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Key Points:

« MMS satellites observe ELF whistler-mode waves inside small-scale irregularities
of the magnetic field.

» We provide theoretical criteria for the wave to be trapped by the field-aligned mag-
netic irregularities.

¢ We model ducting of the observed waves and identify parallel and perpendicular

wavenumbers providing ducting of these waves.

Corresponding author: A.V. Streltsov, streltsa@erau.edu

This article has been accepted for publication analﬂndergone full peer review but has not been through
the copyediting, typesetting, pagination and proofreading process, which may lead to differences between
this version and the Version of Record. Please cite this article as doi: 10.1029/2023JA031716.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1029/2023JA031716
https://doi.org/10.1029/2023JA031716
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JA031716&domain=pdf&date_stamp=2023-08-12

11

12

13

14

15

16

17

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Abstract

Observations from the NASA MMS satellites show packages of ELF whistler-mode waves
localized inside the small-scale irregularities of the magnetic field. These irregularities

are formed by the narrow field-aligned channels where the magnitude of the background
magnetic field inside the channel is greater or less than outside. By analogy with the clas-
sical density ducts, we introduce the high-B duct (HBD), where the magnitude of the
field inside the channel is greater than the outside, and the low-B duct (LBD), where

the magnitude of the field inside the channel is less than the outside. We investigate the
guiding of the ELF whistler-mode waves by high-B and low-B ducts. We derive the an-
alytical criteria for the wave ducting by these ducts and confirm them with two-dimension,
time-dependent simulations of the electron-MHD model. Also, we model ELF whistler-

mode waves observed inside the high-B and low-B ducts by MMS satellites.

1 Introduction

Extremely-low frequency (300 Hz - 3 kHz) whistler-mode waves have garnered sig-
nificant attention from the space plasma community [Katoh, 2014; Xu et al., 2020; Hos-
seini et al., 2021] due to their capacity to engage in cyclotron resonance with high-energy
electrons (with energies of several 100 keV and higher) in the Earth’s radiation belt [Nunn,
1974; Trakhtengerts et al., 2003; Omura and Summers, 2006]. These interactions alter
the pitch angle of energetic particles, leading to their precipitation from the magneto-
sphere. Therefore, a controlled injection of whistler-mode waves from Earth or space into
the magnetosphere can mitigate the presence of energetic particles in the Earth’s radi-
ation belt and make the environment safer for electronics and crews on space platforms

[Inan et al., 1985, 2003].

Whistler-mode waves can be guided along the ambient magnetic field by the field-
aligned density irregularities, known as ducts. These ducts can be formed by the den-
sity depletion (low-density duct or LDD), enhancement (high-density duct or HDD), shelf-
like density structures, and single density gradient [Zudin et al., 2019; Streltsov, 2021a,b].
The ducting of the whistler-mode waves explain their propagation in the Earth’s mag-
netosphere over a significant distance (like from one hemisphere to another) with a lit-

tle attenuation.
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Various aspects of the guiding of the whistler-mode waves by different density struc-
tures have been studied in the space and laboratory plasma by a great number of au-
thors [Storey, 1954; Nunn, 1974; Karpman et al., 1974; Stenzel, 1976; Omura et al., 1991;
Trakhtengerts et al., 1996; Nunn and Smith, 1996; Stenzel, 1999; Trakhtengerts et al.,
1996; Nunn and Smith, 1996; Hobara et al., 2000; Kostrov et al., 2000]. The basic physics
of these processes is described in the monographs by Helliwell [1965], Sazhin [1993], and
Kondrat’ev et al. [1999].

This study focuses on the guiding of the whistler-mode waves by the field-aligned
inhomogeneities of the background magnetic field. These inhomogeneities can be formed
by the localized increase and decrease of the magnitude of the background magnetic field.
By the analogy with the ducts formed by the field-aligned increases and decreases of the
plasma density, it is reasonable to call these magnetic structures high-B ducts and low-

B ducts, or HBD and LBD.

