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Abstract15

A hybrid gyrofluid-kinetic electron model is adapted and used to simulate poloidal stand-16

ing modes for different electron temperatures and azimuthal mode numbers. As in pre-17

vious studies of toroidal standing modes, mirror force effects lead to increased parallel18

potential drops, monoenergetic electron energization and wave energy dissipation as the19

ambient electron temperature is increased. A similar trend is also observed when the elec-20

tron temperature is held fixed and the azimuthal mode number increased - owing to the21

narrowing of the azimuthal flux tube width which necessitates more electron energiza-22

tion to carry the increased parallel current density. In both cases, the increase in elec-23

tron energization eventually leads to more rapid decreases in the parallel current with24

time because of the dissipation of wave energy.25

1 Introduction26

Standing waves in the magnetosphere occur in both toroidal and poloidal polar-27

izations (where the perpendicular electric field is in the radial and azimuthal direction28

respectively). Toroidal modes generally result from mode conversion from fast compres-29

sional modes [Chen and Hasegawa, 1974; Southwood , 1974], while the generation of poloidal30

modes are associated with wave-particle interactions in the inner magnetosphere [South-31

wood , 1976; Chen and Hasegawa, 1988]. Poloidal modes also exist with or without sig-32

nificant magnetic compressional components [e.g Dai et al., 2015] and both limits have33

similar occurrence rates that increase during stormtime conditions. Although the two34

polarizations of the standing waves can have different driving mechanisms, these waves35

are generally neither purely toroidal nor poloidal, but a mixture. Additionally, dominantly36

poloidal modes can gradually evolve into dominantly toroidal modes due to phase mix-37

ing effects [Radoski , 1967; Mann and Wright , 1995; Mann et al., 1997; Leonovich and38

Mazur , 1998] and under certain conditions, poloidal modes may change polarization to39

toroidal as they propagate across magnetic shells [Leonovich and Mazur , 1993; Klimushkin40

et al., 2004].41

In the auroral context, toroidal modes have been linked to the formation of some42

discrete auroral arcs [e.g Samson et al., 2003; Lotko et al., 1998] and previous kinetic sim-43

ulations [Damiano and Wright , 2008; Damiano and Johnson, 2012] illustrate a mono-44

energetic energization (consistent with the nature of the observed auroral arcs) under45

the influence of the wave parallel electric field. In the inner magnetosphere, the dom-46
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inant azimuthal electric and magnetic fields (for poloidal and toroidal modes respectively)47

are in the direction of the magnetospheric particle drift and electrons can be energized48

by drift/drift-bounce resonance to very high energies [e.g. Elkington et al., 1999, 2003;49

Ozeke and Mann, 2008; Shprits et al., 2008] which leads to an inward radial diffusion af-50

ter multiple wave-particle interactions [e.g. Elkington et al., 2003; Shprits et al., 2008;51

Ozeke et al., 2012]. Modes with high azimuthal wave numbers (m ≈ 40−120) cannot52

exhibit resonance with the electron drift motion, but non-resonant interaction of elec-53

trons with the wave azimuthal electric field can also lead to rapid radial transport [Ukhorskiy54

et al., 2009]. The acceleration of electrons under the influence of the azimuthal electric55

field however does not preclude the potential for electron energization in poloidal Alfvén56

modes by the parallel electric fields inherent in the wave (as evident in the toroidal case).57

For example, in the theory of kinetic ballooning modes [e.g. Cheng and Lui , 1998; Cheng ,58

2004], which have poloidal polarization and have been linked to observations of auroral59

beads [e.g. Donovan et al., 2006; Rae et al., 2009; Motoba et al., 2012], parallel electric60

fields lead to the acceleration of the electrons. In the MHD limit, these ballooning modes61

have zero frequency so we expect there would be good correspondence between the na-62

ture of electron energization in the growth phase of a low frequency poloidal standing63

wave and electron energization in a ballooning mode. We have therefore adapted the 2-64

D gyrofluid-kinetic electron model [Damiano et al., 2007; Damiano et al., 2015], previ-65

ously used to consider toroidal standing [e.g Damiano and Wright , 2008; Damiano and66

