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Abstract. During the operation of the EISCAT high power
facility (heater) at Tromsø, Norway, on 8 October 1998, the
FAST spacecraft made electric field and particle observa-
tions in the inner magnetosphere at 0.39 Earth radii above
the heated ionospheric region. Measurements of the direct
current electric field clearly exhibit oscillations with a fre-
quency close to the modulated frequency of heater (∼ 3 Hz)
and an amplitude of∼ 2 − 5 mV m−1. Thermal electron
data from the electrostatic analyser show the modulation at
the same frequency of the downward electron fluxes. During
this period the EISCAT UHF incoherent scatter radar, sited
also at Tromsø, measured a significant enhancement of the
electron density in E-layer up to 2· 1012m−3. These obser-
vations have prompted us to make quantitative estimates of
the expected pulsations in the inner magnetosphere caused
by the modulated HF heating of lower ionosphere. Under the
conditions of the strong electron precipitation in the iono-
sphere, which took place during the FAST observations, the
primary current caused by the perturbation of the conduc-
tivity in the heated region is closed entirely by the parallel
current which leaks into the magnetosphere. In such cir-
cumstances the conditions at the ionosphere-magnetosphere
boundary are most favourable for the launching of an Alfvén
wave: it is launched from the node in the gradient of the
scalar potential which is proportional to the parallel current.
The parallel electric field of the Alfv́en wave is significant in
the region where the electron inertial length is of order of the
transverse wavelength of the Alfvén wave or larger and may
effectively accelerate superthermal electrons downward into
the ionosphere.

Key words. Ionosphere (active experiments; ionosphere –
magnetosphere interactions; particle acceleration)

1 Introduction

Observations reported in a recent paper by Robinson et
al. (2000) clearly demonstrated that ULF waves observed by
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the FAST satellite at an altitude of 2550 km were caused by
the modulated heating of the lower ionosphere by the EIS-
CAT high power facility at Tromsø, Norway. 3 Hz oscilla-
tions with an amplitude of about 2− 5 mV m−1 were de-
tected by the FAST electric field antenna during approxi-
mately 3 seconds when the satellite track passed above the
heated patch of ionosphere. Robinson et al. (2000) also re-
ported observations of 3 Hz oscillations in the downward di-
rected component of electron fluxes which they attributed to
parallel electric field caused by electron inertia effect associ-
ated with an Alfv́en wave. A limited number of papers (see,
for example, Kimura et al., 1994 and references in it) have
reported heater induced VLF waves detected by spacecraft-
borne receivers when spacecraft passed in the vicinity of
Tromsø heater. The above-mentioned FAST observations
constitute a first space detection of artificial ULF waves.

A detailed theoretical analysis of artificial magnetic pulsa-
tions in the low frequency range, caused by modulated HF
heating of the ionosphere has been carried out previously
by Stubbe and Kopka (1977), Pashin et al. (1995), Lyatsky
et al. (1996), Borisov and Stubbe (1997). The last authors
included the field-aligned current and constructed a quanti-
tative model of the generation of three-dimensional currents
due to the periodic heating which produce both magnetic per-
turbations on the ground and also Alfvén waves propagating
upward from the upper ionosphere. In our paper we follow
the approach proposed by Borisov and Stubbe (1997) and
develop it further for the conditions of strong electron pre-
cipitation, with the aim of determining the current system
excited in the ionosphere by the modulated heating of the
lower ionosphere.

We begin in Sect. 2 by briefly reviewing the heater ex-
perimental arrangements, geophysical conditions during the
heater operation and related FAST observations. In Sect. 3,
we give, (i) a discussion of the HF heater wave absorp-
tion and the resulting heating effect in the absorption layer,
(ii) a brief overview of the model proposed by Borisov and
Stubbe (1997) and its development for the case of strong
skin effect and (iii) results of the model applied to the iono-
spheric conditions observed during the FAST measurements.
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Fig. 1. The same as Fig. 2 in the paper by Robinson et al. (2000).
FAST observations:(a) perpendicular component of dc electric
field; (b) and (c) downward/upward electron fluxes in the 37, 74,
149 eV channels of the electrostatic analyzer, presented in the units
of fluxes multiplied by the central energy of the corresponding en-
ergetic channel.

In Sect. 4 we discuss properties of the Alfvén wave associ-
ated with a leakage of parallel current from the ionosphere
and the acceleration of superthermal electrons by the paral-
lel electric field of a modified Alfv́en wave in which electron
inertia has been explicitly included.

2 Experiment and observations

2.1 Modulated HF heater radiation

During the period of modulated heating, between 20:15 UT
and 20:45 UT on 8 October 1998, the Tromsø heater trans-
mitted 4.04 MHz,X-mode radio waves into a cone with a
half-width of 7◦, centered along the direction of the local
magnetic field. The HF signal was modulated by the square-
wave with a fundamental frequency of 3 Hz and effective ra-
diated powerWo of approximately 2· 105 kW. Hereafter, we
assume that higher harmonics may be neglected, therefore
the variation of the modulated HF electric field at a heightz

and at a horizontal distancer from the transmitter takes the
form (Gurevich, 1978)

Eo(r, z) ≈ 300

√
Wo/4

z
e−r2/a2(

1 + γ cos�t
)
, (1)

whereEo is given in mV m−1, Wo in kW, z in km, a is a
radius of the heated spot (∼ 10 km at a height 80 km),� is the
fundamental modulated frequency (� = 18.8 radians s−1)
andγ ≈ 2/π .

