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Abstract In-situ observations from the FREJA magnetospheric rebesatellite and the Fast Auroral
SnapshoT satellite have shown that plasma waves are fridggjobserved in the auroral plasma, which are
believed to be fundamentally important in wave energy gessdn and particle energization. However, the
effects of a displacement current on these waves have natéeamined. Based on the two-fluid theory,
we investigate the dispersion relation and polarizatiapprties of fast, Alfvén, and slow modes in the
presence of a displacement current, and the effects of #ptadiement current on these waves are also
considered. The results show that the wave frequency,ipataom, magnetic helicity and other properties
for the fast and Alfvén modes are highly sensitive to thenmadized Alfvén velocityv4 /¢, plasma beta

(3, and propagation angle while for the slow mode the dependence is minor. In paricdbr both fast
and Alfvén modes, the magnetic helicity is obviously diéfet with and without the displacement current,
especially for the Alfvén mode with the helicity reverséism right-handed to left-handed when, /c
increases frond to 0.3. The charge-neutral condition of both fast and Alfvén n®dadth frequencies
larger than the proton cyclotron frequency is invalid in pinesence of the displacement current. Moreover,
the presence of the displacement current leads to rekatiseie magnetic compressibility for the Alfvén
mode and relatively large electron compressibility for tast mode. These results can be useful for a
comprehensive understanding of the wave properties anghiysics of particle energization phenomenain
auroral plasmas.
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1 INTRODUCTION such as magnetohydrodynamics (MHD) Alfvén wave,
) __ kinetic Alfvén wave, ion-acoustic wave, ion cyclotron

The auroral zone is one of the most fascinatingaye, fast wave, and whistler waveldfstee & Forsyth
regions in the magnetosphere and there exist a variety%g Cattell et al. 1998Lund et al. 1998 Chaston et al.
of plasma physical processes, including the formationzoo4 2009, where 3 is the ratio of plasma pressure to
of the electric field, particle acceleration, microphysicsmagnetic pressure. Moreover, the spacecraft measurements
of plasma instabilities, and radio emissionéagfmann | ove shown that plasma waves carry the Poynting flux
1984 Bespalov etal. 2006Wu & Chen 2020. In-situ  gyrong enough to induce efficient plasma heating and
observations from Earth auroral satellites, the FREJA)icle acceleration in the auroral plasma through wave-

magnetospheric research satellite (FREJA) and the FaBTarticIe interactions Lfysak & Song 2003 Seyler & Liu
Auroral SnapshoT (FAST) satellite, have shown that &7 swift 2007).

variety of plasma waves exist ubiquitously in auroral

plasmas with a low-beta regime of < me/m; In-situ auroral plasma observations, e.g., from FREJA
e 1

and FAST, have shown that the auroral plasma parameters
* Corresponding author have a wide regime with the density varying from
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10cm™3 to less than10=2cm™3, the temperature are investigated in Sectidh Finally, Sectiord is devoted
from 0.1eV to 10keV, and the magnetic field from to our discussion and conclusion.

0.5G to 50nT in the altitudes from0?km to about
10°km (Mozeretal. 1980 Kletzing & Torbert 1994
Kletzing et al. 1998 Wu & Chao 2003. These plasma
parameters determine the local Alfvén veloaity, which In an electron-proton plasma magnetized by an
has a higher value in the acceleration region betweegmbient magnetic field along thedirection (i.e.,Bo =

0.7 Rg and 1.88 R and reaches its maximal value of pe,) the complete set of two-fluid equation and
va/c = 0.2 nearl Rg, (Stasiewicz et al. 2000Wu & Chao  Maxwell's equations can be written as follows:

2003, where Rg and c represent the Earth’s radius

2 PLASMA MODEL AND WAVE EQUATION

and light velocity, respectively. Therefore, the effects 00v4
associating with the normalized Alfvén velocity of /¢ Madto =g, = N0da (0E + 6va x Bo) = VoFa, (1)
cannot be neglected in the studies of plasma waves in N, — V- (nobva) ?)
auroral plasmas. ot

0P, = kvoTwong, 3)

