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Abstract. The stationary inertial Alfén (StIA) wave (Knud-  field becomes significant and the wave becomes dispersive
sen, 1996) was predicted for cold, collisionless plasma. Th€Goertz and Boswelll979 Hasegawa and Uberdi982. In
model was generalized (Finnegan et al., 2008) to includethis smallx limit, parallel electron acceleration can result
nonzero values of electron and ion collisional resistivity andin significant perturbation8B to the background magnetic
thermal pressure. Here, the two-fluid model is further gen-field Bg. Waves in the low8 and highg limits are termed
eralized to include anisotropic thermal pressure. A boundedinertial” and “kinetic”, respectively, and together they are
range of values of parallel electron drift velocity is found that known as a dispersive Aln wave (e.g.Stasiewicz2005.
excludes periodic stationary An wave solutions. This ex- The dispersive Alfén wave has been studied extensively
clusion region depends on the value of the local Aifspeed  because of its possible role in accelerating electrons in the
Va, plasma beta perpendicular to the magnetic fildand Earth’s magnetosphere, particularly the auroral ionosphere,
electron temperature anisotropy. where the inertial wave can generate transierit ¢) bursts

of electron energy at energies up+td keV (e.g.,Hui and
Seyler 1992 Kletzing, 1994 Lysak and Song2003 Chas-

ton et al, 2004 Seyler and Liu2007). The dispersive Alfen
wave also leads to electron acceleration as a result of inter-
The existence Of |ow_frequency (Wave frequermyfnuch hemispheric field-line resonances haVing periodsm min
smaller than the ion cyclotron frequenay.) magne- (€.9.Streltsovand Lotkpl995 Rankin et al.1999. See the
tohydrodynamic waves with parallel wave phase speedfomprehensive review bgtasiewicz et al(2000. The lin-
Va=Bo//fiomin was first predicted by Hannes Aim in ~ €ar dispersion relation for the dispersive Afvwave in both
1942 @lfven 1942 (m; is the ion massy is the plasma the inertial and kinetic limits has been verified in laboratory
density andBo is the background magnetic field). For €xperiments (e.gAllen etal, 1959 Jephcott1959 Wilcox
large wavelengths | perpendicular taB, the parallel elec- et @l, 1960 Jephcott and Stockel962 Gekelman et a.

tric field is insignificantly small and incapable of acceler- 1997 Leneman et al1999 Vincena et al.2004.

ating electrons producing current-induced perturbations to The dispersive Alfén wave can be described in the con-
the background magnetic field. For the shear-modeékifv text of two-fluid theory. Linear properties are derived by
wave, ion polarization current in the direction perpendicularneglecting the nonlinear term-V of the complete time-

to By is balanced by magnetic-field-aligned current (i.e., par-derivative operatord/di=0/91+v-V). Seyler and Wahlund
allel) carried by electrons. When, becomes small, com- (1999 predicted that inclusion of this nonlinearity leads to
parable to the electron inertial lengti=c/wpe for the case  Alfvén wave steepening, wave breaking, and enhanced wave
whenB<me/mi (B=kinetic pressure normalized to magnetic dissipation. Those authors also found a solution predicting
field pressure), or comparable to the ion acoustic gyroradiug purely spatial perturbation in plasma density in the zero-

ps=+/Toy/mi/we in higherg plasma, the parallel electric frequency limit.
It is often convenient to study nonlinear waves in the