2.2 FAST observations

As reported by Robinson et al. (2000), during the above ex-
periment, the electric field antenna installed on the board the
FAST satellite observed 3 Hz waves with an amplitude of
∼ 2−5 mV m−1 between∼ 20:16:20 UT and∼ 20:16:23 UT
at an altitude of 2550 km (Fig. 1a). The electric field an-
tenna was oriented approximately perpendicular to the mag-
netic field line. Simultaneous measurements of the electron
fluxes in three energetic channels of the electrostatic anal-
yser with the central energies: 37, 74 and 149 eV show a
corresponding quasi-periodic acceleration of the downward
electrons (Fig. 1b). Each energy band exhibits similar oscil-
lations with a common period of 3 Hz. However, they have
phases different from that of the electric field oscillations and
also different from each other. The fact that the phases of the
more energetic electrons lead is consistent with a source of
the electron fluxes at several hundred km above the obser-
vation point. Note that the upgoing electrons in the same
energy bands (Fig. 1c) do not exhibit any significant 3 Hz
modulation. A detailed discussion of the mechanism which
causes the electron acceleration is given in Sect. 4.

2.3 Geophysical conditions

The electron density profile at altitudes between 80 and
600 km above the heater patch was obtained from observa-
tions of the EISCAT UHF incoherent scatter radar located
in the vicinity of the Tromsø heater. The density profile
in Fig. 2a corresponds to the radar integration period of
10 seconds which commences at 20:16:20 UT and conse-
quently covers the period of the FAST observations. A sig-
nificant enhancement of the electron density in E-layer up to
2 · 1012 m−3 was due to the increase precipitation of elec-
trons into ionosphere during the experiment. The bulk veloc-
ity of the plasma at 250 km above the Tromsø heater, as es-
timated using tristatic measurements from the three UHF re-
ceivers during a∼ 30 s timeperiod, had the main component
directed towards north with an amplitude of∼ 240 m s−1.
Consequently the electric field associated with theV × Bo

drift pointed eastwards, with an amplitude of∼ 12 mV m−1.
Molecular composition and temperature in the midnight sec-
tor as deduced from the ionospheric model MSIS90 (Hedin,
1991) are presented in the Figs. 2b and c. The electron
temperature is taken as that for the neutral gas at the low
altitudes, z < 250 km (Gurevich, 1978). The magnetic
field line which is mapped to the Tromsø site (69.58 N,
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Fig. 2

a

b

c

8 OCT 1998

Fig. 2. Ionospheric conditions observed during the period of the
FAST observations:(a) electron densityne measured by the EIS-
CAT UHF incoherent scatter radar;(b) molecular compositionnn

and(c) temperature in the midnight sector as deduced from the iono-
spheric model MSIS90.

19.22 E geographic) may be approximated by a straight line
up to ∼ 2.5RE and the magnetic strength at the geocen-
tric distanceρ along the magnetic field line is, to a good
approximation,|Bo| = Bo(RE/ρ)3(1 + 3 sin2 θ)1/2, where
RE is the Earth’s radius (RE ≈ 6371 km),Bo ≈ 3.1 · 104 nT
and θ , the angle of magnetic latitude measured from the
equator, is∼ 58◦. Electron-neutral and ion-neutral collision
frequencies, electron plasma frequency and gyrofrequency,
Pedersen and Hall conductivities which correspond to the
ionospheric conditions in Fig. 2 are presented in Fig. 3.

3 Model of polarization electric field and currents

3.1 Wave absorption

The conditions of enhanced electron precipitation into the
lower ionosphere indicated above lead to strong increases of
both the absorption and refraction effects of the transmitted

a

b

Fig. 3

Fig. 3. (a)Electron-neutral (solid line) and ion-neutral collision fre-
quencies (dashed line), electron plasma frequency (dashed-dotted
line) and gyrofrequency (dotted line), HF pump frequency (dashed
horizontal line),(b) the Pedersen (solid line) and the Hall (dashed
line) conductivities which correspond to the ionospheric conditions
of Fig. 2.

HF waves. The ordered energy emitted from the antenna is
transformed into heat and electromagnetic noise mainly due
to the electron collisions with neutral molecules and the wave
amplitude decays quasi-exponentially with height as

Eoκ(z) = Eo(z) · exp

(
−

∫ z

zo

κds

)
, (2)

whereEo is defined by the Eq. (1),zo is the lower bound-
ary of the ionosphere andκ the absorption coefficient, which
may be found from the Appleton formula for a complex
refractive indexn of extraordinaryX wave. With the as-
sumption that thek vector is aligned with the magnetic field
line the refractive index may be written in the form (Davies,
1990)

n2
=

(
µ − iχ

)2
= M − iN, (3)

with M = 1 − ω2
pe(ω − ωce)/{ω

[
(ω − ωce)

2
+ ν2

en

]
},

N = ω2
peνen/{ω

[
(ω − ωce)

2
+ ν2

en

]
}, whereµ and χ are

the real and the imaginary parts of the refractive index, re-
spectively,c is the free speed of electromagnetic wave (c ≈

3 · 108 m s−1), νen the electron-neutral collision frequency,
ω is the angular frequency of the pump wave (ω ≈ 2.5 · 107

radians s−1 in our case), andωpe andωce are the electron
plasmafrequency and gyrofrequency, respectively. In plasma
with νen � |ω − ωce| the refractive index is almost entirely
real and the condition of the X wave reflection reads

ω ≈

(
ωce +

√
ω2

ce + 4ω2
pe

)
/2. (4)
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Fig. 4
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b

c

Fig. 4. (a) Variation with height of the real refractive indexµ
(dashed-dotted line) and the absorption coefficientκ: the exact so-
lution (6) is shown by a solid line and the approximated solution (5)
by a dashed line.(b) Decay of the amplitudeEok of the transmitted
HF wave with height. The absorption layer is limited by the ver-
tical dashed lines. A characteristic plasma fieldEp in the absorp-
tion layer is shown by a horizontal dashed-dotted line.(c) Height
integrated Hall, Pedersen, magnetospheric conductivities and their
perturbations under the conditions discussed in Sects. 2.3, 3.1, 3.2.