High-B ducts can be produced, for example, by the the depolarizing flux bundles
(DFBs), carrying particles and magnetic fields from the magnetotail to the inner mag-
netosphere during substorms [Birn et al., 2012; Liu et al., 2013; Runov et al., 2009; Sit-

nov et al., 2009]. Low-B ducts can be produced by the diamagnetic motion of freshly in-

jected plasmas from the magnetotail [He et al., 2017; Huang et al., 2021; Yin et al., 2021].

Also, the positive gradient portion of DFBs, along with the intrinsic dipole magnetic field
of the terrestrial magnetosphere or the negative gradient portion of adjacent DFBs, can
create a magnetic dip in the radial direction [Artemyev et al., 2022; Gabrielse et al., 2016;

Malykhin et al., 2021; Zhou et al., 2009].

Despite the abundant presence of magnetic structures in the inner magnetosphere,
the trapping mechanism of the whistler-mode waves by them has not been studied well.
Recently, Yu and Yuan [2022] studied ducting of the whistler-mode wave by the mag-

netic dips and peaks by analyzing the wave refractive index.

In our approach, we use the whistler-mode dispersion relation to get the analyt-
ical criteria for the wave trapping in HBD and LBD. This approach let us identify the
thresholds in magnitude of the ambient magnetic field providing trapping of the wave
with some known frequency. It also allowed us to identify the ranges of the parallel and
perpendicular wavelengths of the waves trapped in these ducts. We confirm the valid-

ity of this approach with two-dimensional, time-dependent simulations of the electron-
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MHD model describing whistler-mode waves in the inhomogeneous plasma and the mag-
netic field. We also use this approach and simulations to model two events observed by

the MMS satellites.

2 Observations

Observations by the NASA MMS satellites in the equatorial magnetosphere reveal
localized packages of the whistler-mode waves that correlate with inhomogeneities of the

background magnetic field.

Figure 1 shows two events consisting of the localized packages of ELF waves and
magnetic inhomogeneities observed by the MMS1 satellite in the equatorial dawnside mag-
netosphere on March 6, 2016. Figure 2 shows the location and the trajectory of the MMS
satellites in the X-Y plane in GSE coordinates on March 6, 2016. The electron number
density is obtained by the MMS1 FPI/DES instrument, the power spectral density of
the electric field is provided by the FIELDS Instrument Suite [Torbert et al., 2016], and
the magnetic field is provided by the MMS1 Flux-Gate Magnetometer(FGM) [Russell

et al., 2016].

« Event I. The first event consists of the whistler-mode waves in the high-B Duct
observed from 19:38:58 to 19:39:04 UT. Figure la shows with a color palette the
power spectral density (PSD) of the z-component of the electric field (in the GSE
coordinate system) in the frequency range 300-500 Hz and the magnitude of the
background magnetic field (white line). Figure 1b shows the corresponding elec-
tron density. The maximum magnitude of the ambient magnetic field inside the
duct is 74.16 nT (here the electron cyclotron frequency we. = 13.03 x 103 rad/s
and the lower hybrid frequency wrz = 3.04 x 10% rad/s), and it changes during
this time interval by ~21.38 nT or 28.8% compared to the minimum values out-
side the duct of 52.87 nT. For comparison, during this time interval, the electron
density changes from 67 cm™3 to 70 cm ™3, or by 4.5%. The density inside the duct
is 67.7 cm™3 (wpe = 4.63 x 10° rad/s). The frequency of the wave in the duct is
400 Hz, and the width of the duct is &5.78 km.

« Event II. The second event consists of the whistler-mode wave in the low-B Duct
observed from 18:36:58 to 18:37:09 UT. Figures 1c shows the power spectral den-

sity of E, in the frequency range 110-370 Hz (with the color palette) and the mag-

—4—
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nitude of the ambient magnetic field (with the white line). The minimum mag-
nitude of the ambient magnetic field inside the duct is 45.2 nT (wee = 7.95 X
103 rad/s, wrg = 1.85x 10 rad/s). The field changes during this time interval
from minimum to the maximum value of 66.5 nT by 21.3 nT or 47.2%. The elec-
tron density inside the duct is 75.4 em ™3 (wpe = 4.98x10° rad/s), and it changes
during this time interval by 4.1 cm™3, or 5.4%. The frequency of the wave in the

duct is 272 Hz, and the width of the duct is ~22.7 km.

