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Origin of Low-Frequency Oscillations in the lonosphere
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The threshold current for the ion-acoustic branch is shown to be significantly lower than the ion-
cyclotron branch and insensitive to the jatectron temperature ratio if there is a transverse gradient
in the relative magnetic field aligned drifi/,, and |(k,/k;) (1/Q;)(dV./dx)| is sufficiently large.
The effect persists even whel@V,/dx| — 0 provided (k./k,) — 0, where k, and k, are wave
vectors along and across the magnetic field &hdis the ion gyrofrequency. Therefore, the ion-
acoustic branch is more central to the plasma processes in the ionosphere than is currently believed.
[S0031-9007(97)05043-6]

PACS numbers: 94.20.-y, 52.35.Fp

A fundamental reality throughout the space plasmas is The effect of a shear in the parallel ion drift was first
the existence of magnetic field-aligned flows and currentsaddressed by D’Angelo [12], who showed the existence
It is well known that a field-aligned current can supportof a nonresonant instability whose real frequency is zero
a host of plasma fluctuations and that these fluctuationm the ion frame but whose growth rate depends on the
can, in turn, affect the plasma steady state. The workpatial gradient in the parallel ion flow. Because of the
of Kindel and Kennel [1], which considered the effectsfluid treatment used, the effects of the spatial gradient on
of a field-aligned current on ionospheric plasmas, hasvave-particle interactions, which can introduce significant
influenced and guided the interpretation and analysis ddlterations in the ion-acoustic branch, were not realized.
in situ observations for over two and a half decadesTo understand such effects, we consider the general
Kindel and Kennel show that, in an infinite homogeneousinetic dispersion relation developed by Gangeti al.
plasma, the threshold current necessary for the currenfl3], which assumes a uniform magnetic field in the
driven electrostatic ion-cyclotron (CDEIC) instability [2] direction, a nonuniform dc electric field in tixedirection,
is the lowest for ionospheric conditions and, therefore, itand a nonuniform magnetic field-aligned plasma flow in
is the most likely source for the observed plasma waveghe z direction. Assuming no equilibrium electric field
which correlate with a field-aligned current. and a uniform plasma, but with an inhomogeneous flow

Although there are somin situ ionospheric observa- parallel to the magnetic fieldy,,(x), where a denotes
tions that support the classical CDEIC instability [3,4],the species, the general dispersion relation in the local
a large number of them are at odds with it [5,6]. Inlimitis given by
particular, the observed signatures are often in the sub-
cyclotron frequency range and resemble more closely the 1 + Zl"n(b)Fm + 7(1 + Fo.) + K223, =0, (1)
ion-acoustic branch [7—9]. A problem of identifying these n
as the ion-acoustic mode is that they occur for ion/electroivhere T, (b) = I,(b)exp(—b), I, are modified Bessel
temperature ratios of order unity or larger where the clasfunctions, » = (kypi)?, 7= T;/T,, k> = k2 + k2, Ap;
sical ion-acoustic modes are severely ion Landau dampeg an ion Debye length, and ' ’

[1,10], and, in addition, they are frequently observed for

subthreshold currents. We have earlier shown thatthe in- f, . = < i >Z(“’ — "Qi>
clusion of a localized transverse dc electric field can intro- V2 k|, V2 1k lvy
duce substantial modifications to the ion-cyclotron wave V) w — nQ; w — nQ;
properties and these madifications can better account for - ' [ < ) < ﬂ
the observed signatures provided that the spatial gradient u@d; V2 lkelvy V2 lkelvy
in the dc electric field is sufficiently strong [11]. In this w — k.Vae w — k.Va
Letter, we report that, even in the absence of a transversé&o. = < NG} > ( )
zlkzlvte \/zlkzlvte

dc electric field, an infinitesimal transverse gradient in the
field-aligned flow can alter the plasma dispersion char- v, o — k; Vg w — k, Vg
acteristics sufficiently and make the ion-acoustic branch + wul); [ < V2 Ik, vre ) < V2 k.| vse ﬂ
dominant even when the ion temperature is greater than '

