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Fine-Scale Cavitation of lonospheric Plasma Caused by Inertial Alfvén Wave
Ponderomotive Force
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Deep, very narrow magnetic-field-aligned density depletions were observed by the Freja spacecraft
during auroral oval crossings. These cavities have perpendicular width of the order of the electron skin
depthc/w,. and are associated with low-frequency electromagnetic perturbations and with discrete
auroral structures. We demonstrate here that these cavities are likely produced by the ponderomotive
force of inertial Alfvén waves. [S0031-9007(98)05866-9]

PACS numbers: 94.20.Yx, 52.35.Bj, 95.30.Qd

Surprisingly deep and sharp plasma density cavities We begin by presenting in Fig. 1(a) typical Freja mea-
have been measured in auroral regions at altitudes afurements of the transverse magnetic field these per-
~1500 km by the Freja spacecraft [1]. These cavitiesturbations have been interpreted as being due to inertial
have widths of order the electron skin deptfiw,.  Alfvén resonance cones [7]. Figure 1(a) shows that the
and density depletions sometimes exceeding 50%. Themagnetic structure is irregular and occasionally has sharp
cause, a subject of considerable discussion, has begnadients. Each time increment of 1 sec in Fig. 1 corre-
variously suggested as being solitary kinetic Alfvén wavessponds to Freja traveling a distance of 6.7 km perpendicu-
[2-5], nonlinear vortices [6], or Alfvén cones [7]. lar to the equilibrium magnetic field. Figure 1(b) shows

The purpose of this Letter is to show that these densityneasurements of the corresponding electron density. The
cavities result from the ponderomotive force created bysharp density cavities evident in Fig. 1(b) are correlated
the large field-aligned oscillating current [7] of an iner- with the magnetic field gradients in Fig. 1(a). These
tial Alfvén shear mode. Unlike previous models which measurements were made in auroral regions at an al-
tended to ignore dynamics parallel to the equilibriumtitude of 1500 km wherel, = 0.5-1 eV, By = 2.6 X
magnetic field, we find that parallel electric fields and thel0* nT, and the oxygen content of the plasma was typi-
resulting parallel electron motion (i.e., electron inertia ef-cally 50%—75% with the balance being mainly hydrogen.
fects) are of fundamental importance. We demonstrate ifthus, 8 < m,./m; so that the shear Alfvén modes are
this Letter that very weak oscillating parallel electric fields

associated with the inertial Alfvén shear mode can lead to 100§
substantial density depletions in magnetized plasma; this 50
behavior is analogous in some ways to the density deple- ™
tion associated with large amplitude lower hybrid reso- = 0
nance cones [8] and has important implications for the m
creation of striated cavities and other nonlinear phenom- -50
ena in lowB space plasmas.

The inertial Alfvén shear mode is a cold-plasma wave 1(_)8)88
which exists when the plasmg is smaller than the M A

) . . . [ 8000

mass ratiom,/m; (or, equivalently, the Alfvén velocity £
v, is larger than the electron thermal velocity,). o, 6000¢
This mode involves finite parallel electric field and finite 4000k
electron mass (in contrast to ideal MHD where both =
these quantities are assumed to be vanishingly small). & 2000F
The parallel acceleration of finite-mass electrons explicity © 0 . .
determines the parallel current (this physics is neglected in
ideal MHD). Superposition of th& spectrum generated 40 42_ 44 46 48
by a localized source excites resonance cones [9,10], time (seconds)

and it has recently been shown that small-scale auroria—lIG. 1. (a) Perpendicular magnetic field measured by Freja

shear Alfvén signals are consistent with resonance congn orbit 2396 at 1503UT (the data rate is 128 samjfsies).
excitation by a distant, pulsed, localized source [11]. (b) Corresponding electron density.
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inertial modes. The electron-ion collision frequency forthat

T,=1eV,n=8xX 10 cm3isv, ~ 04 s! and so ik,vi OE.

