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Whistler-Mode Waves in Magnetic Ducts1

Anatoly V. Streltsov and Salman A. Nejad2

Department of Physical Sciences, Embry-Riddle Aeronautical University, Daytona Beach, Florida, USA3

Key Points:4

• MMS satellites observe ELF whistler-mode waves inside small-scale irregularities5

of the magnetic field.6

• We provide theoretical criteria for the wave to be trapped by the field-aligned mag-7

netic irregularities.8

• We model ducting of the observed waves and identify parallel and perpendicular9

wavenumbers providing ducting of these waves.10
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Abstract11

Observations from the NASA MMS satellites show packages of ELF whistler-mode waves12

localized inside the small-scale irregularities of the magnetic field. These irregularities13

are formed by the narrow field-aligned channels where the magnitude of the background14

magnetic field inside the channel is greater or less than outside. By analogy with the clas-15

sical density ducts, we introduce the high-B duct (HBD), where the magnitude of the16

field inside the channel is greater than the outside, and the low-B duct (LBD), where17

the magnitude of the field inside the channel is less than the outside. We investigate the18

guiding of the ELF whistler-mode waves by high-B and low-B ducts. We derive the an-19

alytical criteria for the wave ducting by these ducts and confirm them with two-dimension,20

time-dependent simulations of the electron-MHD model. Also, we model ELF whistler-21

mode waves observed inside the high-B and low-B ducts by MMS satellites.22

1 Introduction23

Extremely-low frequency (300 Hz - 3 kHz) whistler-mode waves have garnered sig-24

nificant attention from the space plasma community [Katoh, 2014; Xu et al., 2020; Hos-25

seini et al., 2021] due to their capacity to engage in cyclotron resonance with high-energy26

electrons (with energies of several 100 keV and higher) in the Earth’s radiation belt [Nunn,27

1974; Trakhtengerts et al., 2003; Omura and Summers, 2006]. These interactions alter28

the pitch angle of energetic particles, leading to their precipitation from the magneto-29

sphere. Therefore, a controlled injection of whistler-mode waves from Earth or space into30

the magnetosphere can mitigate the presence of energetic particles in the Earth’s radi-31

ation belt and make the environment safer for electronics and crews on space platforms32

[Inan et al., 1985, 2003].33

Whistler-mode waves can be guided along the ambient magnetic field by the field-34

aligned density irregularities, known as ducts. These ducts can be formed by the den-35

sity depletion (low-density duct or LDD), enhancement (high-density duct or HDD), shelf-36

like density structures, and single density gradient [Zudin et al., 2019; Streltsov , 2021a,b].37

The ducting of the whistler-mode waves explain their propagation in the Earth’s mag-38

netosphere over a significant distance (like from one hemisphere to another) with a lit-39

tle attenuation.40
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Various aspects of the guiding of the whistler-mode waves by different density struc-41

tures have been studied in the space and laboratory plasma by a great number of au-42

thors [Storey , 1954; Nunn, 1974; Karpman et al., 1974; Stenzel , 1976; Omura et al., 1991;43

Trakhtengerts et al., 1996; Nunn and Smith, 1996; Stenzel , 1999; Trakhtengerts et al.,44

1996; Nunn and Smith, 1996; Hobara et al., 2000; Kostrov et al., 2000]. The basic physics45

of these processes is described in the monographs by Helliwell [1965], Sazhin [1993], and46

Kondrat’ev et al. [1999].47

This study focuses on the guiding of the whistler-mode waves by the field-aligned48

inhomogeneities of the background magnetic field. These inhomogeneities can be formed49

by the localized increase and decrease of the magnitude of the background magnetic field.50

By the analogy with the ducts formed by the field-aligned increases and decreases of the51

plasma density, it is reasonable to call these magnetic structures high-B ducts and low-52

B ducts, or HBD and LBD.53

High-B ducts can be produced, for example, by the the depolarizing flux bundles54

(DFBs), carrying particles and magnetic fields from the magnetotail to the inner mag-55

netosphere during substorms [Birn et al., 2012; Liu et al., 2013; Runov et al., 2009; Sit-56

nov et al., 2009]. Low-B ducts can be produced by the diamagnetic motion of freshly in-57

jected plasmas from the magnetotail [He et al., 2017; Huang et al., 2021; Yin et al., 2021].58