the electron temperature. This is in sharp contradiction tevhere Z is the plasma dispersion functiony =
the behavior in a homogeneous plasma [1]. |k.|/ky, via is the thermal velocity,Vi, = dVu./dx,
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and u = m;/m,. We have assumed); = V;, = V; the homogeneous case. This is because> 1 and

and transformed to the ion frame. o, increases withr. Physically, this implies that the
The parallel velocity shear can influence the stabilityphase velocityw,/k, increases in comparison with the

of the normal modes in two different ways. First, the homogeneous case and this difference grows witfhis

existence of shear related terms allows a nonresonaig a major departure from the homogeneous case, where

growth. The unstable nonresonant modes are dependestibilization of the mode with increasingoccurs due to

on V; and do not require an additional free energythe shift of the phase velocity into the region of strong ion

source. From the real part of Eq. (1), we obtain (byLandau damping. Shear enables the mode to shift out of

expanding the ionZ functions for large argument but the damping region by increasing the parallel phase speed

electron Z function for small argument, and by using by a factor ofo.

b1, b/t <1, kAp; < 1, and with onlyn = 0) Numerical analysis of Eq. (1) shows that, in the pres-

NS ; ence of shear, Egs. (3) and (4) remain to be good ap-
w = k.cy 1= Va/uldi kycs = Va , (2) proximations for a wide range of. This is unlike the
1+ V5 puld; ull; homogeneous case, where these approximations are rea-

. sonable only forr < 1.
since w > 1 and ¢, = (T./M;)"/2. It follows from y for

; ) It is found that, in a wide range of, o, is larger
Eq. (2) that, for(1 — Va/u);) < 0, there is a purely than unity andVj, is significantly below the critical drift

ghrowlijr}g nolnresor:jant_ mode .Wit? Rﬁf) = 0.12ThisS_iS for both the homogeneous CDEIA and CDEIC instabili-

tRe Angelo mode 'g :;S simplest Orzm.[ ] Since yias | contrast to the homogeneous case, the value of
w) = 0 (as opposed té;c;), it is not the ion-acoustic (¢ /) 3'in the presence of shear is almost insensitive

mode. If the imaginary part of the dispersion relation, """\ o tiations and V¢, /v,;) = 5 for a wide range ofr

is included, the essential features of this result will not¢. o' 51 1o 10). These conclusions are supported by
change although quantitative corrections could be large ,arical solutions of the dispersion relation [Eq. (1)]

depending on the parameters [14]. without any simplifying approximations and are shown
Second, the shear can change the Landau resonaniﬁeFig 1. Here, we compare the dependence of the
condition for the resonant modes. Let's consider thecriticai d'rift for :che homogeneous CDEIA and CDEIC

. / .

case with(l — Vg/u{);) > 0. Now, Eq. (2) yields areal o, 4o and the CDEIA mode in the presence of shear for
frequency which is primarily ion acoustic but modified IV},/Q;| = 0.1. For such shear values, the modification
by shear. From Eq. (1), we obtain the growth rate for e cDEIC mode is negligible ’

7 <1, b <1, andkAp; < I It is remarkable thavj, for the CDEIA mode does not
_ \/E W, < W, )3 depend on the shear strength as longvas# 0. Even
Y78 |k, vy when V) — 0, the critical drift remains unchanged if
32 [y 2 u — 0 so thatV,;/u(); remains constant. A discontinuous
X [T—< glde 1> — exd_ L)ﬁ} jump to the critical value for the homogeneous CDEIA

w2\, 2(lk;lvii)? mode occurs av,; = 0. Thus, an infinitesimal shear can

(3)

where o = 4/1 — V;/uQ;. For o — 1, the expression T
for the classical current-driven electrostatic ion-acoustic
(CDEIA) mode [15] is recovered.