In the next section, we present an analytical investigation of the physical mechanisms
providing ducting of the whistler-mode waves by the field-aligned magnetic irregulari-
ties. Our approach is based on the analysis of the dispersion relation for whistler-mode
waves, and it is similar to the analysis of the wave-guiding by the density ducts devel-

oped earlier by Streltsov et al. [2006].

3 Model

The whistler-mode waves in the magnetosphere can be described with a so-called
quasi-longitudinal approximation of the electron-MHD (EMHD) model. This model as-
sumes that the ions are immobile and the electrons can be treated as the cold fluid car-
rying the current [Helliwell, 1965; Gordeev et al., 1994]. The immobility of the ions means
that wyp g < w, where wy g is the lower hybrid frequency and w is the angular frequency

of the wave.

Because the plasma is quasi-neutral and the ions are immobile, the model consists
of the electron momentum equation and the Maxwell equations only. The quasi-longitudinal
approximation means that the displacement current is omitted in the Ampere’s law. This
assumption significantly simplifies the analytical and numerical treatment of the con-
sidered problem, but it is valid only if w < wee <K wpe [Sazhin, 1993]. Thus, the ELF
whistler-mode waves can be described with the quasi-longitudinal approximation of EMHD

if

wWrH < W < Wee K Wpe (1)

It should be mentioned here that the conditions (1) are satisfied for the parameters of

the wave, plasma, and the magnetic field observed during Event I and Event II.
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The dispersion relation of whistler-mode waves derived from the linearized quasi-

longitudinal EMHD in the homogeneous media is

w, 1
k? — =2kk 4+ — = 0. 2
o + A2 0 (2)
125 Here, k) and k. are parallel and perpendicular to By wavenumber, k2 = kﬁ—i—ki, and
126 Ae = ¢/wpe is the electron plasma skin depth.

Relation (2) can be used to express B in terms of w, k., k), and wy. in the form

W Me 1
B=——k+-— .
kj e ( +/~M§) ®)

127 Figure 3a shows the plot of B as a function of k; for w = 1.71 x 103 rad/s (f = 272 Hz),
128 k” =0.7 rad/km (>\H = 8.98 kHl)7 and Wpe = 4.98 X 10° rad/s (’ﬂ =178 cm73). These
120 parameters of the wave and the media are similar to those observed by MMS1 during

130 Event II.

131 Figure 3 shows that there are two different real k| if Bo < B < Bj, one real k|

132 if B > B, and there is no real k, if B < B,. Here,

M 1
Blzw o <1+k2>\2>7 (4)

e

e ()

The general formula for &, can be obtained in the following way. First, use (5) to ex-

press k| as
me 1 2 w B 2
(& Bg)\eiwceBg)\e'

Next, put (6) into (2)
B 2 1

el W

Bah ' N2

e

B 1 B2 We /| B2
kio=——|1 1—- 22| =k =11 1-=2 8
1,2 By )\€< + B2> 190 ( + BQ>7 (8)

take (8) to the second power and remember that k* = kf + k7

=0, (7)

solve (7) for k

2

2 2

2 2 _ 2Wee B3

Finally,
9 1/2
wee B3
kj_l’z = k‘H 4w2 <1 F — E —1 . (10)
767
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These results explain the main concept of wave trapping by the low-B and high-
B ducts illustrated in Figure 3b. Namely, if B; is the magnetic field inside the duct, and
By, is the magnetic field outside the low-B duct, then the following condition should be

satisfied for a low-B duct to guide the wave

By < By < By < By, (11)

The conditions for the wave to be trapped in the high-B duct is

By < By < By < By, (12)

where By is the magnitude of the field outside the high-B duct.

Figure 3a also shows an important difference between the ducting of whistler-mode
waves by LBD and HBD. Namely, if By < B < Bj inside the duct, then there are two
whistler-mode waves with the same w and k\l but different k£, . In the case of LBD, for
any magnetic field outside the duct By, > B there always exists a wave with the same
w and k| as the wave inside the duct. This wave can couple to the waves propagating
inside the LBD and carry the wave energy away from the duct, resulting in the leakage

of the electromagnetic energy from LBD.