When the real refractive index is close to unity the absorption
coefficient may be approximately expressed as

κ =
ω

c

N

2µ
≈ 0.53 · 10−5 neνen[

(ω − ωce)2 + ν2
en

] , (5)

where the electron densityne is given in m−3 andκ in neper
m−1. Near the point of the wave reflection, approximation
(5) is no longer valid and the general solution of the Eq. (3)
has to be found. In general formκ reads

κ =
ω

c

√
2

2

√√
M2 + N2 − M, (6)

and the real refractive index is

µ =

√
2

2

√√
M2 + N2 + M. (7)

The variation with height of the absorption and refractive
coefficients and the amplitude of electric field of the radiated
HF X wave are presented in Figs. 4a, b. The exact solu-
tion for the absorption coefficient (6), which is shown by a
solid line in Fig. 4a, does not differ significantly from the ap-
proximate solution (5), given by a dashed line at the altitudes
where the refractive index is close to unity. Near the reflec-
tion region whereµ → 0 the two solutions differ signifi-
cantly. The transmitted HF wave is absorbed in a thin layer
between∼ 80 km, where the electron density commences to
be significant, and the reflection point at∼ 88 km (Fig. 4b).
The absorbed part of the wave energy goes to the heating of
the local plasma.

3.2 Modulation of the Pedersen and the Hall conductivities

Under the action of HF radio waves the electron temperature
in the ionosphere may be increased considerably. The devia-
tion of the electron temperature from the neutral temperature,
δTe, caused by the modulated wave consists of two parts: (i)
a stationary perturbation

δT (0)
e ≈

(
1 + γ 2/2

)
Teo

[
Eoκ(z)/Ep

]2

and (ii) a modulated perturbation with frequency

�, δT (1)
e ≈ 2γ Teo

[
Eoκ(z)/Ep

]2
;

hereTeo (in K) is the undisturbed temperature,Ep is a char-
acteristic plasma field which, in the case of the high fre-
quency pump wave(ω � νen), is given by

Ep ≈

√
3Teomee−2δoω2

(Gurevich, 1978), whereδo is the average fraction of the en-
ergy lost by the electron in one collision(δo ≈ 10−3). There-
fore, if Eoκ/Ep ∼ 1 (Fig. 4b) then the energy absorbed in the
ionosphere will increase both the stationary and modulated
parts of the electron temperature by a factor of∼ 2.

Due to the changes of electron temperature the electron-
neutral collision frequency and recombination coefficient are
also modified. If we assume that the termEoκ/Ep ≤ 1 then
the collision frequency and recombination coefficient vary
proportionally to the electron temperature, respectively as,
δνen/νen ≈ 0.8δTe/Teo andδαr/αr ≈ −0.7δTe/Teo (Gure-
vich, 1978). Consequently the stationary part of plasma den-
sity follows the same law, namelyδne/ne ≈ 0.35δTe/Te.
On the other hand, the modulated part does not exhibit
any density change because the frequency of recombina-
tion αrne ≈ 10−3 radians s−1 is small with respect to�.
As a result, the perturbation of the modulated part of the
Pedersen and the Hall conductivities in the plasma, with
1 � νen/ωce � ωci/νin (which represents the ionospheric
conditions below∼ 90 km), may be written

δσP ≈ 0.8
δT

(1)
e

Teo

σp, (8)
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δσH ≈ −1.6

[
νen

ωce

]2
δT

(1)
e

Teo

σH , (9)

with σP ≈ (en
′

e/B) (ν
′

en/ωce) and σH ≈

en
′

e/B, where ν
′

en = νen(1 + 0.8δT
(0)
e /Teo) and

n
′

e = ne(1 + 0.35δT (0)
e /Teo) are the modified collision

frequency and electron density, respectively, caused by the
stationary perturbation of temperature in the heating layer.

Enhancement of the electron temperature in the absorp-
tion layer gives rise to an increase of the absorption coeffi-
cient of approximatelyn

′

eν
′

en/(neνen) times, under the con-
ditions|ω − ωce| � νen. Consequently, the electron temper-
ature will be changed, but the secondary modification of the

temperature will be∼ e−n
′

eν
′

en/(neνen) times less than the pri-
mary one and therefore may be neglected under the condition
Eoκ/Ep ∼ 1.