) reference frame in which the wave is stationary. In the
Correspondence tdS. M. Finnegan wave-stationary frame, having veloci;, =V ,,=(w/k)k,
BY (sfinnega@mix.wvu.edu) with respect to the lab frame, the wave does not fluctuate
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in time so the total time derivative i8/dt=-Vp;-V and presence of background, perpendicular, plasma convection
VxE=-0B/3r=0. A plasma specieg which is drifting through the wave fields, th¥;-V term alone generates
in the lab-frame with velocity/ ;, will have a non-zero rel-  Alfvén-wave-like behavior, with electromagnetic structures
ative drift in the wave-frame and the total time derivative evolving in space as a result of the apparent time variation
is d/dt=(V;—=Vp)-V in the wave frame. Previous stud- seen by plasma particles convecting across static (electric
ies of non-linear Alfién waves made in the wave-frame and magnetic) field structures. Within otherwise large-scale
(e.g.,Hasegawa and Mimd 976 Kotsarenko et al.1998 sheets of parallel current, the StA wave imposes structure
Wu, 2003 Dubinin et al, 2005 Stasiewicz 2005 have as-  both on plasma density and on parallel electron energy. The
sumed that the background plasma is at rest in the lab-fram@nclusion of electron and ion temperature anisotropies in the
V;=0 so thatd/dt=—V,;-V. Studies of the stationary wave model is motivated by ionospheric observations (e.g.,
Alfv én wave (StA) (e.g.Knudsen 1996 Finnegan et al. Oyama and Abel987 Demars and Schunki987 while
2008 however consider the wave to be stationary in thethe inclusion of collisions (which tend to reduce temperature
lab-frameV ,,=0 and that the background plasma drift is anisotropy) is motivated by laboratory experiments, designed
non-zeroV ;#0 in the lab frame so that/dt=V;-V. Al- for verifying the existence of the stationary inertial Adfv
though both approaches describe solutions in the wave framayave (StlIA) (StA wave in the inertigd <m, /m; limit) which

each approachd(dt=(V;—Vp,)-V in the wave frame or are currently underwayKpepke et al.2008. For complete-
d/dt=V;-V in the lab frame) is associated with a different ness in developing intuition, anisotropy and collisions are
phenomenon in that the first case involves a fluctuating, trav-evaluated separately and together.

eling pattern and the second case involves a non-fluctuating,

non-traveling pattern. In contrast to the dispersive Affv

wave, the inclusion of the interaction between dc cross-field2 Two-fluid equations

plasma flow and an initial dc field-aligned current provides ] ] ) )

a dc free energy source to support the non-fluctuating, non!n this paper, we present a two-dimensional (Cartesian) wave
traveling StA pattern in the absence of a structured drivermodel describing uniform plasma flow;, due to a convec-

To summarize, whereas one approach is to choose either tHiPN electric fieldE, =V Bo, across a magnetic-field-aligned
wave frame or the lab frame (in which a Doppler shift is in- CUrrent sheetd/a,=0) within a warm, anisotropic, colli-
troduced), we treat the problem in a single frame of referenceéional plasma. Solutions are sought for Adfic, station-

(the lab frame) within which the wave phase velocity is zero, &Y Wave patterns having wave vectooriented nearly per-
Whereas the seminal paper for dispersive Atfwaves is ~ Pendicular to a background magnetic figl&¢+y Byo), with

Goertz and Boswe1979, the seminal papers for station- Byo<Bo. The equations are expressed appropriately for the
ary Alfvéen waves aréallinckrodt and Carlsor{197g and ~ lab-stationary, wave-stationary frame of refereng&{(=0,
Maltsev et al.(1977. The term “stationary Alfén wave”  V/-=0). Wave equations describing an StA wave are derived
was introduced byMaltsev et al.(1977 to describe a sta- fro'm the fo!lowmg set of anisotropic, time-independent, two-
tionary electromagnetic structure resulting from plasma con-fluid equations,
vection past a conducting strip. The application of the term

: ; qj V-Pi R
was broadened biallinckrodt and Carlsor(1978 to in- (V- V)V, = - [E+(V; xB)] - et (1)
clude structuring from a moving field source in a magnetized J I I
plasma. The term “Alfén wing” is used to describe a sta-
tionary wave resulting from moving conductors, for exam- ’
ple in the case of lo orbiting within Jupiter’s magnetosphereV % B = o) 3)
(Chust et al.2005 or as a result of a conducting tether orbit- '
ing with a spacecraftallago and PlatzecR004. Inthese ¢, £ _ o (4)
cases, the structure of the stationary wave is imposed by the '
source, althoughust et al(2009 argue that additional fil- ¢ . g — o (5)

amentation can result. In contrast to previous descriptions of

Alfven WingS, the nonlinear two-fluid model described here Here, j denotes partide Specieqj is the partide Charge’
and byKnudsen(1999 includes the effects of electron iner- v, s the fluid velocity,z; is the particle densityp; is the

tia, leading to a self-consistent StA wave that restructures @nisotropic pressure tensor, aRd is the collisional resis-
large-scale current sheet into a new electromagnetic equilibtivity_ The set of Eqgs. 1-5) are closed through the quasi-
rium, and does not require a structured source. Also, as Wi”heutrality conditiom,~n;=n.