Also, the positive gradient portion of DFBs, along with the intrinsic dipole magnetic field59

of the terrestrial magnetosphere or the negative gradient portion of adjacent DFBs, can60

create a magnetic dip in the radial direction [Artemyev et al., 2022; Gabrielse et al., 2016;61

Malykhin et al., 2021; Zhou et al., 2009].62

Despite the abundant presence of magnetic structures in the inner magnetosphere,63

the trapping mechanism of the whistler-mode waves by them has not been studied well.64

Recently, Yu and Yuan [2022] studied ducting of the whistler-mode wave by the mag-65

netic dips and peaks by analyzing the wave refractive index.66

In our approach, we use the whistler-mode dispersion relation to get the analyt-67

ical criteria for the wave trapping in HBD and LBD. This approach let us identify the68

thresholds in magnitude of the ambient magnetic field providing trapping of the wave69

with some known frequency. It also allowed us to identify the ranges of the parallel and70

perpendicular wavelengths of the waves trapped in these ducts. We confirm the valid-71

ity of this approach with two-dimensional, time-dependent simulations of the electron-72
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MHD model describing whistler-mode waves in the inhomogeneous plasma and the mag-73

netic field. We also use this approach and simulations to model two events observed by74

the MMS satellites.75

2 Observations76

Observations by the NASA MMS satellites in the equatorial magnetosphere reveal77

localized packages of the whistler-mode waves that correlate with inhomogeneities of the78

background magnetic field.79

Figure 1 shows two events consisting of the localized packages of ELF waves and80

magnetic inhomogeneities observed by the MMS1 satellite in the equatorial dawnside mag-81

netosphere on March 6, 2016. Figure 2 shows the location and the trajectory of the MMS82

satellites in the X-Y plane in GSE coordinates on March 6, 2016. The electron number83

density is obtained by the MMS1 FPI/DES instrument, the power spectral density of84

the electric field is provided by the FIELDS Instrument Suite [Torbert et al., 2016], and85

the magnetic field is provided by the MMS1 Flux-Gate Magnetometer(FGM) [Russell86

et al., 2016].87

• Event I. The first event consists of the whistler-mode waves in the high-B Duct88

observed from 19:38:58 to 19:39:04 UT. Figure 1a shows with a color palette the89

power spectral density (PSD) of the x-component of the electric field (in the GSE90

coordinate system) in the frequency range 300-500 Hz and the magnitude of the91

background magnetic field (white line). Figure 1b shows the corresponding elec-92

tron density. The maximum magnitude of the ambient magnetic field inside the93

duct is 74.16 nT (here the electron cyclotron frequency ωce = 13.03 × 103 rad/s94

and the lower hybrid frequency ωLH = 3.04 × 102 rad/s), and it changes during95

this time interval by ≈21.38 nT or 28.8% compared to the minimum values out-96

side the duct of 52.87 nT. For comparison, during this time interval, the electron97

density changes from 67 cm−3 to 70 cm−3, or by 4.5%. The density inside the duct98

is 67.7 cm−3 (ωpe = 4.63 × 105 rad/s). The frequency of the wave in the duct is99

400 Hz, and the width of the duct is ≈5.78 km.100

• Event II. The second event consists of the whistler-mode wave in the low-B Duct101

observed from 18:36:58 to 18:37:09 UT. Figures 1c shows the power spectral den-102

sity of Ex in the frequency range 110–370 Hz (with the color palette) and the mag-103
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nitude of the ambient magnetic field (with the white line). The minimum mag-104

nitude of the ambient magnetic field inside the duct is 45.2 nT (ωce = 7.95 ×105

103 rad/s, ωLH = 1.85×102 rad/s). The field changes during this time interval106

from minimum to the maximum value of 66.5 nT by 21.3 nT or 47.2%. The elec-107

tron density inside the duct is 75.4 cm−3 (ωpe = 4.98×105 rad/s), and it changes108