Johnson, 2012] and propagating [Damiano et al., 2015; Damiano et al., 2016] modes to67

study electron energization by parallel electric fields in poloidal standing waves. While68

this study is interesting in itself, this work also serves as a stepping stone to a more com-69

plicated investigation of electron energization in ballooning modes to be conducted in70

future. The remainder of the paper is divided into three sections. Section 2 presents an71

overview of the hybrid gyrofluid-kinetic electron model that will be used in the inves-72

tigation. Section 3 presents the simulation results while Section 4 draws conclusions based73

on this analysis.74

2 Hybrid Model75

The model used is a version of the 2-D hybrid gyrofluid-kinetic electron model in76

dipolar coordinates [Damiano et al., 2007; Damiano et al., 2015] modified for the inclu-77

sion of poloidal Alfvén modes, but for the moment neglecting coupling to the compres-78

–3–



Confidential manuscript submitted to JGR-Space Physics

sional mode. The geometry is illustrated in Figure 1b and explicitly includes the field79

aligned direction (x1) and the direction across L shells (x2). For consideration of the poloidal80

modes, the gyrofluid portion of the model incorporates the modified linearized radial mo-81

mentum equation given by82

µoρo
∂ũ2

∂t
=

Bo

h1h2

(

∂

∂x1

(h2b2)

)

, (1)

where ũ2 = (1 − 1.25ρ2i∇
2

⊥)u2 , ρi is the ion gyroradius, x1 = cos θ/r2, x2 = sin2 θ/r,83

x3 = φ, h1 = r3/(1+3 cos2 θ)1/2, h2 = r2/(sin θ(1+3 cos2 θ)1/2), h3 = r sin θ (where θ84

is the angle subtended from the z axis as illustrated in Figure 1) and ρo and Bo denote85

the background plasma density and magnetic field respectively. The modified fluid ve-86

locity ũ2 is defined to include the original cold plasma fluid velocity as well as a gyro-87

viscosity term resulting from an off-diagonal term in the divergence of the pressure ten-88

sor. The coefficient of ρ2i∇
2

⊥ is obtained from a Padé approximation [Johnson and Cheng ,89

1997; Cheng and Johnson, 1999]). Equation 1 is coupled to the radial component of Fara-90

day’s law given by91

∂b2
∂t

=
1

h1h3

(

−
∂

∂x3

(h1E1) +
∂

∂x1

(h3E3)

)

=
1

h1h3

(

mh1E1 +
∂

∂x1

(h3E3)

)

, (2)

where m is the imposed azimuthal mode number (such that u2, b2, E3 ∝ sin(mφ) and92

E1=E|| ∝ cos(mφ)) and the azimuthal (where a Padé approximation has also been used93

to relate ũ and the ~E × ~B velocity)94

E3 = Bo(1− ρ2i∇
2

⊥)ũ2 (3)

and parallel Ohm’s laws95

−m2

(

h2

h1h3

+
1

h1λ2
e

)

h1E1 = m

(

h2

h1h3

∂

∂x1

(h3E3)

)

+ eµo
∂

∂x1

∫

v2
1
fd3v (4)

+ µo
e

me

∂Bo

∂x1

∫

µmfd3v

− 2µo
e

me

∂Bo

∂x1

∫

mev
2

1

2Bo
fd3v.
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Here, µm = mev
2

⊥/(2B) is the electron magnetic moment, the second term on the right96

hand side is associated with the parallel gradient of the electron pressure while the third97

and fourth terms are associated with the magnetic mirror force incorporating the per-98

pendicular and parallel electron pressures respectively. This equation was derived, as pre-99

sented for the toroidal mode in Damiano et al. [2007], using Ampere’s law, Faraday’s law100

and the gyroaveraged Vlasov equation, with the exception that the azimuthal compo-101

nent of Faraday’s law (E3) was used in place of the radial component (E2) in order to102

consider poloidal modes.103

The model equations are solved using a predictor-corrector method and equation104

(4) provides an estimate of parallel electric field at the predictor step. In order to en-105

force quasineutrality, any residual ∇ ·~j, is corrected for using the auxilliary Poisson’s106

equation107

ǫo
∂

∂t

(

1

h1h2h3

(mh1h2E3c)

)