For the HBD, the situation is different. Since there are no waves with a real k; and
the same w and k| outside the HBD, where By < Bg, the inner waves cannot couple
to waves propagating outside the duct, and hence, we expect that there is no leakage from

HBD.

These features of the low-B and high-B ducts are in contrast with the properties
of the ducts formed by the field-aligned density irregularities. Namely, the high-density
duct (HDD) leaks electromagnetic energy due to the coupling with the wave outside the

duct, and the low-density duct (LDD) is leak-free [Streltsov et al., 2006; Streltsov, 2021a].

The criteria for ducting of the whistler-mode waves given by the expressions (11)
and (12) are obtained from the dispersion relation (2) derived in the homogeneous me-
dia. The media are certainly not homogeneous when the ducting is considered. There-
fore, these criteria need to be verified with the numerical solution of the full set of EMHD
equations in the realistically inhomogemeous plasma and the magnetic field. These sim-

ulations are described in the next section.

—7—
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4 Simulations

The quasi-longitudinal electron-MHD model used in this paper consists of three

vector equations for E, B, and the electron velocity v (e.g., [Streltsov et al., 2006]).

T VxVXE+E=-""(v.V)v-vxB, (13)
HoTe€ e

OB

- _VXE 14
P_ vue (14)
ov 1

2= E 1
5 MoneerVx (15)

These equations are implemented numerically using the finite-difference, time-domain
(FDTD) technique in a two-dimensional rectangular domain (z, z). All spatial deriva-

tives are approximated with the forth-order finite differences. Equation (13) for E is solved

at every time step by the method of successive over-relaxation (SOR). To advance the

model in time, a third-order predictor-corrector algorithm is used, with the Adamse-Bashforth

method serving as a predictor and the Adamse-Moulton method serving as a corrector.

The background magnetic field is pointed in the z-direction. The plasma density
and the background magnetic field are homogeneous in the z-direction and inhomoge-
neous in the z-direction. The size of the domain in the z-direction is I, (from —I,/2 to

1./2), and the size in the z-direction is I, (from —I,/2 to l,./2).

The boundary conditions for all variables in the z-direction are periodic: E (¢, z,
—1,/2) =E (¢, z,1,/2), B (t, z, =1,/2) =B (¢, x, 1,/2), and v (¢, z, =1, /2) = v (¢, z,
[./2). The size of the computational domain in the z-direction, [, is set equal to one \j.
The boundary conditions in the z-direction are of the Dirichlet type: E (¢, —1,./2, z) =
E (t,1:/2,2) =0,B (¢, —15/2,2) =B (¢, 14/2, 2) =0, v (t, —l3/2, 2) =V (£, 15/2, z)
= 0. The initial conditions for E, B, and v, as well as other details of the code are de-

scribed in Streltsov et al. [2006].

4.1 Low-B Duct

We start the verification of the ducting criteria (11) and (12) by simulating the dy-
namics of the whistler-mode waves in the model low-B duct. We assume that the plasma
density is homogeneous in the z and z directions and n = 75.4 cm 3. The magnetic field
is homogeneous in the z-direction and inhomogeneous in x. The magnitude of the mag-
netic field inside the duct is By = 45.4 nT and outside By, = 66 nT. The width of the

duct is 22 km.
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The frequency of the wave is f = 272 Hz, and the parallel wavelength is A = 7.70
km. For these parameters of the wave and plasma, relations (4) and (10) provide B; =
48.6 nT, By = 389 nT, k;, = 043 rad/km (Ay, = 14.46 km), and &k, = 2.77 rad/km
(AL, = 2.27 km).

Figures 4a, 4a’, and 4a” show results from the simulations of this wave during time
interval of 368 ms or 100 wave periods. Figure 4a shows the dynamic of E, (z, z = 0,
t). The results are presented in (z-t) domain because the media is assumed to be homo-
geneus in z-direction, the code uses periodic boundary conditions in the z-direction, and
the size of the domain in the z-direction is set equal to one A. Figure 4a’ shows the pro-
file of By across By, and Figure 4a” shows the dynamic of E, in the center of the com-

putational domain, E, (x =0, z = 0, t).