during this time interval by 4.1 cm−3, or 5.4%. The frequency of the wave in the109

duct is 272 Hz, and the width of the duct is ≈22.7 km.110

In the next section, we present an analytical investigation of the physical mechanisms111

providing ducting of the whistler-mode waves by the field-aligned magnetic irregulari-112

ties. Our approach is based on the analysis of the dispersion relation for whistler-mode113

waves, and it is similar to the analysis of the wave-guiding by the density ducts devel-114

oped earlier by Streltsov et al. [2006].115

3 Model116

The whistler-mode waves in the magnetosphere can be described with a so-called117

quasi-longitudinal approximation of the electron-MHD (EMHD) model. This model as-118

sumes that the ions are immobile and the electrons can be treated as the cold fluid car-119

rying the current [Helliwell , 1965; Gordeev et al., 1994]. The immobility of the ions means120

that ωLH < ω, where ωLH is the lower hybrid frequency and ω is the angular frequency121

of the wave.122

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 ω < ωce � ωpe [Sazhin, 1993]. Thus, the ELF

whistler-mode waves can be described with the quasi-longitudinal approximation of EMHD

if

ωLH < ω < ωce � ωpe (1)

It should be mentioned here that the conditions (1) are satisfied for the parameters of123

the wave, plasma, and the magnetic field observed during Event I and Event II.124
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The dispersion relation of whistler-mode waves derived from the linearized quasi-

longitudinal EMHD in the homogeneous media is

k2 − ωce

ω
k‖k +

1

λ2e
= 0. (2)

Here, k‖ and k⊥ are parallel and perpendicular to B0 wavenumber, k2 = k2‖+k
2
⊥, and125

λe = c/ωpe is the electron plasma skin depth.126

Relation (2) can be used to express B in terms of ω, k⊥, k‖, and ωpe in the form

B =
ω

k‖

me

e

(
k +

1

kλ2e

)
. (3)

Figure 3a shows the plot of B as a function of k⊥ for ω = 1.71 × 103 rad/s (f = 272 Hz),127

k‖ = 0.7 rad/km (λ‖ = 8.98 km), and ωpe = 4.98 × 105 rad/s (n = 78 cm−3). These128

parameters of the wave and the media are similar to those observed by MMS1 during129

Event II.130

Figure 3 shows that there are two different real k⊥ if B2 < B < B1, one real k⊥131

if B > B1, and there is no real k⊥ if B < B2. Here,132

B1 = ω
me

e

(
1 +

1

k2‖λ
2
e

)
, (4)

B2 = ω
me

e

(
2

k‖λe

)
. (5)

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

press k‖ as

k‖ = ω
me

e

1

B2

2

λe
=

ω

ωce

B

B2

2

λe
. (6)

Next, put (6) into (2)

k2 − B

B2

2

λe
k +

1

λ2e
= 0, (7)

solve (7) for k

k1,2 =
B

B2

1

λe

(
1 ∓

√
1 − B2

2

B2

)
= k‖

ωce

2ω

(
1 ∓

√
1 − B2

2

B2

)
, (8)

take (8) to the second power and remember that k2 = k2‖ + k2⊥

k2‖ + k2⊥1,2
= k2‖

ω2
ce

4ω2

(
1 ∓

√
1 − B2

2

B2

)2

. (9)

Finally,

k⊥1,2 = k‖

 ω2
ce

4ω2

(
1 ∓

√
1 − B2

2

B2

)2

− 1

1/2

. (10)
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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 BI is the magnetic field inside the duct, and

BL 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

B2 < BI < B1 < BL (11)

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

BH < B2 < BI < B1, (12)

where BH is the magnitude of the field outside the high-B duct.133

Figure 3a also shows an important difference between the ducting of whistler-mode134

waves by LBD and HBD. Namely, if B2 < B < B1 inside the duct, then there are two135

whistler-mode waves with the same ω and k‖ but different k⊥. In the case of LBD, for136

any magnetic field outside the duct BL > B1 there always exists a wave with the same137