its time-varying counterpart — the dispersive Alfven wave —  The electron fluid velocity is comprised of the initial elec-
the StA wave develops a significant parallel electric field asign drifts across the magnetic field and along the magnetic

aresult of finite electron mass and plasma temperature.  fie|d V,o=£V,;+2V,.0, and the wave modified velocity
In this paper, we are concerned with the limit

d/dt=(V;)-V. Knudsen (1999 predicted that in the V., =V.+V,.
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Similarly, the ion fluid velocity is comprised of the initial
ion drift across the magnetic fieM,;p=x Vi« and the wave
modified velocityv;

Vi =Vio+V.
JzO

The initial ion drift across the magnetic field is the sum
of the ExB drift V; and an initial polarization driftVipo
i.e. Vixo=Va+Vipo. The initial polarization drift of the elec- 0
trons is neglected since it is a factormaf/m; smaller than
that of the ions.

The electron and ion collisional resistivity terms are,

Ri = geNnjod| + geNniod —nm;vin Vi, (6)
and
Re = —geNnjod| — geNniodi, (7) Fig. 1. Depiction of relevant vectors in the Cartesian geometry of

our stationary Alfen wave model.

whereno is the initial parallel resistivityy o is the initial
perpendicular resistivityly is the initial background plasma
density andy;, is the ion-neutral collision frequency. The and are subsequently neglected (ektmudsen 1996. The
velocity of neutrals is assumed to be negligible with respectunit vector of the magnetic field-aligned direction is
to the fluid velocity of the ions i.&/; —V y&V;. The parallel 2
and perpendicular resistivites result from Coulomb interac-j; — = ., 9ﬂ +340 (%) o <_y> ) (10)
tions between the ions and electrons @g=(n./q?N)v.i| |BJ Bo Bo B2
andn Lo=(m./qZN)vei. .

The anisotropic pressure tensor is given by

o8]

Solutions are sought for wave structures oriented at an
oblique angled to the x-axis (in the b-x plane). Thus the

Pi=pjil +(pjy — pj)bb = pjiL(I —a;bbh). (8) differential operators/dx andd/dz are related by,
Hereb is the magnetic field-aligned unit vectoris the unit 9 _ —tanei. (11)
tensor and:; represents the pressure anisotropy. We assume’z dx

that the parallel and perpendicular pressurespgfe=nT}

and p; 1 =nT;, respectively {; is in energy units eV). In 2.1 Continuity relations

this study we assume that both the parallel and perpendicular

temperatures are constant, and thus the pressure anisotropyie electron and ion continuity EqR)(are reduced to one

parametet:; is constant dimensional differential equations inusing Eq. (1), and
integrated over the intervdk,, x] yielding expressions for
aj=1-T;/T;.. (9)  the total particle density in terms of both the initial particle

densityN =n (x=xp) and the components of the particle fluid
A graphical representation of the assumed Cartesian geomegr|gcities

try, including vector directions of background magnetic field 1 U

Bo and initial particle drifts, for our two-dimensional StA n_ = - (12)
wave model is shown in Figl. The total magnetic field N #i—a  Ue

is composed of an assumed uniform background magnetiglormalized functions of the electron and ion fluid veloc-
field in the z-directiomBo, the magnetic field structure associ- ities have been defined ag=1— (Vez+Vez0) / Vphs and
ated with the background current chanBgh and the wave-  ,;=1+v;,/ Viyo, respectively withVphs=V,/ tand being the
field 3B (B=J(By0+0B,)+2(Bo+38B;)). The y-component  effective parallel wave phase speed. AlBp=1—Vez0/ Vphs

of the wave-fields B, is not necessarily small compared to s the initial condition atc=xq for the function of elec-
the y-component of the background fiekgo. However, the  tron velocity . (x=x0) =U,). In this study, we assume
y-component of the total field, is assumed to be much that the initial ion drift inx is dominated byExB mo-
smaller than the z-component of the background fiBid  tion, and thaw;.<« V4. With these assumptions, the quan-
i.e. By/Bok1, leading to the assumption that the angle be-tity a=tan6fv;./ V.o can be neglected with respectitpin
tween the magnetic field directidnand the z-axis is small  Eq. (12). Particle densities are necessarily positive for phys-
i.e.akl. Only terms to first order irB,/Bg are retained. ically meaningful solutions, thus only solutions for which
Terms of ordeé B,/ Bg can be shown to be of orde%f/Bg bothU, /u.>0, andu; >0 are considered.