For comparison, Figure 4b shows the dynamic of E, (z, z = 0, t) of the same wave
in the simulation with a homogeneous background magnetic field (B = 45.4 nT) and
plasma density (n = 75.4 cm™?3). The profile of By across By is shown in Figure 4b’, and

the dynamic of E, (x = 0, z = 0, t), is shown in Figure 4b”.

The main conclusion from the results shown in Figure 4 is that the wave with this
particular w and A is indeed trapped inside the low-B duct in strict accordance with
the prediction based on the analytical criteria (11). Figure 4b confirms that the duct-
ing occurs due to the inhomogeneity in the background magnetic field, because without

that inhomogeneity, the same wave propagates under a large angle to the magnetic field.

4.2 High-B Duct

Next, we consider propagation of the whistler-mode wave in the high-B duct. Again,
we assume that the plasma density is homogeneous in the z and z directions and n =
68 cm 3. The magnetic field is homogeneous in z-direction and inhomogeneous in z. The
magnitude of the magnetic field inside the duct is By = 74.0 nT and outside By = 53
nT. The width of the duct is 29 km.

The frequency of the wave is f = 410 Hz and the parallel wavelength is A\ = 9.26
km. For these parameters of the wave and plasma, relations (4)-(6) provide By = 91.4
nT, By = 67.1 nT, k;, = 0.725 rad/km (A, = 8.66 km), and &k, = 2.33 rad/km (A,

= 2.70 km).
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Figures ba, 5a’, and 5a” show results from the simulations of this wave during the
time interval of 368 ms or 100 wave periods. Figure 5a shows the dynamic of F, (z, z
=0, t), Figure 5a’ shows the profile of By across By, and Figure 5a” shows the dynamic

of E, in the center of the computational domain, E, (z =0, z = 0, t).

For comparison, Figure 5b shows the dynamic of E, (x, 2 = 0, t) of the same wave
in the simulation with a homogeneous background magnetic field (B = 74.0 nT) and
plasma density (n = 68.0 cm™3). The profile of By across By is shown in Figure 5b’, and

the dynamic of E, (x = 0, z = 0, t), is shown in Figure 5b”.

The main conclusion from the results shown in Figure 5 is that the high-B duct
indeed traps and guides the wave with these particular w and A as it is predicted by
the analytical criteria (12). Figure 5b confirms that the ducting occurs due to the in-
homogeneity in the background magnetic field, because without that inhomogeneity, the

same wave propagates under a large angle to the magnetic field.

Now, after the criteria for the whistler-mode wave ducting with the low-B duct and
high-B duct are verified with rigorous numerical simulations, we will apply the devel-

oped formalism for modeling events observed by the MMSI1 satellite on March 6, 2016.

4.3 Event I

Event I consists of the whistler-mode waves trapped inside the high-B duct. We
assume that the plasma density and the background magnetic field are homogeneous in
the z-direction, and both are inhomogeneous in the z-direction. The amplitudes of n and
By inside the duct, as well as the width of the duct, are taken from the observations shown
in Figure 1la and 1b. The frequency of the wave is 400 Hz. The initial conditions for the
wave used in the simulation are calculated assuming that A = 10.5 km, ng = 67.6 cm ™3,
and By = 74.2 nT, which is the maximum value of the magnetic field inside the duct.
For these parameters of the wave and plasma, relations (4), (5), and (10) provide By =

109.3 nT, By = 73.7 uT, k;, = 0.725 rad/km (A, = 8.66 km), and k,, = 2.33 rad/km
(AL, = 2.70 km).

Figures 6a, 6a’, and 6a” show results from the simulations of this wave during the

time interval of 250 ms or 100 wave periods. Figure 6a shows the dynamic of F, (z, z
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=0, t), Figure 6a’ shows the profile of By across By, and Figure 6a” shows the dynamic

of E, in the center of the computational domain, E, (z =0, z = 0, t).