ω and k‖ as the wave inside the duct. This wave can couple to the waves propagating138

inside the LBD and carry the wave energy away from the duct, resulting in the leakage139

of the electromagnetic energy from LBD.140

For the HBD, the situation is different. Since there are no waves with a real k⊥ and141

the same ω and k‖ outside the HBD, where BH < B2, the inner waves cannot couple142

to waves propagating outside the duct, and hence, we expect that there is no leakage from143

HBD.144

These features of the low-B and high-B ducts are in contrast with the properties145

of the ducts formed by the field-aligned density irregularities. Namely, the high-density146

duct (HDD) leaks electromagnetic energy due to the coupling with the wave outside the147

duct, and the low-density duct (LDD) is leak-free [Streltsov et al., 2006; Streltsov , 2021a].148

The criteria for ducting of the whistler-mode waves given by the expressions (11)149

and (12) are obtained from the dispersion relation (2) derived in the homogeneous me-150

dia. The media are certainly not homogeneous when the ducting is considered. There-151

fore, these criteria need to be verified with the numerical solution of the full set of EMHD152

equations in the realistically inhomogemeous plasma and the magnetic field. These sim-153

ulations are described in the next section.154

–7–
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4 Simulations155

The quasi-longitudinal electron-MHD model used in this paper consists of three156

vector equations for E, B, and the electron velocity v (e.g., [Streltsov et al., 2006]).157

me

µ0nee2
∇×∇×E + E = −me

e
(v ·∇)v − v ×B, (13)

∂B

∂t
= −∇×E, (14)

∂v

∂t
=

1

µ0nee
∇×∇×E. (15)

These equations are implemented numerically using the finite-difference, time-domain158

(FDTD) technique in a two-dimensional rectangular domain (x, z). All spatial deriva-159

tives are approximated with the forth-order finite differences. Equation (13) for E is solved160

at every time step by the method of successive over-relaxation (SOR). To advance the161

model in time, a third-order predictor-corrector algorithm is used, with the Adamse-Bashforth162

method serving as a predictor and the Adamse-Moulton method serving as a corrector.163

The background magnetic field is pointed in the z-direction. The plasma density164

and the background magnetic field are homogeneous in the z-direction and inhomoge-165

neous in the x-direction. The size of the domain in the z-direction is lz (from −lz/2 to166

lz/2), and the size in the x-direction is lx (from −lx/2 to lx/2).167

The boundary conditions for all variables in the z-direction are periodic: E (t, x,168

−lz/2) = E (t, x, lz/2), B (t, x, −lz/2) = B (t, x, lz/2), and v (t, x, −lz/2) = v (t, x,169

lz/2). The size of the computational domain in the z-direction, lz, is set equal to one λ‖.170

The boundary conditions in the x-direction are of the Dirichlet type: E (t, −lx/2, z) =171

E (t, lx/2, z) ≡ 0, B (t, −lx/2, z) = B (t, lx/2, z) ≡ 0, v (t, −lx/2, z) = v (t, lx/2, z)172

≡ 0. The initial conditions for E, B, and v, as well as other details of the code are de-173

scribed in Streltsov et al. [2006].174

4.1 Low-B Duct175

We start the verification of the ducting criteria (11) and (12) by simulating the dy-176

namics of the whistler-mode waves in the model low-B duct. We assume that the plasma177

density is homogeneous in the x and z directions and n = 75.4 cm−3. The magnetic field178

is homogeneous in the z-direction and inhomogeneous in x. The magnitude of the mag-179

netic field inside the duct is BI = 45.4 nT and outside BL = 66 nT. The width of the180

duct is 22 km.181

–8–
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The frequency of the wave is f = 272 Hz, and the parallel wavelength is λ‖ = 7.70182

km. For these parameters of the wave and plasma, relations (4) and (10) provide B1 =183

