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During the magnetic storm of 21st March 1990, the DE-1 spacecraft encountered the auroral region
at high invariant latitude at altitudes ranging from a few thousand kilometers in the ionosphere
to many earth radii in the magnetosphere. The magnetic field perturbations interpretable as field
aligned current (FAC) layers and the electrostatic turbulence possibly due to electrostatic ion
acoustic instability driven by these currents are shown. The critical drift velocity of Hot Plasma
Torus (HPT) electrons and the growth rate of ion acoustic wave as a function of electron to ion
temperature ratio (Te /Ti ) for low and high current densities and energy of HPT electrons are found
out. The intense FAC destabilizes the ion acoustic wave and the resultant electrostatic turbulence
creates an anomalous resistivity. The current driven resistivity produces parallel electric field and
high power dissipation. The anomalous resistivity η, potential difference along the auroral field lines
V|| , intensity of electric field turbulence E|| and power produced per unit volume P are computed.
It is found that the change in westward magnetic perturbation increases J|| , η, V|| , E|| and P . Hence
HPT electrons are heated and accelerated due to power dissipation during magnetically active
periods in the auroral region. Concerning, applications, such HPT electrons can be used in particle
accelerators like electron ring accelerator, smokatron etc.

1. Introduction
Wave particle interaction theory has revealed that
when the plasma electrons drift with respect to
ions with an average speed larger than some
threshold value, both the electrostatic and the
electromagnetic field grow at the expense of the
electron kinetic energy and as a result, various instabilities set in. The magnetometer data
indicate that these waves are spatially correlated with perturbations; we interpret them as
field aligned current (FAC) layers directed into
and out of the auroral ionosphere. Kinetic theory describes a variety of instabilities like Buneman, ion acoustic and ion cyclotron etc., that
are driven by FACs. Hence, for the first time,

we study the electrostatic ion acoustic instability
of HPT particles. HPT is defined as hot plasma
particles with average energy of 1–10 keV having
several degrees of latitude in width in the magnetosphere.
FACs predicted by Birkeland (1908) were
observed by TRIAD (Zmuda and Armstrong 1974)
and Iijima and Potemra (1976) after detailed study
of FAC, separated them into region 1 and region
2 current systems. It is proposed that the region
1/region 2 FACs can be generated as a result of
natural distortion of the HPT due to the solar wind
convection (Yamamoto et al 1996). Whistler mode
instability is produced due to FACs and parallel
electric field in the earth’s magnetosphere (Maru
et al 1999). Ion demagnetization in the plasma
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sheet caused the formation of FAC that can trigger a magnetosphere-ionosphere coupling feedback
instability which may play an important role in
substorm and auroral arc generation (Lyatsky and
Hamza 2001).
In this paper, using the high time resolution
magnetometer data (MAG-A) from the Dynamic
Explorer (DE-1), the value of FAC density is estimated. The growth rate of the ion acoustic wave,
anomalous resistivity, potential difference along the
auroral field lines, electric field intensity of turbulence and power produced per unit volume in the
auroral latitude during a geomagnetic storm, are
also computed.
2. Data and method
2.1 Field aligned currents
To compute the value of FAC density, 6 seconds
average magnetic field data of DE-1 is used. The
spacecraft was launched on 3rd August 1981 into
coplanar polar orbits at an altitude range 570 to
23000 km for studying interactive processes within
the atmosphere-ionosphere-magnetosphere system.
The MAG-A high time resolution data set consists of triaxial fluxgate measurements taken every
62.5 msec (i.e., 16 vectors/second). The gradual
commencement storm of March 21st 1990 (UT
0001–2000) has been considered and it is found
that the By perturbation is negative or westward
throughout the disturbance region of about few
thousand kilometers and it lies within 63◦ ≤ ∧ ≤
76◦ . The electrons and protons are represented
as HPT electrons and protons throughout this
paper.
The density and flow direction of equivalent
FACs are determined from the magnetic disturbance By using (Potemra 1985),
J|| =

1 ∂By
∂By
2
= 8 × 10−4
A/m ,
µ0 ∂x
∂x

(1)

where altitude x is in meters, µ0 = 4π × 10−7 H/m
is the permeability of free space, By is in nanoteslas
(nT) and is directed towards north.
2.2 Ion acoustic instability
The electron current driven ion acoustic instability is that the combined equilibrium distribution
function consisting of the drifting hot HPT electron background and the cold ions, exhibits a positive slope where resonance between waves and HPT
particles can occur. We can use the linear dispersion relation of ion acoustic waves as (Galeev and
Sagdeev 1984)
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the electron distribution function is assumed to be
Maxwellian shifted by the drift velocity Vd , ωpi is
the ion plasma frequency, θ is the angle between
the wave vector k and the direction of the current,
e is the electronic charge, n0 is the number density of HPT electrons and n0 is taken as 106 /m3
(Yamamoto et al 1996), cs is the ion acoustic velocity, Ve is the thermal velocity of electrons and me
and mi are the masses of electrons and ions respectively.
The basic requirement for ion acoustic current driven instability is a cold ion and hot electron plasma with drift velocity exceeding the ion
acoustic velocity (Vd > cs ) and we also assume that
Ve  Vd . The dominant range of ion acoustic instability is therefore realised when Te  Ti , the wavelength is much larger than the Debye wavelength
for HPT electrons λD , k 2 λ2D  1 and Vd > ωk ≈ cs .
Under these conditions ion Landau damping is
unimportant and the growth rate γia (Treumann
and Baumjohann 1997) is
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ωia is the ion acoustic wave frequency, Te and Ti
are the electron and ion temperatures respectively.
The critical drift velocity Vcr can be expressed as
(Papadopoulos 1977)
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Figure 1.