In homogeneous magnetized two-fluid plasmas, there ISE

are three well-known electromagnetic modes with fre- V x 0B = podJ + E0HO 5 (4)
guencies less than the electron cyclotron frequency: the 98B
fast, Alfvén, and slow modesCfamer 2001 Swanson VXOE=——-—, (5)
2003. The dispersion relation and polarizations have 1
been extensively studied using different formulations V-oE = 52%5% (6)
for a number of plasma waves, such as MHD Alfvén ¢
wave, slow wave, fast wave, kinetic Alfvén wave, kinetic\\here the subscripp. = 4, e denote protons and

slow wave, ion-cyclotron wave, fast wave and whistlerg|actrons respectiveNin,, dva, 0E, 6B, 5P, and
wave Hollweg 1999 Gary & Borovsky 2004 Lu&Li 57 represent the perturbed number density, velocity,
2007 Gary & Smith 2009 Bellan 2012 Sahraouietal.  gjectric field, magnetic field, thermal pressure, and carren
2012 Boldyrev etal. 2013Xiang et al. .2019 Based on density, respectivelyg,, no, and 7., are the charge,
the two-fluid theory,Zhao (2013 obtained the general 4ypient number density, and temperature, respectively.
dispersion relation and polarizations for Iow-frequency% c0, and o are the Boltzmann constant, polyindex
waves with frequencies -Iesg than.the- eI.ectrc.)n Cyc'?"?’fﬁermittivity, and permeability, and is the propagation
frequency. However, their discussion is just in the “m'tangle between the wave vecfoand the ambient magnetic
of va/c < 1, that is, the displacement current in the field Bo. We consider a plane wave form @ff —
Ampere’s law has been ignoredysak & Lotko 1996 54 oxp (—iwt + ik - ), wherew is the wave frequency,
Zhao et al. 2014 A comprehensive investigation of the g4z — k| ey + k,e, is the wave vector.

wave dispersion relation and polarization properties in From Equations ), (3) and @), the current density
the presence of a displacement current is still lackings ; _ noe (60, — 6 )c,an o given, by

in auroral plasmas. In this paper, based on the complete ' ©
set of two-fluid and Maxwell’ equations, we study the AoAydT, =
effects of a displacement current on the wave dispersion !

relation and polarization properties. Our results show tha — Z.];loew (A2 + QAo+ QAOMTQki> SE,
the wave frequency, polarization, and other properties are 0Wei NOEMWei
sensitive to the normalized Alfvén velocity, /c and 4 D€ (Ay — Ao) 6, — iQAOWEO’ft Tok k,0E,
the plasma betg, as well as the propagation angle Bo miWe
The polarizgtion and hel_icity propert_ies have poten'FiaI B wnoeF;Tt (AQTi B QAoTe) kL (5711,
importance in understanding the physics of wave-particle miwg no
interaction in auroral plasmas. (7)
- npe EQBQHTt =~ .92

The rest of the paper is organized as follows. First,AOAQaJ?f* By <A2 — Ao~ Ao noemiwe Tekl) 0Ex
based on the two-fluid theory, the basic physical model  ;ew eok T, ~
and the wave equation are derived in Secfoithen, the  — ZBOCUci (A2 4+ QAo) 0 Ey + Ao MiWei Tek 1 k0 E,
effects of the displacement current on the wave dispersion  , cx7} . . on;
relation and polarization properties at different propiga.~ +* Miwe; (A2Ti + AOTe) ki no

anglesd, differentv, /c regimes, and different regimes (8)
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5. ZsomTt kL kL OE, ordinary (O) mode, and extraordinary (X) mode. It should
T wme + be noted that for the parallel propagatiofi (= 0),
e2ng Eoﬁ tT 2\ sp. (9) the O mode and X mode correspond to the left-handed
e . 1+ Q+ k, polarization and right-handed polarization, respecyivel
enokTs [~ = 5n; and therefore they are often called the L-O mode and R-
+ Wi (QTi - Te) ke o X mode @Andre 198). If we setk\; — 0, Equation {3)
gives two resonance frequencies: the proton cyclotron
2,2
whereQ = me/mi, Ag = 1—w?/w}, Ao = 1=-Q%w?/wl,  [((opanca. — weicosf and the electron cyclotron

Tt - 71T + /-YETEl ﬂ - FYIT/Ttl andTe - 'YeT /Tt
Making use of Equationsdf and §6), we get the relation
between the current densiéyJ and the electric field E

resonances = weecosf. From Equation13), it is clear

that the dispersion relation obtainedblyao(2015 can be

recovered by setting, /¢ = 0, which describes a general
1 5 9 dispersion relation for low-frequency waves in the absent

0 = Yoo (~K*8E + kk - 8B + eopow’SE) . (10) of the displacement current.