3.3 Polarization field and currents

Changes in the conductivities in the presence of a dc exter-
nal convection electric fieldE lead to the primary current
jo = δσ̂ · E that acts only in the heated layer. Hereafter
it is assumed that the external electric fieldE is approxi-
mately constant in the lower ionosphere andE · Bo ≈ 0.
Then in cylindrical coordinates(r, ϕ, z), the components of
the external electric field areEr = E cosϕ, Eϕ = −E sinϕ,
Ez = 0 and the primary current isjo = {δσP Er +

δσH Eϕ, −δσH Er + δσP Eϕ, 0} · exp(−r2/a2). Such a cur-
rent gives rise to a polarization electric fieldδE in the iono-
sphere together with a secondary currentj

′

⊥
= σ̂ · δE and

a parallel currentj
′

z which close the primary one. If we
assume that all time dependent perturbed quantities vary as
ei�t , then the electric field perturbation can be written in the
form, δE = −∇φ − i�A, whereφ andA are scalar and
vector potentials. Then Poisson’s equation under conditions
of quasi-neutrality and Ampere’s law in the quasi-static ap-
proximation, together with the gauge condition∇⊥ · A = 0,
read

∂

∂z
σ‖(

∂φ

∂z
+i�Az)+σP 1⊥φ+i�σH (∇×A)z = ∇ ·jo,(10)

1⊥Az − i�µoσ‖Az − µoσ‖

∂φ

∂z
= 0, (11a)

1A⊥ − i�µoσ̂ ·A⊥ −µoσ̂∇⊥φ −∇⊥

∂Az

∂z
= −µojo,(11b)

wherez is the displacement along the magnetic field (increas-
ing with altitude),σ‖ is the longitudinal conductivity and the
permeabilityµo = 4π · 10−7 H m−1.

In the upper ionosphere Eqs. (10) and (11a) may be ex-
pressed in the form (Borisov and Stubbe, 1997)

∂2φ

∂z2
− i�µoσP φ = 0, (12)

with the generalized Pedersen conductivity, which includes
the ion inertia,σP = ω2

pi (νin + i�)/{ω2
ci + ν2

in}, where

Fig. 5

a

b

Fig. 5. (a) Normalised polarization electric field,δEr/E�, in the
case of weak skin effect (solid line) and(k1a)2δEr/E� under the
conditions of strong skin effect (dashed line) versus normalised ra-
dial distance from the centre of heated spot;(b) radial profile of the
parallel currentj

′

z/jz.

νin is the ion-neutral collision frequency,σP in S m−1.
At the heights where� > νin, Eq. (12) describes the
propagation of an Alfv́en wave. In the lower ionosphere
Eqs. (10), (11a, b), under the conditionsµo�σP � 1, may
be written (for the details see Borisov and Stubbe, 1997)[

∂

r∂r
r

∂

∂r
−

1

r2

]
φ +

i�

6W + 6P

∫ zi

zo

σH 9dz

=
1

6W + 6P

∫ zi

zo

∇ · jodz, (13)

[
∂2

∂z2
+

∂

r∂r
r

∂

∂r
−

1

r2

]
9 + µoσH

·

[
∂

r∂r
r

∂

∂r
−

1

r2

]
φ = 0, (14)

where 6P and 6H are the height integrated Ped-
ersen and Hall conductivities; 6W is the general-
ized magnetospheric conductance which takes the form
6W = [1 + iVA(zi)/(�h)] /(µoVA(zi)); the variation of the
Alfv én speed with height is approximated by the polynomial

VA(z) = VA(zi)
[
1 + (z − zi)/h

]2
, (15)

zo is the altitude which corresponds to the lower boundary of
ionosphere,zi is the altitude which corresponds to the upper
boundary of the ionosphere whereνin ∼ � andh is the char-
acteristic scale of the Alfv́en speed variation. The solenoidal
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component is assumed to be dependent on the azimuthal an-
gleϕ, i.e.,(∇ ×A)z = 9(r, z) · cos(ϕ +ϕ6). Also, the right
hand part of Eq. (13) can be simplified to∫

∇ · jodz = 2
r

a2
e−r2/a2

δ6�E cos(ϕ + ϕ6), (16)

with δ6� =

√
δ26P + δ26H , ϕ6 = arctan(δ6H /δ6P ),

where δ6P , δ6H are the height integrated perturbations
of the Pedersen and Hall conductivities in the centre of
the heated region. Making the Fourier-Bessel transform of
Eqs. (13) and (14) with respect tor and using definitions

φ(r) =

∫
kJ1(kr)φ(k)dk and

9(r) =

∫
kJ1(kr)9(k)dk, (17)

yields

−k2φ +
i�

6W + 6P

∫ zi

zo

σH 9dz

= 4E�

∫
r2

a2
e−r2/a2

J1(kr)dr, (18)[
∂2

∂z2
− k2

]
9 − µoσH k2φ = 0. (19)

Above,E� = δ6� E / {2(6P + 6W )} andJ1 is the Bessel
function of the first kind. The solution of (19) is

9 = 0.5µokφ

∫
σH (u)e−k|z−u|du (20)

and strongly depends on the profile of the Hall conductivity.
Under the conditions1z ≈ a this reduces to

9 ≈ 0.5µokφσ−1
o

∫
σ 2

H du, (21)

where1z is a half-thickness of the Hall layer andσo is the
maximum value of the Hall conductivity. Substituting the
solution for9 to (18) and performing the inverse Fourier-
Bessel transform, yields[

∂

r∂r
r

∂

∂r
−

(
k2

1 +
1

r2

)]
φ = 4E�

r

a2
e−r2/a2

, (22)

with k2
1 ≈

(
i�µoπ/a

)
6H σ−1

o

∫
σ 2

H dz/{2(6W + 6P )}. The
contribution of the solenoidal component in the polarisation
electric field can be omitted if the condition

µo�(a/π)2σH � 1 (23)

is satisfied. In this case,k1 ≈ 0 and Eq. (22) has the solution

φ = −E�

a2

r

(
1 − e−r2/a2

)
cos(ϕ + ϕ6). (24)