for wave frequencies /27 ~ 1 Hz, the waves may be Er=—""173 ar (8)
w k Va r

considered as being collisionless. ‘

We now outline a model which relates the densityCombining Egs. (4)—(8) gives an equation K with
cavities in Fig. 1(b) to the magnetic field gradients insolution
Fig. 1(a). Bhattacharyyat al. [12] showed that the pon- E. = E.Jo(k,r) ©)
deromotive force on a charged particle in a uniform mag- ‘ SIOMELES
netic field By = Bo2 due to an arbitrary electromagnetic whereE, is a constant anti = (k2vi/w? — Dw?,/c?.

wave is conservative and has the form Using Eq. (8) gives
1 2 2
F, = —q,Vr; - Ep), 1 =k vy @pe
7 4V By @ B =B A k), (0)
where _ +
_ 4o | ®col X Eg 2 X (E; X 2) and By, J,, andJ, can similarly be obtained using
= my | 0 — w2, w? — w2, Egs. (4), (5), and (6).

We now examine the relative importance of terms
" (- E1)2:| @) in F, for the inertial Alfvén frequency regime where
w? ®w <K wq,we. ASs shown in Eq. (6) of Ref. [11] the
is the first-order particle displacement due to9eneral form of Eq. (8) indicates that, is the gradi-
the wave. Here the wave electric field iE, = entof a scaler so that - E, X E is identically zero;
RE(x) exp—iw?)], ¢5. my, andw., are the charge, I-€., the perpendicular electric field of inertial Alfvén
mass, and gyrofrequency of species and () denotes Waves cannot be circularly polarized, and the first term
time averaging over one wave period. Explicit evaluationn Eg. (3) vanishes. Although, strictly speaking, the cal-

of (r; - E;) shows that the ponderomotive force is culation of |E.|> and |E,|> requires superposition of
. the Fourier modes, we can compare the relative mag-
F, = — ﬁv nitudes of |[E.|*> and |E,|*> by considering the behav-
7 . . ior of a typical Fourier mode.E, is at a maximum at
w2 EL XE| n |E.|? n |E|? r = 0 at which pointE, vanishes; thus, at = 0 the
w(w? — w2, (0? — w2, w? )’ dominant ponderomotive term is tH&, term involving

(3) |E:[*/o*. In contrast,E, reaches a maximum when
which is equivalent to Eq. (5) of Gurevich and Pitaevskiiklr =2at which pointE, vanlshes, an_d at this point the
[13] dominant ponderomotive term is the ion term involving
' |E,|*/(0* — 0%) = —|E,|*/w?. The electron pondero-
motive force is therefor®, = —(n.q>/4m,)V(|E;|*/w?)
and acts to expel electrons from the regior= 0 where

2 . . . . .
the natural coordinate system for resonance cones). Thuéo,("r) is at @ maximum; the ion ponderomotive force
y ) IS’ F; = +(niq; /4m)V(E,|*/w?,) and acts to attract

the inertial Alfvén cones result from a superposition of / 5 )
modes of the form~f(r) explik.z — iw?). The parallel iOnS to the regiork, r ~ 2 whereJi (k) is at a max-
currentJ,, for these waves is primarily due to field-aligned imum. ComparingE,|*/wg,, to |E:|*/w* shows that the

In order to determine the relative importance of the
terms inF,, consider the properties of inertial Alfvén
waves in a cylindrical coordinate system,6,z) (i.e.,

electron motion and is given by ion ponderomotive force Is about an order of magnitude
2 weaker than the electron ponderomotive force. Thus, the
—iwpod: = C—ZEz, (4)  combined effect of ponderomotive forces should be to

form an F.-induced density cavity bounded by a small,
F;-induced density ridge.
The parallel component of the equilibrium fluid equa-

while the perpendicular current is primarily due to ion
polarization current and is given by

iw

poty = ——= E, . (5) tions of motion are
va 2 2
These currents are related to the wave magnetic field viag — — ¢4 i<—|E2| ) — neq 9 _ i(n kT,)
2 ee e el
Ampere’s law 4m, 05\ s ds a1
19 > 5
- — = —j iq;i 0 [ |E d d
mod  ar (rBy), mod ik,Bg, (6) 0=+ Zl‘]t a_ (l ;l ) — nig: a_d) _ a_ (niKTi) ,
which, together with th@ component of Faraday’s law, Me 05 \ Wgm § s
ik E. — oE;, _ iwB, @) where_¢ is an ambipolar pote_ntial.[13] to be dete_rmir)ed
o ar ’ ands is the distance along a field line. These equilibrium

