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Origin of Low-Frequency Oscillations in the Ionosphere
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The threshold current for the ion-acoustic branch is shown to be significantly lower than the
cyclotron branch and insensitive to the ionyelectron temperature ratio if there is a transverse gradie
in the relative magnetic field aligned drift,Vd , and jskyykzd s1yVid sdVdydxdj is sufficiently large.
The effect persists even whenjdVdydxj ! 0 provided skzykyd ! 0, where kz and ky are wave
vectors along and across the magnetic field andVi is the ion gyrofrequency. Therefore, the ion
acoustic branch is more central to the plasma processes in the ionosphere than is currently be
[S0031-9007(97)05043-6]
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A fundamental reality throughout the space plasmas
the existence of magnetic field-aligned flows and curren
It is well known that a field-aligned current can suppo
a host of plasma fluctuations and that these fluctuatio
can, in turn, affect the plasma steady state. The wo
of Kindel and Kennel [1], which considered the effect
of a field-aligned current on ionospheric plasmas, h
influenced and guided the interpretation and analysis
in situ observations for over two and a half decade
Kindel and Kennel show that, in an infinite homogeneo
plasma, the threshold current necessary for the curre
driven electrostatic ion-cyclotron (CDEIC) instability [2]
is the lowest for ionospheric conditions and, therefore,
is the most likely source for the observed plasma wav
which correlate with a field-aligned current.

Although there are somein situ ionospheric observa-
tions that support the classical CDEIC instability [3,4
a large number of them are at odds with it [5,6]. I
particular, the observed signatures are often in the s
cyclotron frequency range and resemble more closely
ion-acoustic branch [7–9]. A problem of identifying thes
as the ion-acoustic mode is that they occur for ion/electr
temperature ratios of order unity or larger where the cla
sical ion-acoustic modes are severely ion Landau damp
[1,10], and, in addition, they are frequently observed f
subthreshold currents. We have earlier shown that the
clusion of a localized transverse dc electric field can intr
duce substantial modifications to the ion-cyclotron wav
properties and these modifications can better account
the observed signatures provided that the spatial gradi
in the dc electric field is sufficiently strong [11]. In this
Letter, we report that, even in the absence of a transve
dc electric field, an infinitesimal transverse gradient in th
field-aligned flow can alter the plasma dispersion cha
acteristics sufficiently and make the ion-acoustic bran
dominant even when the ion temperature is greater th
the electron temperature. This is in sharp contradiction
the behavior in a homogeneous plasma [1].
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The effect of a shear in the parallel ion drift was firs
addressed by D’Angelo [12], who showed the existen
of a nonresonant instability whose real frequency is ze
in the ion frame but whose growth rate depends on t
spatial gradient in the parallel ion flow. Because of th
fluid treatment used, the effects of the spatial gradient
wave-particle interactions, which can introduce significa
alterations in the ion-acoustic branch, were not realize
To understand such effects, we consider the gene
kinetic dispersion relation developed by Ganguliet al.
[13], which assumes a uniform magnetic field in thez
direction, a nonuniform dc electric field in thex direction,
and a nonuniform magnetic field-aligned plasma flow
the z direction. Assuming no equilibrium electric field
and a uniform plasma, but with an inhomogeneous flo
parallel to the magnetic field,Vdasxd, wherea denotes
the species, the general dispersion relation in the lo
limit is given by
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where Z is the plasma dispersion function,u ;
jkzjyky , yta is the thermal velocity,V 0

da ; dVdaydx,
© 1998 The American Physical Society



VOLUME 80, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S 26 JANUARY 1998

ere

n
of
ed

s-
p-

rea-

i-
of
e

by
)]
n

for
n

A

on
d
for

t

and m ; miyme. We have assumedV 0
di  V 0

de ; V 0
d

and transformed to the ion frame.
The parallel velocity shear can influence the stabilit

of the normal modes in two different ways. First, th
existence of shear related terms allows a nonreson
growth. The unstable nonresonant modes are depend
on V 0

d and do not require an additional free energ
source. From the real part of Eq. (1), we obtain (b
expanding the ionZ functions for large argument but
electron Z function for small argument, and by using
b ø 1, byt ø 1, klDi ø 1, and with onlyn  0)