48.6 nT, B2 = 38.9 nT, k⊥1
= 0.43 rad/km (λ⊥1

= 14.46 km), and k⊥2
= 2.77 rad/km184

(λ⊥2
= 2.27 km).185

Figures 4a, 4a’, and 4a” show results from the simulations of this wave during time186

interval of 368 ms or 100 wave periods. Figure 4a shows the dynamic of Ex (x, z = 0,187

t). The results are presented in (x-t) domain because the media is assumed to be homo-188

geneus in z-direction, the code uses periodic boundary conditions in the z-direction, and189

the size of the domain in the z-direction is set equal to one λ‖. Figure 4a’ shows the pro-190

file of B0 across B0, and Figure 4a” shows the dynamic of Ex in the center of the com-191

putational domain, Ex (x = 0, z = 0, t).192

For comparison, Figure 4b shows the dynamic of Ex (x, z = 0, t) of the same wave193

in the simulation with a homogeneous background magnetic field (B = 45.4 nT) and194

plasma density (n = 75.4 cm−3). The profile of B0 across B0 is shown in Figure 4b’, and195

the dynamic of Ex (x = 0, z = 0, t), is shown in Figure 4b”.196

The main conclusion from the results shown in Figure 4 is that the wave with this197

particular ω and λ‖ is indeed trapped inside the low-B duct in strict accordance with198

the prediction based on the analytical criteria (11). Figure 4b confirms that the duct-199

ing occurs due to the inhomogeneity in the background magnetic field, because without200

that inhomogeneity, the same wave propagates under a large angle to the magnetic field.201

4.2 High-B Duct202

Next, we consider propagation of the whistler-mode wave in the high-B duct. Again,203

we assume that the plasma density is homogeneous in the x and z directions and n =204

68 cm−3. The magnetic field is homogeneous in z-direction and inhomogeneous in x. The205

magnitude of the magnetic field inside the duct is BI = 74.0 nT and outside BH = 53206

nT. The width of the duct is 29 km.207

The frequency of the wave is f = 410 Hz and the parallel wavelength is λ‖ = 9.26208

km. For these parameters of the wave and plasma, relations (4)-(6) provide B1 = 91.4209

nT, B2 = 67.1 nT, k⊥1
= 0.725 rad/km (λ⊥1

= 8.66 km), and k⊥2
= 2.33 rad/km (λ⊥2

210

= 2.70 km).211
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Figures 5a, 5a’, and 5a” show results from the simulations of this wave during the212

time interval of 368 ms or 100 wave periods. Figure 5a shows the dynamic of Ex (x, z213

= 0, t), Figure 5a’ shows the profile of B0 across B0, and Figure 5a” shows the dynamic214

of Ex in the center of the computational domain, Ex (x = 0, z = 0, t).215

For comparison, Figure 5b shows the dynamic of Ex (x, z = 0, t) of the same wave216

in the simulation with a homogeneous background magnetic field (B = 74.0 nT) and217

plasma density (n = 68.0 cm−3). The profile of B0 across B0 is shown in Figure 5b’, and218

the dynamic of Ex (x = 0, z = 0, t), is shown in Figure 5b”.219

The main conclusion from the results shown in Figure 5 is that the high-B duct220

indeed traps and guides the wave with these particular ω and λ‖ as it is predicted by221

the analytical criteria (12). Figure 5b confirms that the ducting occurs due to the in-222

homogeneity in the background magnetic field, because without that inhomogeneity, the223

same wave propagates under a large angle to the magnetic field.224

Now, after the criteria for the whistler-mode wave ducting with the low-B duct and225

high-B duct are verified with rigorous numerical simulations, we will apply the devel-226

oped formalism for modeling events observed by the MMS1 satellite on March 6, 2016.227

4.3 Event I228

Event I consists of the whistler-mode waves trapped inside the high-B duct. We229

assume that the plasma density and the background magnetic field are homogeneous in230

the z-direction, and both are inhomogeneous in the x-direction. The amplitudes of n and231

B0 inside the duct, as well as the width of the duct, are taken from the observations shown232

in Figure 1a and 1b. The frequency of the wave is 400 Hz. The initial conditions for the233

wave used in the simulation are calculated assuming that λ‖ = 10.5 km, n0 = 67.6 cm−3,234

and B0 = 74.2 nT, which is the maximum value of the magnetic field inside the duct.235

For these parameters of the wave and plasma, relations (4), (5), and (10) provide B1 =236