www.nonlin-processes-geophys.net/15/957/2008/ Nonlin. Processes Geophys., 96498063
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2.2 Parallel and perpendicular current density

S. M. Finnegan et al.: The stationary Afvwave in anisotropic plasma

We see in Eq.16) that the ion polarization drift, and hence
the ion polarization current, is unchanged by ion temperature

The field-aligned current density is assumed to be carried byanisotropy to first order iBy / Bo.

the electrons and is given by
Jy=b-3=Jj~ qeneVe:. (13)

Using Eq. (1), the parallel currenf/ is related to the per-

pendicular current | =~ J, through the condition that the cur-

rent be divergence free, i.6/,J=0,

Vi 1
T = —qeNVy ( X0 _ —) .
Vi u;

(14)

2.4 Parallel electric field

The parallel component of the electric field is modified by
the plasmd x B flow,
Ey=b-E =~ E,+ V;B,. (18)

This modification is of ordeiB,/By and is retained. For
nearly perpendicular, i.&, >k,, StA wave patterns, we as-

The perpendicular current results from the polarization drift Sume that the balancing of the parallel component of electric
of ions through the spatially inhomogeneous transverse eledield is governed primarily by the parallel electron dynamics.

tric field.

2.3 lon polarization drift

Thus, the parallel component of the electric field is calcu-
lated from the parallel component of the electron momentum
equation.

The stationary analog of the ion polarization drift is calcu- E = e Ve V) Voo + (1—a,) Ter 8_” + ﬁn”OJ”_ (19)
e n

lated from the ion momentum EdL)(

g2 E T; n N
2+1 Vix=—7|Ex— —— — —niotx
w?; wci Bo qin 0x
B, V2. J
+Va— —}ZEH + a; T21 =
BS V2 qin
By T;1 lon
+—=01A-2a;) —-— 15
Bo( l)quonBZ (15)
Here the differential operator £ is defined as

gell

Equation (9) reduces to a one-dimensional partial differen-
tial equation inx using Eq. L1)

m, tand (V v ) a v
e phs ez 9x ez

_metand (L—ao) VE, 8
Ge (Vphs— Vez) ax

N
E|= ;ﬂnofn +

Ves. (20)

Here, Vr.=(T,, /m.)Y? is the electron thermal speed. We

E=(V;-V)4vin, wei=qi Bo/m; is the ion gyrofrequency, and  S€€ in Eq. 20) that the parallel component of electric field, is

Vri=(T;1 /m;)¥? is the ion thermal speed. The definitions
of the functions of electron and ion fluid velocity, along wit

balanced by parallel resistivity (first term on the right hand

h side), electron inertia (second term), and parallel electron

Eq. (12) and the quasi-neutrality condition are used to solvePressure (last term). The 18phase difference between the

Eq. (15 for the perpendicular variation @, .

IE, 2 pU. -
Ae o = (1+ (,77 - 1 (1+ VinEx)
_ 2 T pU. ou,
= - a,—2
+Vm [(I)EIPUE ,BmJ_ (‘L’ +1) ug } e 8x
N 1L, T\ 1,2 0ue 2
cZ)LZ,”DZUe2 mi\T¥1 u2 [\ ox
n 1 8 T 1 N
azpwz T \Tr1)uz |
Here, Ex=E\/ (hew,i Bo), dci=wci] (Va/Xe),
Vin=vin/ Va/re), t=T;1/T,L, and B,1=p1 (m;/m.)

where B =n(T,1 +T;1)/(B3/110). The factorp is the ion
polarization drift variable and is defined as

2 azue
e

o (16)

p = (14 Vipo/ Va) "t = Va/ Viso. (17)

Nonlin. Processes Geophys., 15, 9964 2008

inertial and thermal pressure terms was first identifieGby

ertz and Boswel(1979. Also, the portion of the parallel
electric field balanced by finite electron conductivity is out
of phase with the terms related to electron inertia and par-
allel electron thermal pressure. This phase difference plays
a fundamental role in the spatial decay and growth of StA
waves Finnegan et al2008.