The variation of magnetic perturbation By with altitude x.

2.3 Anomalous resistivity and
field aligned potential drop

2.4 Parallel electric field and power dissipation

When instability occurs the field energy grows
exponentially hence the loss of kinetic energy
of electrons suddenly increases and the current
carried by these electrons is suddenly disrupted.
Such instabilities can produce anomalous resistivity. Swift (1965) proposed the existence of the ion
acoustic instability in the auroral plasma which
could lead to anomalous resistivity, a field aligned
electric potential and the acceleration of auroral
electrons. The ion acoustic anomalous resistivity
η is estimated using the relation (Treumann and
Baumjohann 1997)
η=
where
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(9)

νic is the ion acoustic collision frequency, ωpe is
the electron plasma frequency and ε0 is the dielectric constant in free space. The Ogo 5 and Ov33 measurements may indicate that FAC regions
and electrostatic turbulence associated with them
can produce anomalous resistivity on high latitude
auroral regions on the night side (Scarf et al 1973).
The extent of plasma wave turbulence l is about
2RE (1RE = 6371 km, the radius of the earth) of
the current path (Fredricks and Scarf 1973). Then
the field aligned potential drop V|| along the auroral field lines is
V|| = J||η l.
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(10)

The ion acoustic wave instability might produce
large resistivity which could create a very large
electric field parallel to the magnetic field. Intensity of electric field turbulence E|| is given by Mozer
(1976)
E|| = J|| η.

(11)

The current driven resistivity produces high local
power dissipation which leads to excessive plasma
heating in the topside ionosphere or low magnetosphere. Anomalously high values of η means high
power dissipation and power produced per unit volume P is given by Papadopoulos and Coffey (1974)
P = ηJ||2 .

(12)

3. Numerical results and discussion
Figure 1 shows the variation of the magnetic perturbation By with altitude x. These disturbances
are observed during the disturbed conditions (4+ =
Kp ≤ 6− ) of March 21st 1990 in the early and late
afternoon sector (1400–2000 MLT) at high invariant latitude 63◦ ≤ ∧ ≤ 76◦ auroral field lines at
altitudes ranging from 600–1500 km. It is found
that magnetic perturbations are negative or westward throughout the disturbance region. Satellite
observations of magnetic perturbations transverse
to the main geomagnetic field have provided the
most direct evidence for the existence of FACs. The
figure clearly depicts that as the altitude increases
there is a decrease in the variation of magnetic field
strength By due to the geomagnetic storm.
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Figure 2.

Figure 3.

The FAC density J|| is plotted against altitude x.

Growth rate γia as a function of altitude x for different energy E = 2, 4, 6 keV.

Figure 2 represents the nature of variation of
FAC density J|| with x. We compute the FAC density from the By variations using equation (1) and
negative values denote the FAC flow is upward
in the equatorward part and downward in the
poleward part. The current density lies between
2
2
−1.29 × 10−7 A/m and −6.98 × 10−7 A/m consistent with the results of Zmuda and Armstrong

(1974) and Iijima and Potemra (1976). It is clear
from the figure that J|| increases with decreasing
altitude as the field strength increases (Fredricks
and Scarf 1973). The threshold for excitation of
ion-acoustic wave is high and requires high velocities of the current carriers to exceed the ionacoustic velocity and is thus strong FACs. The
critical current required to excite this wave is
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Figure 4.

The variation of growth rate with Te /Ti for different FAC density J1 and J2 and energy E = 2, 6 keV.

Figure 5.

The plot of Vcr /Ve versus Te /Ti for different energy E = 2, 6 keV.
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greater than −1.70 × 10−7 A/m . In this paper, we
2
select J1 = −2.29 × 10−7 A/m as the minimum
2
value and J2 = −6.98 × 10−7 A/m as the maximum value. These maximum and minimum values
of FAC density J|| and energy E = 2, 6 keV are
used in the following sections.
Figure 3 shows the nature of variation of γia as a
function of altitude x for different values of energy
E = 2, 4, 6 keV. The growth rate is estimated
by using equation (5) and the various parameters
used as ω̄ = 1000 rad/sec and k = 10−3 /m (Gurnett and Frank 1977). Hence wave phase velocity,
ω̄/k = 106 m/sec which is less than the electron
drift velocity. It is found that γia increases with
decreasing x as J|| increases and as E of the electron increases γia decreases. This is because, as
E increases, k becomes shorter than λD , hence
k 2 λ2D ≥ 1 and Vd ≤ cs . Under these conditions
ion Landau damping is important and as a result
γia < 0 i.e., the instability becomes very weak
(Kindel and Kennel 1971).
Figure 4 indicates the variations of γia with
electron to ion temperature ratio Te /Ti for J1 and
J2 and E = 2, 6 keV. In ion-acoustic wave, electron growth is balanced with ion Landau damping.