v  kzcs

p
1 2 V t

dyuViq
1 1 V 0

dymuVi

ø kzcs

s
1 2

V 0
d

uVi
, (2)

since m ¿ 1 and cs ; sTeyMid1y2. It follows from
Eq. (2) that, for s1 2 V 0

dyuVid , 0, there is a purely
growing nonresonant mode with Resvd  0. This is
the D’Angelo mode in its simplest form [12]. Since
Resvd  0 (as opposed tokzcs), it is not the ion-acoustic
mode. If the imaginary part of the dispersion relatio
is included, the essential features of this result will no
change although quantitative corrections could be lar
depending on the parameters [14].

Second, the shear can change the Landau resona
condition for the resonant modes. Let’s consider th
case withs1 2 V 0

dyuVid . 0. Now, Eq. (2) yields a real
frequency which is primarily ion acoustic but modified
by shear. From Eq. (1), we obtain the growth rate fo
t ø 1, b ø 1, andklDi ø 1:
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(3)

where s ;
q

1 2 V 0
dyuVi. For s ! 1, the expression

for the classical current-driven electrostatic ion-acoust
(CDEIA) mode [15] is recovered.

The conditiong  0, with vr given by Eq. (2), leads
to the critical electron driftV c

de:

V c
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yti
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∂
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Again, fors  1, we recover the critical drift behavior for
the homogeneous CDEIA mode; i.e.,V c

de rapidly increases
with t because of the sensitivet dependence of the
exponent term, describing the ion Landau damping [1,15

For the general case, one can minimizeV c
de with respect

to s to obtainsm such that
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Solving Eq. (5) for sm and substituting into Eq. (4)
yields the minimum critical drift in the presence of shea
which is found to be significantly less than that fo
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the homogeneous case. This is becausesm . 1 and
sm increases witht. Physically, this implies that the
phase velocityvrykz increases in comparison with the
homogeneous case and this difference grows witht. This
is a major departure from the homogeneous case, wh
stabilization of the mode with increasingt occurs due to
the shift of the phase velocity into the region of strong io
Landau damping. Shear enables the mode to shift out
the damping region by increasing the parallel phase spe
by a factor ofs.

Numerical analysis of Eq. (1) shows that, in the pre
ence of shear, Eqs. (3) and (4) remain to be good a
proximations for a wide range oft. This is unlike the
homogeneous case, where these approximations are
sonable only fort ø 1.

It is found that, in a wide range oft, sm is larger
than unity andV c

de is significantly below the critical drift
for both the homogeneous CDEIA and CDEIC instabil
ties. In contrast to the homogeneous case, the value
sV c

deyytid in the presence of shear is almost insensitiv
to t variations andsV c

deyytid ø 5 for a wide range oft
(from 0.1 to 10). These conclusions are supported
numerical solutions of the dispersion relation [Eq. (1
without any simplifying approximations and are show
in Fig. 1. Here, we compare thet dependence of the
critical drift for the homogeneous CDEIA and CDEIC
modes, and the CDEIA mode in the presence of shear
jV 0

dyVi j  0.1. For such shear values, the modificatio
to the CDEIC mode is negligible.

It is remarkable thatV c
de for the CDEIA mode does not

depend on the shear strength as long asV 0
d fi 0. Even

when V 0
d ! 0, the critical drift remains unchanged if

u ! 0 so thatV 0
dyuVi remains constant. A discontinuous

jump to the critical value for the homogeneous CDEI
mode occurs atV 0

d  0. Thus, an infinitesimal shear can

FIG. 1. Temperature ratio dependence of the critical electr
drift obtained from Eq. (1) for the homogeneous CDEIA an
CDEIC modes (solid and dashed lines, respectively), and
the ion-acoustic mode in the presence of shearjV 0

dyVi j  0.1
(dash-dotted line). Critical drift is minimized with respec
to parallel and transverse wave numbers. Here,m  29 392
(O1 plasma) andVeyvpe  10.
729
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drastically reduce the critical drift, while its magnitude
determines the obliqueness of the marginally stable mod
The obliqueness of the marginally stable mode can
expressed as

juj 
jV 0

d j

Vi

1
s2

m 2 1
. (6)

This relation is affirmed by the numerical solution of the
more rigorous Eq. (1) for sufficiently small shear. Sinc
sm increases witht, for a given V 0

d, u must decrease.
This makes the ion-acoustic mode more flutelike wit
increasingt.