= −∇ ·~j

=
−1

h1h2h3

(

∂

∂x1

(h2h3je) +mh1h2j3

)

(5)

where je = −e
∫

v1fd
3v is the electron parallel current and E3c is the correction to the108

perpendicular electric field. Equation (5) is derived by taking the divergence of the full109

Ampere’s law and and noting that ∇ · ~E|| ≪ ∇ · ~E⊥ [e.g. Damiano et al., 2005]. The110

correction is then applied to E|| by incorporating E3c in the first term on the right-hand-111

side of equation (4) at the corrector step [e.g. Damiano et al., 2003; Damiano et al., 2007].112

The guiding center equations are used to describe the parallel electron dynamics113

me
dv1
dt

= −eE1 − µm
1

h1

∂Bo

∂x1

(6)

h1

dx1

dt
= v1, (7)

where v1 is the parallel electron velocity and v⊥ =
√

v2
2
+ v2

3
is the gyrophase indepen-114

dent perpendicular velocity. The corresponding integral moments of the electron distri-115

bution functions in equations (4) and (5) are treated computationally as summations us-116

ing standard Particle-In-Cell techniques [Damiano et al., 2007].117
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Figure 1. (a): Initial radial velocity perturbation (in km/s) presented as a function of mag-

netic latitude and L-shell. (b) Initial perturbation in cartesian coordinates. Inset displays the

relation between polar and curvilinear coordinates where x1 = cos θ/r2, x2 = sin2 θ/r, x3 = φ

and θ is the angle subtended from the z-axis. The circle of radius 1 RE denotes the surface of the

Earth. The low altitude simulation boundary is at a geocentric distance of 2 RE .

132

133

134

135

136

The neglect of the compressional mode, via the absence of the parallel magnetic118

field perturbation (b1), precludes coupling between the toroidal and poloidal Alfvén modes119

within the simulation and neglects electron energization associated with the parallel mag-120

netic field perturbation [e.g. Klimushkin and Mager , 2014]. For the moment, the model121

is run independently for consideration of either toroidal or poloidal modes. As mentioned122

earlier, poloidal modes exist with or without significant compressional components [e.g.123

Dai et al., 2015] and it is in limit of the latter (which are also generally high m modes)124

that this work most applies. However, it is our intention to generalize the model in fu-125

ture to include all three components of the magnetic field perturbation in tandem so that126

it is valid in high β plasmas where compressional effects are largest [e.g. Xia et al., 2017].127

This inclusion is already done in our box model [Damiano et al., 2003]. Compressional128

modes have additionally been considered using both analytical gyrokinetic [Crabtree et al.,129

2003; Crabtree and Chen, 2004; Mager et al., 2013] and computational gyrokinetic [Po-130

razik and Lin, 2011a,b] frameworks.131
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Figure 2. Parellel current evolution above the northern ionospheric boundary for m = 250 at

the indicated times and temperatures.

150

151

3 Simulations137

The simulation is initialized using an eigenmode solution for the velocity pertur-138

bation of a fundamental standing mode derived from the model of Taylor and Walker139

[1984]. The exact same functional dependence for the eigenmode as was used in previ-140

ous studies [e.g. Damiano et al., 2007; Damiano and Wright , 2008; Damiano and John-141

son, 2012] is used here except that we are initializing the radial (as opposed to azimuthal)142

velocity in order to drive the poloidal mode. The initial perturbation is displayed in Fig-143

ure 1 and remains consistent for all the simulations presented. For the present study, we144

do not consider ion gyroradius effects (assuming Ti = 0 so that ρi corrections in ũ2 and145

E2 are neglected). This simplification is done for consistent comparison with our pre-146

viously published works on toroidal standing modes and ρi effects will be addressed in147

a separate publication. In this paper, two limiting cases are considered.148

3.1 Case of fixed azimuthal mode number and variable Te149

For the present section, we fix the azimuthal mode number to be m = 250, but152

vary the electron temperature between 50 and 400 eV. Our choice of azimuthal wave num-153

ber is admittedly high, but not unreasonable as cases of m ∼ 200 have been inferred154

from observations [e.g Takahashi et al., 2013] and high m modes do not generally have155

strong magnetic compressional components [e.g. Dai et al., 2015]. We also consider a large156
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Figure 3. Parallel current density as a function of magnetic latitude along L = 9.6? field line

for indicated temperatures. In all cases, m = 250.