Therefore, the polarisation electric field is just

δEr = −E�

a2

r2

[
1 −

(
1 + 2

r2

a2

)
e−r2/a2

]
cos(ϕ + ϕ6), (25)

δEφ = −E�

a2

r2

[
1 − e−r2/a2

]
sin(ϕ + ϕ6). (26)

and the parallel current in the upper ionosphere is then simply
calculated as

j
′

z = −

∫ zi

zo

∇ ·
(
jo + j

′

⊥

)
dz

= −2jz

r

a
e−r2/a2

cos(ϕ + ϕ6), (27)

with the magnitude of parallel currentjz =
(
Jo/a

)
6W /

(
6W + 6P

)
and the height integrated primary current

Jo = δ6�E. As a result, under conditions of weak skin
effect, the magnitude of the parallel current depends on the
matching between the Pedersen and magnetospheric conduc-
tancies. Further, if6W � 6P then the primary current is
mainly closed by the perpendicular secondary current and
only an insignificant fraction leaks into the magnetosphere
along the field line. The variation of the normalised polari-
sation electric fieldδEr/E� and parallel currentj

′

z/jz ver-
sus normalised radial distance from the centre of the heated
region are shown in the Fig. 5. Now let us consider the
case when the Hall conductivity is large and the condition
(23) is no longer satisfied. To make an analytical estima-
tion, an approximate profile of the Hall conductivity of form,
σH (z) = σoe

−(z−zH )2/a2
is assumed and the solution of

Eq. (22) reads

φ = −2
E�

a2

[
K1(k1r)

∫ r

o

u2I1(k1u)e−u2/a2
du

+I1(k1r)

∫
∞

r

u2K1(k1u)e−u2/a2
du

]
, (28)

wherezH is the altitude where the Hall conductivity reaches
its maximum;I1, K1 are the modified Bessel functions and
k2

1 ≈ i�µo [π/2]3/2 6H σo/{6P + 6W }. Using properties
of the Bessel functions, Eq. (28) may be simplified to

φ ≈ −2E�

r

(k1a)2
e−r2/a2

cos(ϕ + ϕ6) if k1r �1, (29)

or

φ ≈ −E�(i + 1)
r

(k1a)2
e−r2/a2

cos(ϕ + ϕ6) if k1r �1 (30)

and

δEr ≈ E�(i + 1)
e−r2/a2

(k1a)2

(
1 − 2

r2

a2

)
cos(ϕ + ϕ6). (31)

It is seen from (31) and Fig. 5a (dashed line) that the polar-
isation electric field at large distances from centre decreases
exponentially, in contrast to (25). Its magnitude is∼(k1a)2

times less than in the case of the purely potential field and
is determined by the coupling between the Hall and the Ped-
ersen conductances. Under the ionospheric conditions dis-
cussed in Sects. 2.3, 3.1, 3.2 and presented in the Figs. 2
to 4, i.e.,µo�(a/π)2σH ∼ 1 andσo ≈ 4 · 10−3 S m−1,
6P ≈ 24 S,6H ≈ 100 S,6W ≈ 0.3 S, δ6� ≈ 0.04 S,
E ≈ 12 mV m−1, then(k1a)2

≈ 76.5 and the primary cur-
rent is closed mainly by the parallel current, the magnitude
of which jz ≈ Jo/a, depends only on the height integrated
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primary current(Jo ≈ 0.4 mA m−1) and the radius of heated
spot and is estimated to bejz ≈ 0.04 µA m−2.

The parallel current, which leaks into the magnetosphere,
gives a perturbation of the transverse component of the mag-
netic fieldB⊥ ≈

(
µo/k⊥

)
j

′

z and electric fieldE⊥ ≈ VAB⊥.
These perturbations propagate into the magnetosphere in the
form of an Alfvén wave. For a sheared Alfvén wave which
propagates in a plasma with the Alfvén speed profile given
by polynomial (15) the variations of the transverse electric
field with altitude are

|E⊥(z)| ≈ |E⊥(zi)|
√

VA(z)/VA(zi). (32)

However, the profile with the polynomial law does not reflect
the real variation of the Alfv́en speed at the altitudes higher
than∼1000 km, where the exponential law

VA(z) = VA(zi)e
(z−zi )/2h (33)

is a more appropriate approximation. For the exponen-
tial profile the transverse electric field varies according
to the Eq. (32) only in the low magnetosphere where
z ≤ zi + h. At high altitudes it converges to a constant limit
∼ |E⊥(zi)|

√
πh�/VA(zi) if the electron inertia length is

small with respect to the transverse wavelength of the Alfvén
wave. In the next section it will be demonstrated that for the
transverse wavelength of∼ 20 km the electron inertia deter-
mines the features of an Alfvén wave at altitudes of∼ 2500–
4000 km.