2.5 Wave equations

Differentiating Eq. L8) with respect tox and combining
Egs. B), (4), (10), (12), (13), (20), and the quasi-neutrality
condition, yields a second-order, nonlinear, differential equa-
tion for the function,,

A2 VR

2
— A (1= ) B (—1 ) 29" 10w

T2 ax2 szhs T4+1) °9x2
V2 3E, _ . du 1
+_é4_x+vet\|)he_€+Ue <__1) (21)
VphS 0x ox e

www.nonlin-processes-geophys.net/15/957/2008/
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Here, Ve;j=(Ae/ Va)vei) is the normalized parallel electron 1.
collision frequency and substitution of E4.6] into Eq. 1) ©
yields the wave equation for a resistive stationary affiv =~ 5 14 electron velocity: \éZNezo
wave, g L
©
>
3252,2 2 52 s 12
0="=¢ %_ujg(l_ de )mdﬁ—jkuw) 2
2 ox Vphs 1+7 X s
g 1
V2 2 T pU du %
o E[ 2 ()2
" Vs [wépUe SRV R 5 0.8
c .
21,2 lasma density: n/N
VA/Vphs)k_g 82143 B V/% (1+ . ) . E 0 p | Yy |
-2 2 2 2 8 2 p 2 mint-=x .
&% p2U X Vihs Ue 10 20 30
normalized x—position: ¥/
_ L due vz 2 e
Heijbe—— —|Ue — 5 |1+ = | |- (22)
0x %4 )
phs ci

Fig. 2. Parallel electron velocity,, / Vego and plasma density/ N

Equation £2) is coupled to Eq.16) through the polariza- @€ Plotted foVezg=—0.5 V4 andVphs=0.2, as a function of /..
tion field E, and, together, they represent the closed set of '€ StAwave with initial anti-parallel electron drift (APED) accel-
equations describing StA wave modification of field-aligned erates electrons in the direction of their initial drift and depletes the

I drift. Itis i hat EQ& da6 background plasma density. This StIA wave structure has a wave-
eectrpn rift. t|§ important to note that q A anc a )_' length ofAg=5.3Lkc. (Vig. Ve[ VeL . T. des L =0, i — )
contain the full ion and electron convective nonlinearities
(V;-V) and are valid to first order in the magnetic perturba-
tion By/Bg. The _tlme scale_o_n whl_c_h collisions and cyclotrpn andp=1 (see Fig3), we write Eq. £2) in a generalized form
effects become important is identified through the ”Ormal'za'assuming that;, =0
tion of the collision and cyclotron frequencies, respectively.
In particular, these time-periods are normalized to the time 920, ez \ Ve
required for the bulk plasma to drifly (ExB drift) the dis- ~ / (Vec) 57 & | Ve 5 7 ) 55
tance of one electron inertial length,/ V,;. Hence, particle o _ _ _
collisions (cyclotron effects) become increasingly important The driving term on the right hand side of EG3] is
as the number of collisions (gyro-periods) a particle under- < Vieo

1- = tane) [

+ kv, = F.  (23)

. . . VeZO
goes as it transits across one perpendicular wave length of afl = V4

StA wave structure increases (decreases).

Figure 2 shows numerical solutions to the coupled set of A2U2 V_j— 2(4 V_Tzl '
Egs. €2) and (L6) for the parallel electron velocity,, / Veso X Aee 2 P\t T 2 ’
and plasma density/N for Vezo=—0.5V, andVpns=0.2 as phs §
afunction ofx /.. The stationary inertial Alfén wave struc- 2_,2 2,02 \y=2 2y —1

ture in Fig.2 is periodic with a wavelength ofg=5.31).. where Ae=he [l+ (V3/ Voo (@ P7UE) ] and