109.3 nT, B2 = 73.7 nT, k⊥1
= 0.725 rad/km (λ⊥1

= 8.66 km), and k⊥2
= 2.33 rad/km237

(λ⊥2
= 2.70 km).238

Figures 6a, 6a’, and 6a” show results from the simulations of this wave during the239

time interval of 250 ms or 100 wave periods. Figure 6a shows the dynamic of Ex (x, z240
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= 0, t), Figure 6a’ shows the profile of B0 across B0, and Figure 6a” shows the dynamic241

of Ex in the center of the computational domain, Ex (x = 0, z = 0, t).242

For comparison, Figure 6b shows the dynamic of Ex (x, z = 0, t) of the same wave243

in the simulation with a homogeneous background magnetic field (B = 74.2 nT). The244

profile of B0 across B0 is shown in Figure 6b’, and the dynamic of Ex (x = 0, z = 0, t),245

is shown in Figure 6b”. In this simulation, the background plasma density is the same246

as in the simulation illustrated in Figure 6a.247

The main conclusion from the results shown in Figure 6 is that the observations248

conducted by the MMS1 satellite in the dawn-side magnetosphere on March 6, 2016 in-249

deed demonstrate the whistler-mode wave inside the high-B duct. Figure 6b confirms250

that the ducting occurs due to the inhomogeneity in the background magnetic field, be-251

cause without that inhomogeneity, this wave propagates under a large angle to the am-252

bient magnetic field.253

4.4 Event II254

Event II consists of the whistler-mode waves trapped inside the low-B duct. To model255

this event, we again assume that the plasma density and the background magnetic field256

are homogeneous in the z-direction and inhomogeneous in the x-direction. The ampli-257

tudes of n and B0 inside the duct, as well as the width of the duct, are taken from the258

observations shown in Figure 1c and 1d. The frequency of the wave is 272 Hz. The ini-259

tial conditions for the wave used in the simulation are calculated assuming that λ‖ =260

7.60 km, n0 = 78.1 cm−3, and B0 = 45.20 nT, which is the minimal value of the mag-261

netic field inside the duct. For these parameters of the wave and plasma, relations (4),262

(5), and (10) provide B1 = 49 nT, B2 = 39 nT, k⊥1
= 0.482 rad/km (λ⊥1

= 13.03 km)263

and k⊥2 = 2.77 rad/km (λ⊥2 = 2.26 km).264

Figures 7a, 7a’, and 7a” show results from the simulations of this wave during the265

time interval of 368 ms or 100 wave periods. Figure 6a shows the dynamic of Ex (x, z266

= 0, t), Figure 6a’ shows the profile of B0 across B0, and Figure 7a” shows the dynamic267

of Ex in the center of the computational domain, Ex (x = 0, z = 0, t).268

For comparison, Figure 7b shows the dynamics of Ex (x, z = 0, t) of the same wave269

in the simulation with a homogeneous background magnetic field (B = 45.20 nT). The270
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profile of B0 across B0 is shown in Figure 7b’, and the dynamic of Ex (x = 0, z = 0, t),271

is shown in Figure 7b”. In this simulation, the background plasma density is the same272

as in the simulation illustrated in Figure 7a.273

The main conclusion from the results shown in Figure 7 is that the observations274

conducted by the MMS1 satellite in the dawn-side magnetosphere on March 6, 2016 in-275

deed demonstrate the whistler-mode wave inside the low-B duct. Figure 7b confirms that276

the ducting occurs due to the inhomogeneity in the background magnetic field, because277

without that inhomogeneity, this wave propagates under a large angle to the ambient278

magnetic field.279

5 Conclusions280

The paper presents results from the analytical and numerical study of the prop-281

agation of ELF whistler-mode waves in the localized field-aligned irregularities of the am-282

bient magnetic field. This study is motivated by the observations performed by NASA283

MMS satellites in the dawn-side equatorial magnetosphere, which reveal packages of whistler-284

mode waves localized inside small-scale regions where the magnitude of the magnetic field285

was decreased or increased. We call these regions low-B ducts and high-B ducts, corre-286

spondingly.287

By analogy with our previous investigations of the whistler-mode waves in the high-288

density and low-density ducts, this study is based on the analysis on the dispersion re-289

lation derived from the linearized equations of the quasi-longitudinal EMHD model. We290

provide analytical criteria for whistler-mode waves to be trapped in the low-B and high-291