The conditiony = 0, with w, given by Eq. (2), leads
to the critical electron drift/ g, :

Vie _ iL/z n ,U~1/220'3 eX&_ 0-_2> 4)
vy T T 27

Again, foro = 1, we recover the critical drift behavior for E
the homogeneous CDEIA mode; i.&j, rapidly increases o,
with 7 because of the sensitive dependence of the
exponent term, describing the ion Landau damping [1,15]. 07 2 s 456 10° 2 & 456 40

For the general case, one can minimiZg with respect Temperature Ratio, 7=T,/T,
to o to obtaing,, such that
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122 ) 5 FIG. 1. Temperature ratio dependence of the critical electron
KO, exn — Om 3 — Om)\ _ 0 (5) drift obtained from Eq. (1) for the homogeneous CDEIA and
73/2 T ) CDEIC modes (solid and dashed lines, respectively), and for

2T
. " . the ion-acoustic mode in the presence of sh&ayQ;| = 0.1
Solving Eq. (5) foro,, and substituting into Eq. (4) (gash-dotted line). Critical drift is minimized with respect

yieldS the minimum critical drift in the presence of Shear,to para||e| and transverse wave numbers. Hwe,z 29392
which is found to be significantly less than that for (O* plasma) and),/w,. = 10.
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drastically reduce the critical drift, while its magnitude dV,;/dx in fusion plasmas has also been extensively dis-
determines the obliqueness of the marginally stable modeussed [17].
The obliqueness of the marginally stable mode can be The implication of these results to the analysigno$itu

expressed as space data is significant. Observations of low-frequency
. ion-acoustic-like waves in the ionosphere, where- 1
lu = |Val 1 ‘ ©6) [7,8] andr > 1 [9], cannot be adequately explained us-
Q;, o — 1 ing the homogeneous plasma approximation [18], espe-

. o . , . cially since the magnitude of the field-aligned currents is
This relation is affirmed by the numerical solution of the 5ten found to be small. Since the existence o ais

more rigorous Eq. (1) for sufficiently small shear. Sinceémore normal than the exception in space plasmas [19],

o, increases withr, for a givenVy, u must decrease. e origin of low-frequency waves becomes clear when
This makes the ion-acoustic mode more flutelike withyhis inhomogeneity is accounted for. There are other ad-
Increasingr. . " _ vantages as well. Since it is easy to excite and sustain
__ Unlike the ion-acoustic branch, the critical drift for the the jon-acoustic modes in realistic ionospheric conditions,
ion-cyclotron branch dep(lends continuouslylop There- e formation of electrostatic solitary structures due to
fore, for small enoughv;, there is no noticeable dif- nLopjinear evolution of ion-acoustic modes [20] becomes
ference in homogeneous CDEIC mode properties. Fog more plausible scenario. Also, it has been demonstrated
the parameters used in Fig. 1, results for homogeneoyg st wave-particle interactions and anomalous transport is
and inhomogeneous CDEIC modes are almost indistinqecessary to explain a number of features observed in the
gmshable. Detailed analysis of the |on—c_yclotron branchonosphere [21], such as the formation of density cavities
in the presence of parallel flow shear will be presentedynq their correlation with plasma waves [6], the formation

elsewhere. of temperature anisotropy with, > T} [22], large elec-

There are obvious differences between the mode diszon emperatures, etc.  Since the threshold for the shear
cussed here and the D’Angelo mode, although a velocityggified jon-acoustic instability is very low, the anoma-

shear in the parallel ion flow plays the central role in ei-joys resistivity and transport resulting from this instability
ther case. For example, the D'Angelo mode hatRe= g jikely to play a crucial role in defining the ionosphere-
0, while, for this mode, Revw) = k.c,y/1 + |V;/uQ;] >  magnetosphere coupling and, hence, the ambient plasma
0. This implies a narrow frequency spectrum aroundstate in the near Earth region. More generally, the re-
the zero frequency for the D’Angelo mode, while asults discussed here, in conjunction with our earlier works
broader spectrum for the ion-acoustic mode. While thd11,13] and more recent observations [7-9,23], empha-
D’Angelo instability requiresV,/uf); > 1, the reso- size the vital role of the inhomogeneities in the ionosphere
nant ion-acoustic instability requireg;/uQ; < 0. The  which, contrary to the general notion, is far from a largely
D’Angelo instability is a fluid mode due to velocity gradi- laminar state.
ent and almost insensitive to the field-aligned drift, while We thank Dr. J. Huba and Dr. M.A. Reynolds for
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