For comparison, Figure 6b shows the dynamic of E, (x, z = 0, t) of the same wave
in the simulation with a homogeneous background magnetic field (B = 74.2 nT). The
profile of By across By is shown in Figure 6b’, and the dynamic of E, (z =0, z = 0, t),
is shown in Figure 6b”. In this simulation, the background plasma density is the same

as in the simulation illustrated in Figure 6a.

The main conclusion from the results shown in Figure 6 is that the observations
conducted by the MMS1 satellite in the dawn-side magnetosphere on March 6, 2016 in-
deed demonstrate the whistler-mode wave inside the high-B duct. Figure 6b confirms
that the ducting occurs due to the inhomogeneity in the background magnetic field, be-
cause without that inhomogeneity, this wave propagates under a large angle to the am-

bient magnetic field.

4.4 Event II

Event II consists of the whistler-mode waves trapped inside the low-B duct. To model
this event, we again assume that the plasma density and the background magnetic field
are homogeneous in the z-direction and inhomogeneous in the x-direction. The ampli-
tudes of n and By inside the duct, as well as the width of the duct, are taken from the
observations shown in Figure 1c and 1d. The frequency of the wave is 272 Hz. The ini-
tial conditions for the wave used in the simulation are calculated assuming that A\ =
7.60 km, ng = 78.1 ecm ™3, and By = 45.20 nT, which is the minimal value of the mag-
netic field inside the duct. For these parameters of the wave and plasma, relations (4),
(5), and (10) provide By = 49 nT, By = 39 nT, k;, = 0.482 rad/km (A,, = 13.03 km)
and ky, = 2.77 rad/km (A1, = 2.26 km).

Figures 7a, 7a’, and 7a” show results from the simulations of this wave during the
time interval of 368 ms or 100 wave periods. Figure 6a shows the dynamic of F, (z, z
=0, t), Figure 6a’ shows the profile of By across By, and Figure 7a” shows the dynamic

of E, in the center of the computational domain, E, (z = 0, z = 0, t).

For comparison, Figure 7b shows the dynamics of E, (z, z = 0, t) of the same wave

in the simulation with a homogeneous background magnetic field (B = 45.20 nT). The
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profile of By across By is shown in Figure 7b’, and the dynamic of E, (z =0, z = 0, t),
is shown in Figure 7b”. In this simulation, the background plasma density is the same

as in the simulation illustrated in Figure 7a.

The main conclusion from the results shown in Figure 7 is that the observations
conducted by the MMS1 satellite in the dawn-side magnetosphere on March 6, 2016 in-
deed demonstrate the whistler-mode wave inside the low-B duct. Figure 7b confirms that
the ducting occurs due to the inhomogeneity in the background magnetic field, because
without that inhomogeneity, this wave propagates under a large angle to the ambient

magnetic field.

5 Conclusions

The paper presents results from the analytical and numerical study of the prop-
agation of ELF whistler-mode waves in the localized field-aligned irregularities of the am-
bient magnetic field. This study is motivated by the observations performed by NASA
MMS satellites in the dawn-side equatorial magnetosphere, which reveal packages of whistler-
mode waves localized inside small-scale regions where the magnitude of the magnetic field
was decreased or increased. We call these regions low-B ducts and high-B ducts, corre-

spondingly.

By analogy with our previous investigations of the whistler-mode waves in the high-
density and low-density ducts, this study is based on the analysis on the dispersion re-
lation derived from the linearized equations of the quasi-longitudinal EMHD model. We
provide analytical criteria for whistler-mode waves to be trapped in the low-B and high-
B ducts. The validity of these criteria is confirmed with two-dimensional, time-dependent
simulations of the complete set of EMHD equations in the inhomogeneous plasma and

the magnetic field.

Our analysis demonstrates that the low-B duct can leak energy outside due to the
potential coupling between the waves propagating inside and outside of the duct chan-
nel. The high-B duct is “leak-free” because there is no wave with the same frequency
and the parallel wavelength propagating outside the duct. These properties of the mag-
netic ducts are opposite to the properties of density ducts. There, the high-density duct
can leak electromagnetic energy due to coupling with the waves outside the channel, and

the low-density duct is “leak-free.”
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Finally, we perform numerical simulations of two observational events recorded by
the MMS1 satellite on March 6, 2016, where the whistler-mode waves were detected in-
side the low-B and high-B ducts. Simulations demonstrate that these waves are indeed
ducted by the field-aligned inhomogeneities of the magnetic field, and without these in-

homogeneities, the wave propagates under large angle to the magnetic field.