For the anti-parallel electron drift (APED) case shown, the ~s=Cs/w.i is the acoustic gyroradius, witis=\/Te|/m;
StIA wave accelerates electrons in the direction of their ini- P€ing the sound speed (e.gysak and Lotko 1996 Lysak

tial drift and depletes the background plasma deninud- ~ @nd Song2003. Here, we see that the driver is spatially
sen(1996 andFinnegan et al(2008 characterize the gen- and temporally constant and depends on both the initial

eral properties of the StIA and the stationary kinetic Affiv ~ Parallel current in the form oFezo and initial perpendicular
(StKA) wave in more detail. current represented by the polarization parameterFor

p=1, i.e. no initial perpendicular current, the StA wave is
driven by the initial parallel current. When the initial parallel
current is turned off i.eVez0=0 the driving term is zero and
3 StA wave pattern formation without an initial perturbation, the StA wave pattern will not
form. Thus, in the absence of both an initial parallel current
Spatial StA wave patterns are supported by either a backand initial perpendicular current, i.e£=0, a spatial StA
ground magnetic-field-aligned current carried by electronswave pattern will not form.
J;0=qenVezo Or an initial perpendicular current carried by  In warm plasma £+#0), the formation of periodic StA
the ionsp#£1. To show that periodic StA wave patterns do wave patterns not only requires the initial currents discussed
not form in the absence of both initial currents i¥@z0=0 above but also requires that the parallel electron velocity

1%
+@A-p) A tane]
Va

d A

(24)

www.nonlin-processes-geophys.net/15/957/2008/ Nonlin. Processes Geophys., 96498063



S ‘ I :
2 No Periodic Solutions -
Zé Emsk;
g 5
>0
5
'
o
(0]
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S
§ VphSZO.ZVA
w _1 ) ‘ . ‘
-1 -0.5 0 0.5 1

parallel electron drift: é/z[ﬁ/ A

Fig. 3. The maximum deviation from the initial value in electron
velocity (ves,max/ Vphd is plotted as a function of the initial electron
drift Vezofor Vphs=0.2V4 with §,,1 =0.2 andr=1 . A region in
Vezo parameter-space exists 8§, | # 0 in which the StIA wave
does not form.;;;, ve|, ver = 0, andw;—o0)

Ve, not pass through the effective wave phase spéged
That is to say that the parallel electron velocity must sat-
isfy Ve, <Vphs for Vezo<Vphs and V,;>Vpns for Vezo>Vphs
WhenV,, passes throughphs the electrons are resonantly
accelerated (e.glemerin et al. 1986 Kletzing, 1994 and

the parallel component of the electric field becomes singu-

lar, a condition for which periodic solutions do not exist. To
illustrate this we consider the collisionlesg¢=0) form of

Eq. 20)
|:(Vphs— Vez) - j|

When the effects of the parallel electron thermal pressure bal
ance the effects of the electron inertia for,,/dz # 0, the
parallel component of electric field changes direction.

(1—a,) VZ,
(Vphs_ ng)

a

a—Zng.

(25)

e

Me
Ej=—
q
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wave patterns do not form (see FB). In Fig. 3, numeri-
cal solutions to Eq.42) for the maximum deviation from the
initial value in electron velocity desmax/ Vphs) iS plotted as
a function of the initial electron drif¥ezo for Vpns=0.2V4
with B,1=0.2 and t=1 (vi,, ve|, ver =0, and w.—00).
The blue and red solid lines in Fig3)(are ve; max—v,;
and vez,max—vjz, respectively. AsVezo approachesVpns
from the left, v.; max—>v,, and periodic wave patterns do
not form (solid black line,a,=0). Similarly, asVezo ap-
proachesVpns from the right,v,; max— v, and likewise pe-
riodic wave patterns do not form. When the parallel elec-
tron pressure is zero i.e,=1 (solution shown with circles
in Fig. 3), V.;#Vpns everywhere inVezo parameter-space
exceptVpns=Vezo, Where the wave amplitude is also zero.
The dashed line in Fig3 represents,; max—(Vphs— Vezo)
and is zero only aVphs=Vezo. The width of the region in
Vezo parameter-spacé/{, = Vezot+v.,) Where no periodic so-
lutions exist is obtained from EQ27).

ﬂml(l -

a,) V2
147 ’

AVez0= (Vo max — v:—z,max) +2 |: (28)

For B,,1=0 or a,=1 (€.9.T.1>>T,|), (v, max—Vez.max)=0
and thusAVez0=0 and periodic solutions exist everywhere
in the region aroun®pns— Vezc=0.

