

of discrete eigenmodes without experiencing any attenuation.

The central concept explored in this study is the complete elimination of whistler
leakage from the LBD by ensuring that the width of the duct aligns with an integer mul-
tiple of the perpendicular wavelengths of internal waves. This condition provides a straight-

forward and efficient method for identifying non-leaking eigenmodes of LBDs.

Finally, by conducting two-dimensional, time-dependent simulations using the com-
plete set of EMHD equations, accounting for the inhomogeneity of the magnetic field of
a modeled LBD, we demonstrate that the leak-free condition which is established as an
integer ratio between the channel width and the perpendicular wavelength of the wave,
allows for the propagation of whistler-mode waves inside the LBD with the least atten-
uation. Furthermore, we extend our investigation to the propagation of an ELF whistler-

mode wave propagating in an observed LBD event.
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369 Figure 1. ELF wave packets localized in the low-B duct (LBD) observed by MMSI1 satellite
370 on March 06, 2016, from 19:09:20 to 19:09:40 UT. Panel (A) shows the power spectral density

371 (PSD) of E, component of the electric field in the GSE coordinate system of the satellite (shown
372 with a color pallet) and background magnetic field (shown with the white line). Panel (B) shows
373 the electron density measured by the MMS1 satellite. Panel (C) shows the trajectory and the

374 location of MMS satellites in the GSE X-Y plane on March 6, 2016. The red dot marks the

375 location of the satellites at 19:00 UT.
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376 Figure 2. Panel (A): Schematic plot of B as a function of k., w, k|, and wpe. Panel (A’):
377 Magnitude of the magnetic field in the direction perpendicular to B corresponding to the low-B
378 duct.

—15—

This article is protected by copyright. All rights reserved.

6US01] SUOWILLIOD BAIERID 3[Gedlidde 8 Ag pauiRA0B ale SDILE WO ‘88N J0 3N o) AZeig T 3UIIUO AB]IM UO (SUOTIPUOO-PLE-SUWLBYWOD"AB | 1A AT 1RUIIUO//SAIY) SUONIPUOD PUE SWS | 3L 885 *[E20Z/0T/70] U0 ARIGIT BUIIUO AB|IM ‘Alun [OINMEU0Y dIppId-AIqw3 AQ 6E8TE0VIEZ0Z/620T 0T/10pALICY A |1m AkeiqjputjuosandnBey/:scy woa pepeojumoq ‘el ‘Zov669TZ



379

380

381

382

10
08
m=4
Q 7
1-Q
0.6
ki m=6/7
p m=8 7 2Q
04 gy
1=1 '///, :/,/
0.2 Vi
0 0.1 02 03 04 0.5

Q
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and m = (4,6,8) curves, indicating a set of discrete non-leaking eigenmodes of a low-B duct.
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Figure 4. Panel (A): Dynamics of Fy(xz,z = 0,¢) in the simulation of the model low-B duct.
The wave frequency is f = 302 Hz and A\ = 7.298 km. Panel (A’): Profile of the magnetic field

across Bo. The duct width satisfies 2L = 0.6 A, ,. Panel (A”): Dynamics of E, at the center of

the computational domain, E,(x = 0,z = 0,t). Panels (B), (B’), and (B”) show the results from
the simulations of the same wave with the width satisfying 2L = A, ,. Panels (C), (C’), and (C”)
show results from the simulations of the same wave with the width satisfying 2L = 1.4 A, ,. Pan-
els (D), (D’), and (D”) show results from the simulations of the same wave with the homogeneous

magnetic field, Bp = 37.35 nT.
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Figure 5. Panel (A): Dynamics of Ey(x,z = 0,t) in the simulation of the observed low-B duct
event. The wave frequency is f = 248 Hz and A = 6.89 km. Panel (A’): Profile of the magnetic
field across Bo. The width of the duct satisfies 2L = 2 A\ ,. Panel (A”): Dynamics of F, at the
center of the computational domain, Ey(z = 0,z = 0,t). Panels (B), (B’), and (B”) show results
from the simulations of the wave with the same frequency and A\ = 6.792 km, satisfying 2L = 1.8
AL, . Panels (C), (C’), and (C”) show results from the simulations of the same wave within the

panel (A) with the homogeneous magnetic field, By = 33.37 nT.
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