Based on Equatiori(), the polarizatior, /i Ey and

Combining Equations/ to (10), three components of the magnetic helicity (Gary 1986 can be obtained as

the electric field can be expressed in terms of the proton

number density By = _M, (14)
1By M,’
5"1 and
MGE, = isin0Bovr/ Bk My
no’ ” k(A-4B) —2cosOM, (M, — M.) (15)
6 i = = 5
MGE, = sin 0 Bovr/BkA My — (11) 52 cos? 0 (M, — M) + M2
;n where positive or negative helicity corresponds to the left

MSE, = icos0Bovr/BkA; M handed or the right-hand sense of rotation with respect

to the wave vectok, respectively. Hered is the vector
where the parameters/, M, My, and}M, are presented potential, and the angular brackets denote an ensemble
in AppendixA. Here \; = c/wy; is the proton inertial  average over waves of random phase. The magnetic field
length,5 = v7. /3 is the plasma betay; is the oscillation  and velocity perturbations are shown in AppenBixFor
frequency of protonsyr = /xTi/m; is the thermal whistler waves, the dispersion relation and polarization
velocity, andva = Bo//monomi is the Alfvén velocity.  properties of EquationsL) to (15) can be simplified in
By use of Equationsl) and @), the number density of AppendixC.

protons is To consider the validation of the charge-neutral
n; condition, we define the ratio of electron to proton density
[(Ao + pPkT) w? — Aguisk7] o perturbations
w 2k wk Ne .2 x 2 z 2,204
_ OwiéE n L6E +ik, _AO(SEZ7 5. _1+(sm HW—I—COS Gﬁ)ﬁkz Ai?' (16)
. If on./dn; = 1, the number density of electrons equals to
Wherepi =_umi/wei means the proton gyroradius, andthat of protons, whilén. /don; # 1 implies that the charge-
Ui kT /m; denotes the thermal velocity of Ip di > W e I'dnll h P giti B 9
protons Substituting Equation$l) into (12), the general neutral con _|t|on '_S |.nva| - In the condition of /c = 0,
dispersion relation can be derived as one/dn; = 1is satisfied for all modes.

, ) ) We define the magnetic compressibility as
Kl — 2 4sin® QTinz)\?> X —cos 0Ti8 <1 - “—2> k%\?} M (Gary & Smith 2009
w=.
. ° 5 B2 sin® 9. M2

ci

2327 2220 C o ’ o
— sin Gw_mﬂk A My — sin? Gw_mﬁk AT M, v 632 ]\41/2 + cos? 0 (MJ« - MZ)2 ( )
] .
veoroment (1- < an —o and the electron compressibility aBqdesta & TenBarge
W2 2012
13
W i
© 6B%/B}

The above wave equation represents a general
dispersion equation for all plasma waves in the presence w?u?, [M + (sin® OM, + cos? M, ) Bk \? fér
of a displacement current in the two-fluid plasma, which =
gives six wave modes (as shown in Fi¢a)-(c)), including sin® k4N 52 {Mf + cos?  (My — M,) }
the slow mode, Alfvén mode, fast mode, Langmuir mode, (18)

3
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Fig.1 Wave frequency and phase velocity as a function of the nazethivavenumbek \; at three propagation angles
6 = 5°,45°, and85° in a low-beta plasma witl# = 10, vs/c = 1072, andT;/T, = 1, where theblack, red, and
blue solid lines correspond to the slow, Alfvén, and fast modes, andothek, red, andblue dashed lines represent the
Langmuir, O, and X modes.

which describes the relationship between the electron From Figurel, it is obvious that the general dispersion

number density and the perturbed magnetic field. relation gives six roots fow?, which are divided into a
We also define the ratio of the electric field to magnetidow frequency group and a high frequency group. The
field as follows {Wu 2019 low frequency group consists of the slow mode, Alfvén
mode, and fast mode, and the high frequency group is
[0 E] shared by the Langmuir mode, O mode, and X mode
|6 Bv, | - (Boyd & Sanderson 2003The slow mode corresponds to