Figure 6.

When Te /Ti ≤ 1, γia < 0, i.e., the instability is
weak. In this case, the ion temperature is large
and the wave phase velocity becomes less than the
background ion thermal velocity. So the ion contribution to the growth rate corresponds to Landau
damping of the waves. When Te /Ti = 1, the phase
velocity exceeds the ion thermal speed, Landau
damping is weak and the drift must exceed the
ion thermal speed for instability. It is seen that
for Te /Ti > 5, γia becomes almost constant which
determines the saturation level of ion acoustic
waves.
The critical relative drift velocity Vcr /Ve as a
function of Te /Ti for E = 2, 6 keV is shown in figure 5. Vcr /Ve is computed by using equation (7) at
Te /Ti = 0.5, 1, 2, 5, 10–40. When Te ∼ Ti , the phase
velocity of the ion acoustic wave approaches the
ion thermal speed Vi and hence heavy ion Landau
damping results. This makes the ion acoustic wave
difficult to excite and results in an increase in the
electron threshold drift speed to Ve . For high Te /Ti ,
the threshold gets low and is just the ion acoustic
speed due to weak ion Landau damping. When
the current is weak and Te ∼ Ti , the ion cyclotron
instability may be excited. When the current is
increased, the growth rate becomes larger than the

The variation of anomalous resistivity η with Te /Ti for different FAC density J1 and J2 and energy E = 2, 6 keV.
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ion cyclotron frequency, then the periodic gyro
motion of the ions is destroyed and the ions
become demagnetized. When this happens, the ion
cyclotron wave is lost and the instability changes
into ion acoustic type. If the current is further
increased, Vd > Ve , the electron-ion two stream
(Buneman) instability is excited.
The variation of the anomalous resistivity η with
Te /Ti for J1 and J2 and E = 2, 6 keV can be seen in
figure 6. The ion-acoustic collision frequency is estimated by using equation (9) and then η by equation (8). For high temperature ratio, η increases
with increasing J|| and decreases as the energy of
the HPT electron increases. The η on auroral field
lines is a factor of 102 to 2 × 104 greater than
Spitzer value (Mozer 1976). As the FAC density
increases from a threshold value, instability sets
in; this may cause an anomalously large resistivity
(Hasegawa 1975). It is clear from the figure that η
is very low for weak current J1 and high for strong
current J2 .
In figure 7 we plot the variation of potential difference V|| with Te /Ti for J1 and J2 at E = 2, 6 keV.
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Using equation (10) we compute the value of V||
and it depends on the values of η and J|| . As the
current and resistivity increases, V|| also increases
leading to particle acceleration and auroral arc formation (Fredricks and Scarf 1973).
Figure 8 shows the variation of parallel electric
field E|| with Te /Ti for J1 and J2 at E = 2, 6 keV.
E|| is calculated by using equation (11). E|| also
increases with Te /Ti for increasing J|| and decreasing energy. From this we can infer that, ion acoustic
instability tends to block the current by dissipating the current energy into the electric field energy,
thus producing turbulence of electric field strengths
up to 100 mV/m in the auroral region. This is in
agreement with the observation of electrostatic turbulence measured from Ogo5 (Fredricks and Scarf
1973).
Figure 9 indicates the variation of power produced per unit volume P with Te /Ti for J1 and J2
and E = 2, 6 keV. The value of P is computed by
using equation (12) and the nature of variation is
the same as that of η, V|| and E|| . It is found that
anomalously high values of η means anomalously

Figure 7. Field aligned potential difference V|| is plotted against Te /Ti for different FAC density J1 and J2 and energy
E = 2, 6 keV.
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Figure 8.
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The parallel electric field E|| as a function of Te /Ti for different FAC density J1 and J2 and energy E = 2, 6 keV.

high power dissipation. A current density
2
of −6.98 × 10−7 A/m produces an E|| of
−11.45 mV/m and dissipates a power of 7.99 ×
3
10−9 W/m . Mozer (1976) computed a current den2
sity of 3 × 10−5 A/m produces an E|| of 10 mV/m
3
dissipates a power of 3 × 10−7 W/m . So this high
power dissipation leads to excessive plasma heating
in the topside ionosphere or low magnetosphere.
4. Conclusion
The existence of a large FAC during auroral substorm activities has led to the speculation that this
current may generate an ion acoustic instability
which may cause an anomalously large resistivity
which could create a very large electric field parallel to the magnetic field. The electric field turbulence produced by this instability grows to large
amplitude and the associated anomalous resistivity
produces a large potential difference of the order
of kilovolts along the magnetic field in auroral
regions. Since FACs, anomalous resistivity, potential drop along the auroral field lines, intensity of
electric field turbulence and power produced per

unit volume are playing important roles in ion
acoustic instability, a clear picture of this instability in the auroral region associated with BEN due
to turbulence can be obtained.
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