The main conclusion from our study is that the magnetic ducts formed by the lo-
calized field-aligned enhancements and depletions of the magnetic field can guide whistler-
mode waves over significant distances in the magnetosphere with a little attenuation. In
full analogy with the ducts formed by the field-aligned density irregularities, magnetic
ducts are defined by thresholds depending on the wave frequency, parallel wavelength,

and magnitude of the plasma density.
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428 Figure 1. Two examples of the localized wave packets observed by the MMSI satellite inside

429 the high-B duct (Event I) and low-B duct (Event II) on 6 March 2016. Panels A and C show the
430 Power Spectral Density (PSD) of F, (color palette) and the background magnetic field (white

431 line). Panels B and D show plots of the corresponding plasma density.
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432 Figure 2. Trajectory and locations of MMS satellites in the GSE X-Y plane on March 6,

433 2016. The red dot marks the satellites location at 18:00 UT.
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the homogeneous magnetic field, By = 45.4 nT.

,197

This article is protected by copyright. All rights reserved.

B5UBO17 SUOLULLOD BRSO |cfedl|dde Bu Aq peusenob are saplie YO ‘88N JO S9INn 10} Areiq 1 BUIIUO AB]IM UO (SUORIPUOD-pUR-SLUIBY WD A8 | ARRIq 1 U1 |UO//SANY) SUORIPUOD PUe SWiB L 8U} 885 *[£202/80/LT] U0 ArigITaulUO AB|IM ‘AlUN OIMRUORBY BIPPIY-AIqw AQ 9T.TE0VLEZ0Z/620T OT/I0p/LI0Y A3| M Azeiq1eul|uo'sandnfe;/sduy wouy papeojumoq ‘el ‘2ov669TC



444

445

446

447

448

High-B Duct Homogeneous B
80 80
c 70 c 70
£ £ .
@ 6o @ g &
50 (A 50 ")
244 -
183
@
E
[0}
£
122
61
0 _ _ = Z = | ==
-145 -7.25 0 725 145 -4 0 4 -145 -7.25 725 145 -2 0 2
X (km) Ex (mV/m) X (km) Ex (mV/m)
[ Iaaaaaa— | [ aaaaaa— |
-3.8 0 38 -16 0 1.6
Ex (mV/m) Ex (mV/m)

Figure 5. (A) Dynamics of E; (z, z =0, t) in the simulation of the model high-B duct. The
wave frequency is f = 410 Hz and A = 9.26 km. Plasma density is homogeneous across Bo. (A’)
Profile of the magnetic field across Bg. (A”) Dynamics of E, at the center of the computational

domain, E; (x =0, z = 0, t). Panels (B), (B’), and (B”) show results from the simulations with

homogeneous By = 74.0 nT.
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Figure 6. (A) Dynamics of E, (z, z = 0, ) in the simulation with the parameters corre-

sponding to the Event I. The frequency of the wave is f = 400 Hz and A\ = 10.5 km. (A’) Profile
of the magnetic field across Bg. (A”) Dynamics of E, inside the low-B duct, E, (z =0, z = 0,

t). Panels (B), (B’), and (B”) show results from the simulations of the same wave in the plasma

with the same density distribution and homogeneous By = 74.2 nT.
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Figure 7. (A) Dynamics of E; (z, z = 0, ) in the simulation with the parameters corre-
sponding to the Event II. The frequency of the wave is f = 272 kHz and A\ = 7.60 km. (A’)
Profile of the magnetic field across Bg. (A”) Dynamics of E, inside the low-B duct, E; (z = 0,
z =0, t). Panels (B), (B’), and (B”) show results from the simulations of the same wave in the

plasma with the same density distribution and homogeneous By = 45.20 nT.
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