the slow magnetosonic wave @t < w.; and the second
ion cyclotron wave atv < w.;cosfl. The Alfvén mode
sin Ok \; \/C()Sz gMyg + o2 (M — MZ)2 1 sin? eMyg' pecomes the shear Alfvén wave at <« Wei the first.
(19) ion cyclotron wave atv ~ w;, and the ion acgustlc
wave atw, < w < wecosf. The fast mode is the
fast magnetosonic wave at < w. and the whistler
3 DISPERSION RELATION AND POLARIZATION wave atw. < w < wecosh. It turns to the electron
PROPERTIES cyclotron wave atv ~ wee cos #. In addition, these modes
have clearly separated phase velocities at all propagation
In the present section we analyze the dispersion relaéngles except fof = 0° and90°. It should be noted that
tion and polarization properties of fast, Alfvén, and slowomy the low frequency group waves exist in the absent of
modes in the presence of a displacement current, and stugye displacement current. In this paper, we focus on the

the effects of the displacement current on the dispersiop,, frequency group waves and the high frequency group
relation, polarization, helicity, and other propertieasBd  \3ves have been neglected.

on the dispersion equation of Equatioh3), Figure 1

presents the wave frequency/w.; and phase velocity In the following, we discuss the effects of the
w/ (kva) versus the normalized wavenumbey; in three  displacement current on the wave dispersion relation and
different § regimes: quasi-parallel propagatién= 5°,  other properties. Using Equation$3 to (18), Figure 2
oblique propagatio® = 45° and quasi-perpendicular shows the wave frequency, phase velocity, and other
propagationf = 85°, where the black, red, and blue properties versus the normalized wavenumber for the slow
solid lines correspond to the slow, Alfvén, and fast modesmode (black), Alfvén mode (red), and the fast mode (blue)
and the black, red, and blue dashed lines represent tta three different propagation angkes- 5°, 45°, and85°,
Langmuir, O, and X modes. Other plasma parameters anghere the solid and dotted lines corresponig/c =

B =10"% va/c= 1072 andT}/T, = 1. 0.1 and0, respectively. Here the plasma parameters:

w /wd\/ sin® M2 + sin® OM2 + cos? O M2




L. Xiang et al.: Effects of Displacement Current on Wave Dispersion angh&nties 252-5

(b) 06=45° (c) 6=85°

K2, K, k2,

Fig.2 Wave frequency and polarization properties of slow mdaack), Alfvén mode (ed), and fast modeb{ue) as a
function of the normalized wavenumbiek; at three propagation anglés= 5°, 45°, and85° in a low-beta plasma with
B =10"*andT}/T, = 1, where thesolid anddotted linesrepresent, /c = 0.1 and0, respectively.

10~* and 7;/T, = 1 have been used. As shown in but that of Alfvén mode obviously decreases frem> 0
Figure 2, the wave properties of both fast and Alfvénto < 0, implying a helicity reversals of Alfvén mode
modes are sensitive to the displacement current, while thigom positive to negative value. It is also interesting to
properties of the slow mode are weakly dependent on theee that the charge-neutral conditions for both fast and
displacement current. For both Alfvén and fast modes, thélfvén modes are invalid abv > we; (i.e., ne # ny),
wave frequency and phase velocity with > w.; are  which correspond to different wavenumbérs ~ 1 and
smaller in the case of, /c = 0.1 than that in the case 100, respectively. Also, asa /c increases frond) to 0.1,

of va/c = 0, especially for the fast mode. & = 5°  both the magnetic compressibility of the Alfvén mode
and 45°, aswva /c increases frond to 0.1, the magnetic and the electron compressibility of the fast mode increase.
helicity of the fast mode decreases fream= 1 to ~ 0.5,  This indicates that the Alfvén mode has a relatively
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Fig.3 Wave frequency and polarization properties of slow mdalack), Alfvén mode (ed), and fast modeb{ue) as a
function of the normalized wavenumblek; at three propagation anglés= 5°, 45°, and85° in a low-beta plasma with
B =10"°andT;/T, = 1, where thesolid anddotted linesrepresent /¢ = 0.3 and0, respectively.

large magnetic helicity and the fast mode becomes mor8everal mode properties in FiguBare obviously different
compressible in the presence of the displacement currentrom that in Figure2. For example, for the fast mode

i 3 i i i
Figure 3 presents the dispersion relations, polariza-at kA < 10°, the wave frequency is/wei < 200 in

_ 10-5 — .
tions, and other properties for the slow mode (black),ﬁ = 10 E’Td vafe = 0.3 plasmas, bul/we < 400
ng = 10"* andva/c = 0.1 plasmas. The fast mode

Alfvén mode (red), and fast mode (blue) at three' _ - .
propagation angleg — 5°, 45°, and85° in a low-beta has the magnetic helicity ~ 0.2 and the magnetic