B ducts. The validity of these criteria is confirmed with two-dimensional, time-dependent292

simulations of the complete set of EMHD equations in the inhomogeneous plasma and293

the magnetic field.294

Our analysis demonstrates that the low-B duct can leak energy outside due to the295

potential coupling between the waves propagating inside and outside of the duct chan-296

nel. The high-B duct is “leak-free” because there is no wave with the same frequency297

and the parallel wavelength propagating outside the duct. These properties of the mag-298

netic ducts are opposite to the properties of density ducts. There, the high-density duct299

can leak electromagnetic energy due to coupling with the waves outside the channel, and300

the low-density duct is “leak-free.”301
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Finally, we perform numerical simulations of two observational events recorded by302

the MMS1 satellite on March 6, 2016, where the whistler-mode waves were detected in-303

side the low-B and high-B ducts. Simulations demonstrate that these waves are indeed304

ducted by the field-aligned inhomogeneities of the magnetic field, and without these in-305

homogeneities, the wave propagates under large angle to the magnetic field.306

The main conclusion from our study is that the magnetic ducts formed by the lo-307

calized field-aligned enhancements and depletions of the magnetic field can guide whistler-308

mode waves over significant distances in the magnetosphere with a little attenuation. In309

full analogy with the ducts formed by the field-aligned density irregularities, magnetic310

ducts are defined by thresholds depending on the wave frequency, parallel wavelength,311

and magnitude of the plasma density.312
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Figure 1. Two examples of the localized wave packets observed by the MMS1 satellite inside

the high-B duct (Event I) and low-B duct (Event II) on 6 March 2016. Panels A and C show the

Power Spectral Density (PSD) of Ex (color palette) and the background magnetic field (white

line). Panels B and D show plots of the corresponding plasma density.

428

429

430

431

Figure 2. Trajectory and locations of MMS satellites in the GSE X-Y plane on March 6,

2016. The red dot marks the satellites location at 18:00 UT.

432
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Figure 3. (A) Magnitude of the magnetic field vs the perpendicular wave number obtained as

a solution of the dispersion relation (2) for ω = 1.71×103 rad/s (f = 272 Hz), k‖ = 0.70 rad/km

(λ‖ = 8.98 km), and ωpe = 4.98×105 rad/s (n = 78 cm−3). (B) Magnitude of the magnetic field

in the direction perpendicular to B0 corresponding to the low-B duct (LBD) and high-B duct

(HBD).
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Figure 4. (A) Dynamics of Ex (x, z = 0, t) in the simulation of the model low-B duct. The

wave frequency is f = 272 Hz and λ‖ = 7.70 km. Plasma density is homogeneous across B0. (A’)

Profile of the magnetic filed across B0. (A”) Dynamics of Ey at the center of the computational

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

the homogeneous magnetic field, B0 = 45.4 nT.
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Figure 5. (A) Dynamics of Ex (x, z = 0, t) in the simulation of the model high-B duct. The

wave frequency is f = 410 Hz and λ‖ = 9.26 km. Plasma density is homogeneous across B0. (A’)

Profile of the magnetic field across B0. (A”) Dynamics of Ex at the center of the computational

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

homogeneous B0 = 74.0 nT.
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Figure 6. (A) Dynamics of Ex (x, z = 0, t) in the simulation with the parameters corre-

sponding to the Event I. The frequency of the wave is f = 400 Hz and λ‖ = 10.5 km. (A’) Profile

of the magnetic field across B0. (A”) Dynamics of Ex inside the low-B duct, Ex (x = 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 B0 = 74.2 nT.
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Figure 7. (A) Dynamics of Ex (x, z = 0, t) in the simulation with the parameters corre-

sponding to the Event II. The frequency of the wave is f = 272 kHz and λ‖ = 7.60 km. (A’)

Profile of the magnetic field across B0. (A”) Dynamics of Ex inside the low-B duct, Ex (x = 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 B0 = 45.20 nT.
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