Unlike the ion-acoustic branch, the critical drift for the
ion-cyclotron branch depends continuously onV 0

d. There-
fore, for small enoughV 0

d, there is no noticeable dif-
ference in homogeneous CDEIC mode properties. F
the parameters used in Fig. 1, results for homogeneo
and inhomogeneous CDEIC modes are almost indisti
guishable. Detailed analysis of the ion-cyclotron branc
in the presence of parallel flow shear will be presente
elsewhere.

There are obvious differences between the mode d
cussed here and the D’Angelo mode, although a veloc
shear in the parallel ion flow plays the central role in e
ther case. For example, the D’Angelo mode has Resvd 

0, while, for this mode, Resvd ø kzcs

q
1 1 jV 0

dyuVi j .

0. This implies a narrow frequency spectrum aroun
the zero frequency for the D’Angelo mode, while a
broader spectrum for the ion-acoustic mode. While th
D’Angelo instability requires V 0

dyuVi . 1, the reso-
nant ion-acoustic instability requiresV 0

dyuVi , 0. The
D’Angelo instability is a fluid mode due to velocity gradi-
ent and almost insensitive to the field-aligned drift, whil
the ion-acoustic mode we discuss is kinetic in nature a
is essentially current drivensvrykz , Vded while shear
plays the role of a catalyst. Consequently, this mode h
a much broader range of wave characteristics (obliqu
ness, etc.) than the D’Angelo mode. Also, the D’Angel
mode is stabilized by a transverse density gradient [12
while it can be shown that the opposite is true for the ion
acoustic mode.

The difference between the classical homogeneo
CDEIA mode and the shear modified ion-acoustic mod
considered here is not just in the reduction of the critic
drift and enlargement of thet range. While for the
classical CDEIA mode,skzlDed , 1 and vr , vpi

corresponding to the most unstable mode for supercritic
drifts [1], the situation in the presence of shear is dif
ferent. It is found that the maximum growth occurs fo
skzlDed ø 1 andvr ø vpi . It is interesting to note that
the wavelength and frequency range of the ion-acous
oscillations observed in the laboratory experiments
usually skzlDed ø 1 and vr ø vpi [16]. This sug-
gests that shear, which is unavoidable in experimen
may significantly influence the outcome. The role o
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dVdydx in fusion plasmas has also been extensively di
cussed [17].

The implication of these results to the analysis ofin situ
space data is significant. Observations of low-frequen
ion-acoustic-like waves in the ionosphere, wheret , 1
[7,8] andt ¿ 1 [9], cannot be adequately explained us
ing the homogeneous plasma approximation [18], esp
cially since the magnitude of the field-aligned currents
often found to be small. Since the existence of aV 0

d is
more normal than the exception in space plasmas [1
the origin of low-frequency waves becomes clear whe
this inhomogeneity is accounted for. There are other a
vantages as well. Since it is easy to excite and susta
the ion-acoustic modes in realistic ionospheric condition
the formation of electrostatic solitary structures due t
nonlinear evolution of ion-acoustic modes [20] become
a more plausible scenario. Also, it has been demonstra
that wave-particle interactions and anomalous transport
necessary to explain a number of features observed in
ionosphere [21], such as the formation of density cavitie
and their correlation with plasma waves [6], the formatio
of temperature anisotropy withT' . Tk [22], large elec-
tron temperatures, etc. Since the threshold for the she
modified ion-acoustic instability is very low, the anoma
lous resistivity and transport resulting from this instability
is likely to play a crucial role in defining the ionosphere
magnetosphere coupling and, hence, the ambient plas
state in the near Earth region. More generally, the r
sults discussed here, in conjunction with our earlier work
[11,13] and more recent observations [7–9,23], emph
size the vital role of the inhomogeneities in the ionosphe
which, contrary to the general notion, is far from a largel
laminar state.
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