4 Properties of an Alfvén wave in plasma with exponen-
tial law of Alfv én speed

4.1 Electric and magnetic fields associated with Alfvén
wave in inhomogeneous plasma

In the purely magnetohydrodynamic approximation Alfvén
waves do not support an electric field with a component along
Bo. However, if the electron inertia is included the Alfvén
wave does carry a parallel electric field in the plasma with
low β (β = 2µonekT /B2). The relation between transverse
and parallel electric fields of the wave is derived from Fara-
day’s law

∂Bϕ

∂t
= −

∂Er

∂z
+

∂Ez

∂r
, (34)

the parallel Ohm’s law, neglecting the parallel electron pres-
sure

∂jz

∂t
=

nee
2

me

Ez, (35)

and Ampere’s law, neglecting the displacement current

1

r

∂

∂r
(rBϕ) = µojz. (36)

Here ∂/∂ϕ = 0 is assumed. The combination of (34–36)
yields(

1 − λ2 1

r

∂2

∂r2
r

)
Ez = −λ2 1

r

∂2

∂r∂z

(
rEr

)
, (37)

with the electron inertial lengthλ = c/ωpe. If all parameters
vary linearly as∼ exp(i�t − ikzz − ikrr) with

kr ≈ π/a(z), (38)

and

kz = �

√
1 + λ2k2

r

√
1 + V 2

A/c2/VA, (39)

then Eq. (37) may be simplified to(
1 + λ2k2

r

)
Ez = λ2krkzEr . (40)

Note that to maintain constant magnetic flux along the flux
tube, the perpendicular dimension of perturbation region
must vary asB−1/2

o and thereforeλ2k2
r ∼ Bo/ne. By this

means, if an Alfv́en wave propagates from the upper iono-
sphere (zi ∼ 300 km) to 2550 km (altitude of FAST ob-
servations) the wavenumberkr decreases by approximately
1.5 times. If the dispersion relations (38), (39) are satis-
fied, then the parallel electric field grows in proportion to
∼ �(neVAa)−1Er , in a plasma withλkr � 1, VA � c and
in proportion to∼

√
nec�

−1Er , whenλkr � 1, VA � c.
It is convenient to describe a sheared Alfvén wave in terms

of a scalar potentialφ and a vector potentialA = Azz where
B = ∇⊥ × (Azz). SubstitutingEr = ikrφ andBϕ = ikrAz

into (34–36) we obtain the following relation betweenφ and
Az,

∂φ

∂z
= −i�

(
1 + k2

r λ
2)Az. (41)

Another relation betweenφ andAz comes from Ampere’s
law, including the displacement current (see, for example,
Lysak, 1993), i.e.,

∂Az

∂z
= −i�

1 + V 2
A/c2

V 2
A

φ. (42)

The combination of the last two equations gives

∂2φ

∂z2
− α1(z)

∂φ

∂z
+ αo(z)φ = 0, (43)

with α1(z) = 2k2
r λ/{1 + k2

r λ
2
} ∂λ/∂z,

αo(z) = �2(1 + k2
r λ

2)/{V 2
A/(1 + V 2

A/c2)}. By Faraday’s
and Ampere’s laws, the perpendicular electric and magnetic
fields must be continuous across the magnetosphere-
ionosphere interface, and thus scalar and vector potentials
must also be continuous at this boundary. The vector
potential is driven by the parallel current which continuously
leaks through the boundary. Then,

Az(z = zi) ≈ −
iµo

k2
r

jz. (44)

The scalar potential is defined by the polarisation electric
field, see Eq. (25) or (31). If the skin effect is strong, i.e.,
k1a � 1, then|φ| � VA(zi)|Az| and the boundary condi-
tions are

φ(z = zi) ≈ 0, (45)
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and

∂φ

∂z
(z = zi) ≈ −i�Az ≈

µo�a2

π2
jz. (46)

Equation (43) may be easily solved numerically (using a
Runge-Kutta scheme) if the variation of coefficientsαo and
α1 is known and the boundary conditions are defined.

The parallel electric field may be written as a function of
scalar and vector potentials, as

Ez = −i�Az −
∂φ

∂z
=

[
1

1 + k2
r λ

2
− 1

]
∂φ

∂z
. (47)

If the electron inertial length is small, then the contribution of
the vector potential cancels the contribution of scalar poten-
tial and the parallel electric field vanishes. Whenλ grows, the
contribution of vector potential to the parallel electric field
decreases and for the conditionskrλ � 1, the parallel elec-
tric field is entirely determined by the scalar potential.

In order to investigate the properties of the Alfvén
wave a profile of Alfv́en speed of the form (33) is
chosen, with Alfv́en speed in the upper ionosphere
VA(zi ≈ 300 km) ≈ 3 · 106 m s−1 and the characteristic
heighth ≈ 260 km which are found from fitting of the mea-
sured plasma density between 300 and 600 km by the EIS-
CAT radar. The magnitude of parallel current in the up-
per ionosphere is taken asjz ≈ 0.04µA m−2, as estimated
in the previous section. Variation with altitude of the elec-
tron density, the Alfv́en speed,λk andλz, which are calcu-
lated according to the dispersion Eqs. (38), (39), are shown
in the Fig. 6. The scalar potential, which is found from
Eq. (43) with the boundary conditions (45), (46), is presented
in Fig. 7a for two cases: (i)α1 6= 0, i.e. ∂λ/∂z 6= 0 (solid
line) and (ii)α1 = 0 (dashed line). It can been seen from the
figure that from an altitude of∼ 2300 km, where the electron
inertial length commences to be of the order of the trans-
verse wavelength (i.e.,λkr ∼ 1), the two solutions diverge
significantly. This means that from such altitudes inhomoge-
neous properties of the plasma play a major role. The condi-
tions of Alfvén wave launching from the node of the potential
(φ(z = zi) ≈ 0 at the boundary) are the most favourable to
amplify the amplitude of wave at the highest altitudes. The
amplitude of the potential will be proportional to the magni-
tude of the parallel current at the boundary. The node which
appears at∼ 1040 km above the upper ionospheric boundary
indicates a partial reflection of the wave due to contribution
of the gradient of Alfv́en velocity to the refractive index and
corresponds to the conditionVA [∂VA/∂z]−1