’ ’ il ~ —5; — —5 —
plasma with3 = 10~5 and7}/T, = 1, where the solid and compressibilityC’s ~ 10 n p =10 _andvA/C 03
dotted lines correspond e, /¢ — 0.3 ando, respectively. plasmas. Moreover, the ratio of electric to magnetic fields



L. Xiang et al.: Effects of Displacement Current on Wave Dispersion anghé&ntges 252-7

10%¢ (a) 6=5° i (b) 6=45° . (c) 6=85°

10°
10k \ 3 N
3

o/o

10"

10°
10%g

10§ 3 \
10%k F

107k E

o/(kv,)

102k E

107 . . .
1.2 -

AN
N\

X

E/iE

0.0
1.2¢
0.8+
0.4}
© 0.0
0.4}

-0.8}

-1.2 . s + . s
10°¢ F 3

10°F 3 E

—_
=

10°F F E

BBy

10°F 3

101k - -

10°
10°%¢

107k

1072
107
10k

i

10"

@

10°
10°

10°

1 0—10 1 " " " " 1 1 "

10™ 10° 1072 107" 10 10 1072 107" 10™ 10° 1072 107
vA/c vA/c vA/c

Fig.4 Wave frequency and polarization properties versus the alizad Alfvén velocityv, /c for the Alfvén mode at
kX = 103 (black) and fast mode dt)\; = 50 (red) in a low-beta plasma witfi = 10~°, and7; /7. = 1, where panels (a),
(b), and (c) correspond to different propagation angles5°, 45°, and85°, respectively.

E/(Buv,) is affected by, /c for the fast mode, but not for wave frequency and phase velocity are nearly a constant
the Alfvén mode. for the Alfvén mode, but they vary significantly for the

fast mode in the region of0~2 < wa/c < 0.6. The

) Dgtalled varlgtlons_ of the dlsperglon relat!on and Po'polarizationEy/iEX and the magnetic helicity for both
larization properties with the normalized Alfvén velgcit

HES ; modes are strongly affected by /c whenwva /e > 0.1,
va /c are shown in Figurd, where the black and red lines )\« hot varied when /¢ < 0.1. For the fast mode, the
z o 3 )
correspondto the Alfiven mode/d; = 10 andfastmode  rqii of electric to magnetic field®/(Bvs) decreases
atkA; = 50, respectively, and the plasma parameters arg increasingva /c when va/c > 0.1, while it is

— -5 — i i
B =107 andTi/T. = 1. As shown in Figurel, the  oany 4 constantH/(Bua) ~ 20) whenvs/c < 0.1.

wave frequency and other properties for both Alfven andrpe magnetic compressibility increases with increasing
fast modes are sensitive g, /c. In particular, both the



252-8 L. Xiang et al.: Effects of Displacement Current on Wave Dispersion anghé&ntges
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Fig.5 Wave frequency and polarization properties versus thengdeetas for the Alfvén mode ak)\; = 103 (black) and
fast mode ak\; = 50 (red) in a plasma witli; /T, = 1, where panels (a), (b), and (c) correspond to different@gation
angles? = 5°, 45°, and85°, respectively, and thsolid anddotted lines in panels (a), (b), and (c) represent/c = 0.3

ando, respectively.

va/c for the Alfvén mode, but it exhibits an opposite 2000 Wu 2013. Figure5 shows the dependence of the
trend for the fast mode. Also, the electron compressibilitywave dispersion and other properties on the plasma beta
significantly changes for the fast mode, while itis constan3 at § = 5°, 45°, and 85° in a plasma withva /¢ =

for the Alfvén mode. 0.3 and T;/T. = 1, where the black and red lines
represent the Alfvén mode at\; = 10® and fast mode

ht kA = 50, respectively, and the solid and dotted lines
correspond to the cases ofi/c = 0.3 and 0. From

Another important parameter in space and sola
plasmas is the plasma betawhich covers a wide range
of 5 < me/m; in most auroral plasmas$tasiewicz et al.
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Figure 5, it can be found that the wave frequency andat va/c = 0, but the variation for Alfvén and slow
other properties sensitively depend on the plasma Beta modes is insignificant. For fast and Alfvén modes, the
The fast mode has lower values of wave frequency, phasmagnetic helicity is obviously different with and without
velocity, polarization, and magnetic helicity@at/c = 0.3 the displacement current, especially for the Alfvén mode
than that avs /c = 0 in the low-beta region of < 1073,  with helicity reversals fromr > 0to < 0 asva/c = 0
while the Alfvén mode presents the same results betweeto 0.3. Also, for fast and Alfvén modes, the charge-neutral
va/c = 0 and0.3 in the high-beta region of > 10=2.  condition is broken (i.e.5./n; # 1) whenw > w; in