165

166

range of m values here (more clearly evident in the next section) to emphasize trends.157

Figure 2 then illustrates the resulting profile of the parallel current for a cut along the158

northern low-altitude boundary (which is set at a geocentric distance of 2 RE). Three159

different electron temperature cases are presented, and although the evolution looks quite160

similar at earlier times, there is a pronounced divergence as time increases. The ampli-161

tude of the higher temperature cases (Te = 200 and 400 eV) begins to decrease after162

about t = 0.1-0.15 TA while the the coldest temperature (Te = 50 eV) case continues163

to grow, obtaining the largest amplitude.164

Figure 3 then presents the field-aligned parallel current profile along L = 9.6 and167

at t = 0.15 TA (same time as in Figure 2a). The increased current in all three temper-168

ature cases results from the converging magnetic field topology and the figure illustrates169

that the diverging current magnitudes evident in Figure 2 extend all along the field line.170

In order to understand these different parallel current magnitudes as a function of elec-171

tron temperature, it is necessary to consider the evolution of the electron distribution172

in each of the cases. Figure 4 plots electron distribution functions at the northern low-173

altitude boundary in all the temperature cases. The distributions are taken along the174

field line of maximum parallel current (L = 9.6) and are identical in feature to those175

generated for toroidal standing modes (and presented in Damiano and Wright [2008]).176
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Figure 4. Distribution function at northern low-altitude boundary at t = 0.15 TA for (a) Te =

50 eV, (b) Te = 200 eV and (c) Te = 400 eV.

183

184

The distributions are the result of the field-aligned acceleration of electrons (positive dis-177

placement to carry the negative field-aligned current) some of which then undergo re-178

flection in the converging magnetic field topology and travel back up the field line form-179

ing the plotted ring distributions in velocity space. The radius of the ring is indicative180

of the magnitude of the parallel potential drop in the wave, which from a simple con-181

servation of energy argument results as182

e∆φ =
1

2
me(v

2

|| + v2⊥). (8)

This relationship is what is expected to occur since the potential drop needed to over-185

come mirror force repulsion increases with the ambient electron temperature in the con-186

verging magnetic field topology [e.g. Knight , 1973; Rankin et al., 1999; Nakamura, 2000;187

Damiano and Wright , 2008]. As more electrons are effectively trapped by the mirror force188

as temperature increases, fewer electrons must be accelerated to higher energies to carry189

a similar (or in this case) smaller parallel current. This point is illustrated in Figure 5190

where the net energization of electrons at the northern low altitude boundary is presented191

as a function of time. The corresponding diminishment of the current can be understood192

by examining the profiles of the component energies in Figure 6. The drop in the energy193

in u2 is indicative of ion drift energy being converted to both magnetic field and elec-194

tron energy. The magnetic field energy (and correspondingly the magnitude of j||) drops195
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Figure 5. Energy of the accelerated electron population in the region of the current maximum

as a function of time for (a) Te = 50 eV, (b) Te = 200 eV and (c) Te = 400 eV. In all cases, the

azimuthal mode number is 250.

198

199

200

as progressively more ion kinetic energy is transferred to electron energization to carry196

the parallel current as the electron temperature is increased.197

As mentioned, the qualitative features of the electron energization presented in this201

section is very similar to that seen for toroidal modes. This similarity is to be expected202

since the change in wave polarization should not alter the characteristics of the electron203

energization which is defined by the mirror force topology rather than the polarization204

of the wave. The mirror force effect on E|| in toroidal standing modes was first noted205

by Rankin et al. [1999] (and subsequent publications Tikhonchuk and Rankin [2000, 2002]).206

Rather than in simulations as presented here, they considered the relation between E||207

and j|| (in the quasi-static) via the evaluation of the non-local conductivity matrix de-208

rived from the low frequency electron gyrokinetic equation [Antonsen and Lane, 1980]209

in a dipolar geometry. In the next section, we extend our consideration of the the poloidal210

wave system to the limit of fixed electron temperature and variable azimuthal mode num-211

ber.212

3.2 Case of fixed electron temperature (Te = 200 eV) and variable m215

In analogy to Figure 2, Figure 7 displays the parallel current density evolution at216

the northern ionospheric boundary for a fixed electron temperature, but for variable az-217

imuthal mode number. Initially, the magnitude of the parallel current density increases218
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Figure 6. Component energies for (a) Te = 50 eV, (b) Te = 200 eV and (c) Te = 400 eV. In

all cases, the azimuthal mode number is 250.