3.1 Linear limit

To illustrate the connection between our model and pre-
vious work of others, we compare limiting cases of our
model with related models of the time-varying, shear-mode,
dispersive Alfen wave. In the linear, or small amplitude
(lvez/ Vphd 1), limit, retaining electron collisions, Eq22)
reduces to

32

3.2 (29)

0
Ver + 2)/51)8Z + k)foveZ =F.

The damping terny and the characteristic wave numtk§5

X are
A—a.)V.
0= (Vpns— Vez) — (Voo Vo) - vTi' (26) , -
phs ez _ )i Ve| |:A2 _ ipz <1 n h)i| (30)
. S . - e 2 Ps 2 ’
This change in direction causes runaway acceleration of the 2 (Va/ke) Vohs Cs
electrons untilV,,=Vphs and the parallel electric field be-
comes singular. Solving Eq26) for V,,, we obtain an ex- and
pression for the amplitude limit for periodic StA wave pat-
terns.
—+ 12 vz V2 v2\1™
Ver _ VLhS:F Bm1(1—ae) / 27) kfo = <P—§ - 1) |:A§U22 - _;psz (1+ _T21>:| (31)
7 1+7 ’ Vehs Vehs Cs

When the electrons are accelerated %_/Va (for
Vohs>Vezo) Or V;t/Vy (for Vpns<Vez), the parallel com-

Equation 29) describes the response of a linear oscillator

to a step-function driver (e.gMarion and Thornton1995,

ponent of the electric field changes direction and periodicwhere the forcing functio is given by

Nonlin. Processes Geophys., 15, 9964 2008
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ion collision frequencies with altitude. Inhomogeneities in
the collision frequencies would have to be addressed before

2
F=U,|Veo+ Vi A-p) | x making any direct applicatipn; of the coII!siona! StA wave
Vphs to the auroral zone. Predicting the details of interference
2 o\ -1 and reflection as well as parallel and perpendicular inho-
A2U? - V_;pf 14+ V_th (32) mogen_eities may be accomplished more accurately via com-
Vihs Cs puter simulation.

Along auroral magnetic-field-lines, thermal effects be-
come increasingly significant at altitudes above 2 Rg
is Earth radius). For stationary inertial An waves with
warm plasma corrections (non-zero parallel electron thermal
pressure), the parallel component of electric field becomes
singular only when the initial electron drift is parallel to
(PED solutions) and equal to the parallel wave phase veloc-
ity in the convecting plasma rest frame i.&.,=Vpnhs For
initial electron drifts anti-parallel to the parallel wave phase
velocity (APED solutions), the parallel component of electric
,\71/2 field is nonsingular for all values of initial electron drift and
()
N

Here again we see that the driving tedmis a function of
the initial currents, and is spatially homogeneous hence un
structured. In the absence of both initial currents pe:l
and V,,0=0 hencelU,.=1, the amplitude of the driving term
is zeroF=0 and Eq. 29) is homogeneous.

Fourier transforming Eq2Q) and substituting the relation
tand=—k./ k, from the Fourier transform of Eq1Q), for the
case of strongly magnetized plasma— oo i.e. A2=12 and
no initial currents i.eF=0, Eq. @9) yields

the resulting resonant acceleration discussed both here and
(33) by Kletzing (1994 is unchanged. Thus, the altitude range
of periodic StA wave structures in the auroral ionosphere
may be limited for initial electron drifts which are parallel
to the effective parallel wave phase velocity, as perceived in
the convecting plasma rest frame.

[1+p§

ki Vy
- = VA
kZ [1+)\£k§ (1_ivei|\/kxvd)]

12"

For the inertial Alf\en wave in collisionless{=0), isotropic
(a,=0) plasma, Eqg.33) reduces to the zero-frequency limit
of Eqg. (6) in Drozdenko and Morale001), describing the
linear effects of cross-field plasma flow on a field-aligned
current channel. Neglecting electron collisions and recogniz5  Conclusions
ing thatw=—k, V, is the effective wave frequency, EQJ)
reduces to the dispersion relation for the low-frequency dis-In this paper, a two-fluid model describing a collisional sta-
persive Alfién wave including finite Larmor radius effects tionary Alfvén wave in anisotropic plasma is presented. A
(Stasiewicz et al.2000. Settingr.=0, andp,=0, we see  bounded range of values of parallel electron drift velocity
that the parallel wave phase speed is simply the@&ifspeed is found that excludes periodic stationary Adfvwave solu-
(Alfvén 1942, i.e., Vphs=Va. tions. This exclusion region depends on parametgtss,, |
and electron temperature anisotropy.
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