For both the fast and Alfvén modes, the ratio of electricthe condition ofv, /¢ = 0.3, implying that the presence
to magnetic fields2/(Buva) decreases as, /c increases. of the displacement current can lead to invalidation of the
Furthermore, as, /c increases frori to 0.3, the magnetic  charge-neutral condition. The ratio of electric to magmneti
compressibility of the fast mode decreasegat 1072, fields E/(Buva) is affected bywva /c for the fast mode,
whereas that of the Alfvén mode increasegat 10~%.  but not for the Alfvén mode. Moreover, the Alfvén mode
At va/c = 0 the fast mode is incompressible, but it has relatively large magnetic compressibility and the fast
becomes more compressivewat/c = 0.3, especially for mode has relatively large electron compressibility in the
the low-beta region off < 1073, These results indicate presence of the displacement current. In addition, the wave
the important role of the plasma betan both Alfvénand  dispersion relation and polarization properties for batt f

fast modes. and Alfvén modes are different at different propagation
angles), and sensitively depend on the plasma ketand
4 DISCUSSION AND CONCLUSION the normalized Alfvén velocity, /c.

) In-situ observations from the Juno spacecraft reported
In-situ measurements by the FREJA and FAST satelb Tetrick et al. (2017 have shown that a number of
lites have shown that plasma waves can be widely detect

in the auroral plasma, including MHD Alfvén wave, ki-
netic Alfvén wave, ion-acoustic wave, ion cyclotron wave
fast wave, and whistler waveHpfstee & Forsyth 1969 frequencies are below the electron cyclotron frequency
Cattell et al. 1998Lund et al. 1998 Chaston et al. 2004 40 kHz. The ratio of electric to magnetic fieldsi/cB ~
2005 Wu & Chen 2020, These waves can efficiently = s . "0\r theoretical predications (see FB), the

transform th-e wave energy into the Klnetlc energy Ofpresence ofia /¢ — 0.3 can lead to lower frequency range
plasma particles and can be responsible for the WaVEs | histler waves Witho /we < 200, which is consistent

energy dissipation and particle energizgtion in the ?mror%ith the observed frequency distributions in Jupiter'dhig
plasma Lysak & Song 2003 Seyler & Liu 2007 Swift | 4y de regions. Moreover, the theoretical predictiothef

2007 Wu 20132. In general, the polarization and heI|C|ty. ratio of electric to magnetic fields for the whistler wave is

states of these waves could play an important role 'rF/(cB) ~ 0.3 - 3 (i.e., E/(vaB) ~ 1 — 10). This result

the wave-particle interaction and have a potential impore qualitatively explain the electromagnetic properties

tance in the physics of particle energization phenomentahe whistler wave in Jupiter's polar regions
(Chen & Wu 201 Moreover, the displacement current In summary, we revealed several new wave properties

may be important in generating the parallel electric fieId,Of fast and Alfven modes accounting for the effects of
which can cause efficient heating or acceleration of plasmg displacement current in auroral plasmas. These new

.particl.es. .However, there is Sti!l a Iagk of Compreh_ens?veproperties can be of potential importance for a better
|nvest|g_at|ons on the wave dispersion and POIa”Zat'orbnderstanding of wave modes and can be used in inter-
properties assoclla'img with the effects of a displacemeny, o iy \vaves and turbulences at kinetic scales in auroral
current;}n auroraiplasmas. - - ) h di plasmas. It should be noted that the two-fluid theory cannot
) Int © present paper, we '”Ves“gate_ the wave dispelz,siger the kinetic wave-particle interaction effectg, e

sion relation and polarization properties in the preseiriice 9 andau damping and proton/electron cyclotron resonance
a displacement current in auroral plasmas, and the eﬁecﬁsamping However, our results can be a useful guide to
of the displacement current on these properties are alﬁaentify the wave modes in the kinetic theory and be

exammed_. Our results show that the dlsplat_:ement _Curre%tonveniently used to compare with the results of the kinetic
can considerably affect the electromagnetic polarizatio heory