provide the complete set of equations for cylindrically equations apply to the superposition of the Fourier modes;
symmetric inertial Alfvén modes. These equations shovithis superposition results in adependent structure for
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|E.|> and |E,|*. Integrating these equilibrium equations Ane _ ne = neo _ 2 (18)
along the magnetic field gives N0 N0 ’
ne = neoexfgd—(e?|E.|1>/4m.w® — ed)/xT,], (12)  While for largeA, Eq. (16) must be solved exactly. There
are two rootsn,/n.o for each A; this can be seen by
ni =nj exp[(ezlE,|2/4mewf,m —ed)/kT;], rewriting Eq. (16) ast = (n./n.0)* In(n.0/n.), and it is
clear that bothn, — 0 (i.e., complete density depletion)
andn, — n. (i.e., no density depletion) givé — 0 (i.e.,
no parallel current). The two roots of Eq. (16) coalesce

using g, = —e and ¢g; = +e. In order to maintain
quasineutrality, the ambipolar potential must be

e |E. T, |E, 2T, when n,/n.o = expg(—1/2) = 0.6 which occurs when
b = Am (T, + T)) o2 + 2 . (13) A =0.18; this point of coalescence gives a maximum
e\le i gm

possible density depletion of 0.4, somewhat less than
and the electron density satisfying quasineutrality will be the largest observed depletions. The ambipolar potential
corresponding to maximum depletionds= «T;/5e.
e? E* _ |E P Since the wave frequency is very low~{ Hz)
n = n.,oexpyg — — . . " ’
4m.k(T, + T;) \ o? w2, the apparent time dependendg () in the spacecraft
(14) frame comes almost entirely from spacecraft motion,
i.e., dB,/dt = v,VB,. Thus, from Ampere’s law the

From Eq. (4) we see thdE./w| = c>uol/:|/w}, so field-aligned current density is
nearr = 0 the ambipolar potential will be | 4B,
2 J, = —.
b= (15) C oy dr
4n2e(1 + T./Ti) Figure 2(a) shows a plot of evaluated using Eq. (17)
while the electron density near= 0 will be given by the assuming7, = T; = 1 eV, andn, = 7.5 X 10°> cm™3;
transcendental relation also, J, was calculated by applying Eq. (19) to the data
in Fig. 1(a). It is seen tha has very sharp peaks.
ne/neo = exg—Ano/ncl, (16)  Equation (16) predicts that there should be sharp density
where cavities at the location of thesg peaks. Figure 2(b)
2,2 2 ) replots the density shown in Fig. 1(b) with vertical dashed
A = melJ; [P Angoe”k(Ti + Te): 17 Iings superimposgd to indicategthe(lo)cation of theeaks.
this transcendental relation is our main result. An inter-There is an obvious correlation between the locations
esting feature of this result is that log plasmas are par- of the density cavities and the locations of thepeaks
ticularly susceptible to ponderomotive forces, since @w confirming the prediction that ponderomotive force due
plasmas have low pressures and yet, because of the lartge parallel electric fields leads to density depletion. The
equilibrium magnetic field, can support intense wave magmoderate quantitative discrepancies could be explained by
netic fields that are still small relative to the equilibrium instrumental effects in the electron density measurement
magnetic field. by Langmuir probe.
For small\, the density perturbatioAn, = n, — n. It is worth comparingE™®, the perpendicular electric

r

can be approximated as field due to gradient of the ponderomotive potential, to

(19)
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FIG. 2. (a)A calculated using measurgg obtained by using Eqg. (19) on data in Fig. 1(a). (b) Density [same as in Fig. 1(b)],
dotted vertical lines show times whenis at a local maximum.
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E*¥¢, the perpendicular wave electric field. We estimateTechnology. P.M.B. was supported in part by the Na-
the order of magnitude of the perpendicular wave field bytional Science Foundation.

combining Egs. (4) and (10) to obtain farnr ~ @ (1)

andw,.r/c ~ O(1)
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