= 2h ≈ λz/2.
In the same figure the vector potential, multiplied by the
Alfv én speed at the upper ionospheric boundary,z = zi , is
presented, again for the two conditions: (i)α1 6= 0 (dashed-
dotted line) and (ii)α1 = 0 (dotted line). Variations of trans-
verse and parallel electric fields are shown in the Figs. 7b, c
by solid lines. Here again the solution for the caseα1 = 0
is presented by the dashed line. The amplitude of the trans-
verse electric field at the altitude of the FAST observation
(∼ 2550 km) is found to be∼ 1 mV m−1 (which is consistent

a

b

c

Fig. 6

Fig. 6. Variation with altitude of(a) electron densityne: (i) which
corresponds to the exponential profile of the Alfvén speed withh =
260 km (solid line), (ii) measured by the EISCAT radar between 300
and 600 km (filled circles) and density of warm electron population
which is estimated from the FAST observations at 2550 km (filled
circle); (b) Alfv én speed given by an exponential law (solid line)
with h = 260 km, which fits the observational points between 300
and 600 km (filled circles);(c) longitudinal wavelength (dashed-
dotted line) andλkr (solid line) as deduced from the dispersion
Eqs. (38), (39).

with the FAST measurements) and parallel electric field to be
∼ 10−3 mV m−1 and increases exponentially with altitude.

Variations of transverse magnetic field and the parallel cur-
rent (Fig. 8) deduced from the profile of the vector potential
show that the expected amplitudes of these perturbations are
small (∼ 0.05 nT for magnetic field and∼ 10 nA m−2 for the
current) and lie near with the limit of the instrumental (mag-
netometer and particle detectors) resolution for the FAST
spacecraft.
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Fig. 7

a

b

c

Fig. 7. Variation with height of(a) the scalar/vector potential shown
for two cases:α1 6= 0 (solid/dashed-dotted line) andα1 = 0
(dashed/dotted line);(b) the amplitude of the transverse electric
field |Er |: α1 6= 0 (solid line),α1 = 0 (dashed line);(c) the par-
allel electric field|Ez|: α1 6= 0 (solid line),α1 = 0 (dashed line).
Location of the FAST spacecraft is indicated by the vertical dashed
line.

4.2 Electron acceleration by the parallel field of an Alfvén
wave

Under the action of a parallel electric field, electrons will be
accelerated according to

∂u

∂t
+ u

∂u

dz
= −

e

me

Ez, (48)

whereu is the field-aligned component of the electron veloc-
ity. If the parallel electric field is modulated with a period
1t , electrons will be accelerated downward (upward) dur-
ing a half period and therefore the region of acceleration is
limited. The upper boundary of the acceleration region may
be estimated from simple considerations using the time delay
between the electrons with different energies as observed by
the FAST spacecraft. If we assume that the potential varies
exponentially with altitude as

ϕ(z) = ϕ(z1)e
(z−z1)/2h, z ≥ z1, (49)

a

b

Fig. 8

Fig. 8. Variation with height of amplitudes(a) of the transverse
magnetic field|Bϕ | and(b) the field-aligned current|jz|.

then, when an electron moves from the heightz2 downward
to z1, its velocity is changed fromu2 to u1 accordingly to

u2
1 − u2

2 =
2e

me

ϕ(z1)
(
e(z2−z1)/2h

− 1
)

(50)

and the flight time is estimated to be

t =

∫ z1

z2

dz

u
= 4h

∫ u1

u2

du

u2 −
(
u2

2 −
2e
me

ϕ(z1)
)

=
2h√

u2
2 −

2e
me

ϕ(z1)

[
ln

(
u +

√
u2

2 −
2e

me

ϕ(z1)

)

− ln

∣∣∣∣u −

√
u2

2 −
2e

me

ϕ(z1)

∣∣∣∣
]u=u2

u=u1

. (51)

The variations of the electron speed and the flight time
with altitude are presented in Fig. 9 for two values of
the electron velocity at the altitudez1 = 2550 km,
u1 = 3.6·106 m s−1(37 eV) andu1 = 5.1·106 m s−1(74 eV).
Value of the potential at the altitudez1 = 2550 km and the
characteristic spatial scale of the potential variation are taken
from the results of the previous section, i.e.,ϕ(z1) = 5 V
and h = 260 km. Knowing the delay time∼ 0.05 s be-
tween arrival of electrons with energies 37 and 74 eV, we
conclude that the upper boundary of the acceleration region
lies at∼ 520 km above the spacecraft track.

Upward and downward electron fluxes measured by the
electrostatic analyser in two energy channels with the centre
energies 37 and 74 eV (Fig. 1b, c) provide a possibility to re-
construct the distribution function. For simplicity we assume
that a warm population may be reasonably described by an
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Fig. 9

a

b

Fig. 9. Variation of (a) electron speed and(b) flight time with
altitudes for two values of the electron velocity at the altitude
z1 = 2550 km, 3.6 · 106 m s−1 (solid line) and 5.1 · 106 m s−1

(dashed-dotted line). The profile of the potential is taken in the
form (49) withϕ(z1) = 5 V andh = 260 km. A horizontal dashed
line in the plot(a) presents the value of(2e/me) ϕ(z1) and a verti-
cal dashed line in the plot(b) shows the estimated upper boundary
of the acceleration region.