213

214

with the azimuthal mode number (Figures 7a-7c). This trend is as would be expected219

because the flux tube width narrows as the azimuthal mode number is increased and the220

magnitude of j1 must increase in order to carry the same total parallel current through221

a narrower channel. However, the increased parallel current density needs to be carried222

by more energetic electrons. Therefore, since the simulation is un-driven, the fixed ini-223

tial wave energy is dissipated most quickly in the highest azimuthal mode number case224

(m = 250) meaning that the parallel current density begins to decrease relative to the225

lower m cases as time goes on (Figures 7d and 7e).226

The increased energization of the electrons with the increase in m (and parallel cur-229

rent density) is illustrated in Figures 8 and 9. As per equation (8) the increased poten-230

tial drop needed to accelerate electrons results in a larger radius in velocity space (Fig-231

ure 8). Figure 9 then displays the partitioning of the wave energy for the three values232

of the azimuthal mode number considered. The initial ion kinetic energy is consistent233

in each case, but as m is increased, the energy transferred to the magnetic field goes down234

dramatically at the expense of wave energy going into the energization of precipitating235

electrons. This reduction in the magnetic field energy also accounts for the drop in par-236

allel current density for the largest azimuthal mode number evident in Figures 7d and237

7e. It should be noted that the total energy does not appear constant in Figure 9 be-238

cause the analysis neglects the initial thermal energy of the electrons.239
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Figure 7. Parellel current evolution above the northern ionospheric boundary for Te = 200 eV
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227

228

As a final comment, it should be noted that there is one large difference between240

the poloidal standing mode simulations presented here and the toroidal mode studies done241

previously [Damiano et al., 2007; Damiano and Wright , 2008; Damiano and Johnson,242

2012, 2013]. In these latter efforts, there was substantial broadening of the parallel cur-243

rent profile in the radial direction which was due to the perpendicular Poynting flux as-244

sociated with the large parallel electric field S2 = −E1b3 [e.g Damiano and Johnson,245

2013] where b3 is the azimuthal magnetic field perturbation associated with the toroidal246

standing mode. As apparent in Figures 2 and 7, there is no similar radial broadening in247

the poloidal examples presented here. This lack however is simply because the magnetic248

field perturbation associated with the poloidal mode is in the radial direction and the249

corresponding perpendicular Poynting flux would be in the azimuthal direction. This broad-250

ening is outside the remit of our present 2D model and will be addressed when we ex-251

pand to consideration of 3D simulations. As in the 2D case though, the effect of the broad-252

ening would further decreases the amplitude of the parallel current and electron ener-253

gization to what is apparent in these examples as more of the total parallel current is254

being carried along adjacent field lines.255
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4 Conclusions260

In this study, a 2D hybrid gyrofluid-kinetic electron model in dipolar coordinates261

is used to study electron acceleration in the parallel electric fields of poloidal standing262

modes in the Earth’s magnetosphere. It was found that the electron energization increased263

with increasing ambient electron temperature owing to mirror force trapping effects. It264

was found that, consistent with previous studies of toroidal standing modes, the elec-265

tron energization increased with increasing ambient electron temperature owing to mir-266

ror force effects. The resulting simulation energized electron populations formed ring dis-267

tributions in velocity space. While the electron energization increased, the net parallel268

current was seen to decrease because of the associated dissipation of wave energy. In the269

limit of fixed electron temperature, but increasing azimuthal wave number, both the par-270

allel current and electron energization were seen to increase due to the narrowing of the271

flux tube in the azimuthal direction. Over the longer term though, the magnitude of the272

parallel current in the highest m case considered decreased significantly because of the273

dissipation of wave energy inherent in the increased acceleration of the electrons that oc-274

curred at earlier times.275
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