properties for both fast and Alfvén modes, while the

effect of the displacement current on the slow modeAcknowledgements This work was supported by the
is minor. In particular, the fast mode with > w.  Science and Technology Innovation Program of Hunan
has relatively small wave frequency and relatively smallProvince (2020RC2049) and the National Natural Science
phase velocity atva/c = 0.3 as compared to that Foundation of China under grants 12103018, 41531071,

histler activities exist in the high-latitude polar reggof
Jupiters magnetosphere. The observed waves are located
‘in the frequency range of 50Hz — 40kHz, and their
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Appendix A: EXPRESSIONS OF M, Mx, My, AND = —sinfcosf kXN B——,
M. BO w/wci M no
Z
5By . . 15y My~ M,dn;
—= =isinfcosd k“Xi B , (B.1)
The coefficients of M, M., M,, and M, in By w/wei M ng
Equation (1) can be written as follows 0B, _ sin2 0 1 kg)\?ﬂ%%,
By w/wei M ng
M:a3b201 + a3b102 — a2b103 — a1b203, 6Uix 0 1 My N Mx w T w \/Bk)\ (S?’Li
= Smov— —_— —_— — 1li— i s
My =bsczd; — biczda — cotfbacids — cotfb;cads, v A\ M M wg Wei no
My :agCle — aQngl + a3c1d2 - a1C3d2 + COt@agcldg (S’Uiy _ ’LSlnHi (_% _ %i + T) \/Bk)\ (S?’Li
— cotfa;cods, T Ao M M we; ' "no’
Mz =tan 9a3b2d1 — tan 9a3b1d2 — agbldg — albgdg, 5Uiz = cosf 7% 4 i \/BkAl 5ni ,
(A1) v W/ Wei M no
with the plasma parameters and (B.2)
v on; [ M- w M:
1 2 9 2 °X o sinf— T\ — (73’ _ 77")
a; =cos? oAy (1 — - VA L W) g2y o " VB M we M
cos? 6 ¢ k2N w2 ! 1 S w
2 2 — sinf— VBN —Q—T.
2 n Wei
- [(1 + Q) Ay +sin® eQAO—f;kQA?ﬁTe] —, : . 0 y ,
, ¢ Wei x |1+ (sin2 6= + cos® 9ﬁ> ﬁk%?”—g} ,
C
by = (1 - QQ) w_3’ v, 1 ony M. w M,
Wei e =z‘sin(9/T\/E/Lc,\i ! GWX +Q—ﬁy)
2 w2 . vr 2 no Wei
¢ =sinfcos GAO <A2 + Qc_gﬂw_2T6> k2>\i2’ — isin@ix/gk)\i on; T,
ci A2 no
~ ~ w2 ]\4X Mz 2 ~
dy = (A2Ti - QAoTe) oZ x |1+ (sin2 057+ cos? Gﬁ) gk%i?z_g} T,
w3 . V2 w = Over _ 1 1 oni
az2 = (1 - Q2) E sin® HAOC_[;ﬁkQA?;Tev v 7COS€Q w/wei VBEA ng
C1 C1 )
w? v 1 w2 X {MZ +Ts |1+ (sin2 9% + cos? 9%> Bk2)\i2v—A:| } .
ba :(1+Q)A1F — AoAo (1—6—2}]{2)\2@) KX, M M M e
c12 i %ei (B.3)
co =sin 6 cos GAOU—gﬁkz)\?iTe,
c Wei
4y = (Mo + M) - Appendix C: DISPERSION RELATION AND
' 07e Wei POLARIZATION PROPERTIES OF

2. WHISTLER WAVES
a3z =sinf cosf (Q — U—‘;BTQ) k2)\?,
c

For the whistler waves, at the frequency condition

2 2
cs =1+ Q +sin® QK> A} (1 - — 1_2__k21>\_2 U_gw_Q) of w < minfwe.,wpe, ck], the dispersion relation in
, sin” 6 {ctwg Equation (3) can be simplified as followZhao 201y
(% ~
+ cos® =2 BTE° N, il
i - o
. w cos Ok \? 1+ ka)‘?%c_?
ds = (QTl - TE) ’ o 1 12)\2 T 2. o2 SRR
w2y T QRN 1+ R 13 + b 2
where e

Y s which describes the dispersion relation of the whistler
A =1-Qu”/w. (A-3)  wave including the effects afy /c.
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