isotropic Maxwell distribution with a bulk velocity along the
field line, i.e.,

f (n, vo, T ; v) = fo exp

[
−

m [v − vo]2

2T

]
, (52)

which is a function of three parameters, densityn =

π3/2fo [2T/me]3/2, bulk velocityvo = {0, 0, uo} and tem-
peratureT . The electron fluxF recorded in a channel with
centre energyE is related to the distribution function as
F = (2E/m2

e)f .
First, consider a “quiet” time period between 20:16:22

and 20:16:23 UT when the electron flux in each channel
is approximately constant. Fitting four points (opened cir-
cles in Fig. 10) from the velocity space by the function
(52) yields the following parameters:ne = 1.6 · 106 m−3,
uo = 106 km s−1, T = 18.5 eV (2.15 · 105 K) (solid line
in the Fig. 10). Second, consider the observations around
∼ 20:16:21.6 (Fig. 1b) when the particle detector which was
pointed upward recorded a significant enhancement of the
electron fluxes. The electron fluxes measured at that mo-
ment carry information about the distribution function of the
warm population near with the upper boundary of the ac-
celeration region. According to the Fig. 9a electrons with
velocities 3.6 · 106 m s−1 and 5.1 · 106 m s−1 observed at
the altitude 2550 km had the velocities∼ 3.15 · 106 m s−1

and∼ 4.8 · 106 m s−1, respectively, at the altitude 3070 km.

Fig. 10

Fig. 10. Values of the background electron distribution function
measured by the electrostatic analyser into the two energetic chan-
nels with central energies 37 and 74 eV between 20:16:22 and
20:16:23 UT (open circles); together with the reconstructed dis-
tribution function of the warm electron population: (i) background
population withn = 1.6·106 m−3, uo = 106 km s−1, T = 18.5 eV
(solid line); (ii) values of the distribution function near the upper
boundary of the acceleration region (filled circles).

Therefore the distribution function of the warm population
near the upper boundary of the acceleration region may be
reconstructed by making the corresponding shift of the mea-
sured distribution function in the velocity space. The result-
ing values of the distribution function, shown by the filled cir-
cles in the Fig. 10, demonstrate that parameters (density and
temperature) of the warm population at the 530 km above the
spacecraft track were approximately the same as observed
locally.

Another important point that has to be mentioned here is
the particle content of the magnetospheric flux tube. Gen-
erally speaking, a closed magnetic flux tube consists of two
populations: a cold one of ionospheric origin and a warm
one of magnetospheric origin. The exponential decrease of
the plasma density with altitude is essentially due to the cold
population. At the altitudes where the FAST observations
were made and at least up to the upper boundary of the accel-
eration region the cold population has to be dominant to pro-
vide a continuous increase of Alfvén speed and consequently
strong parallel electric field. Flattening of the density profile
occurs at the altitudes where the densities of cold and su-
perthermal populations are comparable and the density pro-
file above these heights is defined by the warm population,
which may be regarded as a constant in the first approxima-
tion. The altitude of the density flattening corresponds to the
maximum of the Alfv́en speed and presumably occurs near
to the upper boundary of the acceleration region.
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5 Conclusions

In the present paper we propose a quantitative scenario of the
Alfv én wave excitation by modulated HF heating of iono-
sphere. The Alfv́en wave will be launched from the upper
boundary of ionosphere whenever the following two condi-
tions are simultaneously satisfied:

(i) a significant part of HF wave energy is absorbed in iono-
sphere;

(ii) there exists a dc electric field in the layer of absorption.

The mechanism of Alfv́en wave excitation is as follows. The
absorbed part of the ordered energy of the HF wave is trans-
formed into the heating of the absorption layer, which leads
to local perturbation of the conductivity with the modulated
frequency. The dc electric field drives a primary current in
the heated layer which is closed by polarisation current flow-
ing in the ionosphere and by parallel current leaking into
magnetosphere. Perturbations of electric and magnetic fields,
which are associated with the parallel current, propagate into
the magnetosphere in the form of an Alfvén wave. The paral-
lel electric field of the Alfv́en wave is significant in the region
where the electron inertial length is of order of the transverse
wavelength of the Alfv́en wave or larger and may effectively
accelerate superthermal electrons downward into the iono-
sphere.

The amplitude of the Alfv́en wave is essentially deter-
mined by

(i) the magnitude of the primary current, which is bigger
when the electron density and dc electric field in the
absorption layer are larger;

(ii) the mechanism of closure of primary current, which
depends on the matching between the ionospheric and
magnetospheric conductances;

(iii) the amplitude of the parallel current, which is significant
if the Hall conductance is large or if the Pedersen con-
ductance is comparable with the magnetospheric con-
ductance;

(iv) the conditions at the ionosphere-magnetosphere bound-
ary;

(v) the Alfvén speed profile in magnetosphere.

Under the conditions of strong electron precipitation in
the ionosphere, which took place during the FAST obser-
vations on 8 October 1998, the primary current caused by
the perturbation of the conductivity in the heated region
is closed entirely by the parallel current. In such circum-
stances the boundary conditions in the upper ionosphere are
most favourable for the launching of an Alfvén wave: it is

launched from the node in the potential gradient, which is
proportional to the parallel current. Quantitative estimations
obtained from this model are consistent with the FAST ob-
servations, i.e.,

(i) the amplitude of the transverse electric field is of the
order of∼ 1 mV m−1 compared to the∼ 2−5 mV m−1

from the FAST measurements;

(ii) the parallel electric field with a magnitude of the or-
der of∼ 10−3 mV m−1 may effectively accelerate su-
perthermal electrons downward into the ionosphere.
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