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Abstract. During the operation of the EISCAT high power the FAST satellite at an altitude of 2550 km were caused by
facility (heater) at Tromsg, Norway, on 8 October 1998, thethe modulated heating of the lower ionosphere by the EIS-
FAST spacecraft made electric field and particle observa-CAT high power facility at Tromsg, Norway. 3 Hz oscilla-
tions in the inner magnetosphere at 0.39 Earth radii abovéions with an amplitude of about 2 5 mV m~! were de-

the heated ionospheric region. Measurements of the dirediected by the FAST electric field antenna during approxi-
current electric field clearly exhibit oscillations with a fre- mately 3 seconds when the satellite track passed above the
quency close to the modulated frequency of heateB{Hz) heated patch of ionosphere. Robinson et al. (2000) also re-
and an amplitude of- 2 — 5 mV m~1. Thermal electron ported observations of 3 Hz oscillations in the downward di-
data from the electrostatic analyser show the modulation atected component of electron fluxes which they attributed to
the same frequency of the downward electron fluxes. Duringparallel electric field caused by electron inertia effect associ-
this period the EISCAT UHF incoherent scatter radar, sitedated with an Alfien wave. A limited number of papers (see,
also at Tromsg, measured a significant enhancement of thior example, Kimura et al., 1994 and references in it) have
electron density in E-layer up to-2101°m~3. These obser- reported heater induced VLF waves detected by spacecraft-
vations have prompted us to make quantitative estimates dforne receivers when spacecraft passed in the vicinity of
the expected pulsations in the inner magnetosphere causédomsg heater. The above-mentioned FAST observations
by the modulated HF heating of lower ionosphere. Under theconstitute a first space detection of artificial ULF waves.

conditions of the strong electron precipitation in the iono- A detailed theoretical analysis of artificial magnetic pulsa-
sphere, which took place during the FAST observations, th&jons in the low frequency range, caused by modulated HF
primary current caused by the perturbation of the conduceating of the ionosphere has been carried out previously
tivity in the heated region is closed entirely by the parallel by Stubbe and Kopka (1977), Pashin et al. (1995), Lyatsky
current which leaks into the magnetosphere. In such cir-et al. (1996), Borisov and Stubbe (1997). The last authors
cumstances the conditions at the ionosphere-magnetosphefigciuded the field-aligned current and constructed a quanti-
boundary are most favourable for the launching of an &tfv  tative model of the generation of three-dimensional currents
wave: it is launched from the node in the gradient of the due to the periodic heating which produce both magnetic per-
scalar potential which is proportional to the parallel current. tyrbations on the ground and also Adfvwaves propagating
The parallel electric field of the AIM wave is Significant in upward from the upper ionosphere_ In our paper we follow
the region where the electron inertial length is of order of thethe approach proposed by Borisov and Stubbe (1997) and
transverse wavelength of the Aia wave or larger and may  develop it further for the conditions of strong electron pre-
effectively accelerate superthermal electrons downward int%ipitation, with the aim of determining the current system

the ionosphere. excited in the ionosphere by the modulated heating of the
Key words. lonosphere (active experiments; ionosphere —lower ionosphere.
magnetosphere interactions; particle acceleration) 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,

Observations reported in a recent paper by Robinson eQii) a brief overview of the model proposed by Borisov and

al. (2000) clearly demonstrated that ULF waves observed b)?tlﬂbbe (1997) ?_”d its development for thg case of ;trong
skin effect and (iii) results of the model applied to the iono-

Correspondence tdz. Kolesnikova (elka@ion.le.ac.uk) spheric conditions observed during the FAST measurements.

1 Introduction
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FAST Orbit 8426 8101998 and at a horizontal distaneefrom the transmitter takes the
] form (Gurevich, 1978)
VW, /4
E)(r,2) ~ 300—0/e_r2/”2(1 +y cosQut), 1)
Z

E;
(mV m™)

whereE, is given in mV nt1, W, in kW, z in km, a is a
radius of the heated spot (L0 km at a height 80 kmj is the
fundamental modulated frequencs2 (= 18.8 radians s%)
andy ~ 2/m.

2.2 FAST observations
eV As reported by Robinson et al. (2000), during the above ex-
T4V periment, the electric field antenna installed on the board the
149V FAST satellite observed 3 Hz waves with an amplitude of
~ 2—5mV m~1 between~ 20:16:20 UT and- 20:16:23 UT
at an altitude of 2550km (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-
f37ev yser with the central energies: 37, 74 and 149 eV show a
74 eV corresponding quasi-periodic acceleration of the downward
149 eV . i . .
electrons (Fig. 1b). Each energy band exhibits similar oscil-
lations with a common period of 3 Hz. However, they have
T S s phase's different from that of the electric field oscillations and
25526 25498 2547.0 2544.1 also different from each other. The fact that the phases of the
MLT 227 227 227 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
field; (b) and(c) downward/upward electron fluxes in the 37, 74, energy l?a”ds (Flg.'lc) d_o not _eXh'b't any S'gn'f'?am 3 '__'Z
149 eV channels of the electrostatic analyzer, presented in the unitg‘OdUIat'on' A detailed dlSCUS;IOp Of the .mechanlsm which
of fluxes multiplied by the central energy of the corresponding en-Causes the electron acceleration is given in Sect. 4.
ergetic channel.

Electrons Down
eV (cm?ssreV)!

Electrons Up
eV (cm?s sreV)’

Fig. 1. The same as Fig. 2 in the paper by Robinson et al. (2000)
FAST observations:(a) perpendicular component of dc electric

2.3 Geophysical conditions

) . . The electron density profile at altitudes between 80 and
In Sect. 4 we discuss properties of the Adfvwave associ-  gngkm above the heater patch was obtained from observa-

ated with a Ieakage of parallel current from the ionospheretions of the EISCAT UHF incoherent scatter radar located
and the acceleration of superthermal electrons by the parak, o vicinity of the Tromsg heater. The density profile
lel electric field of a modified Alfén wave in which electron in Fig. 2a corresponds to the radar integration period of

inertia has been explicitly included. 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 - 102 m—3 was due to the increase precipitation of elec-
trons into ionosphere during the experiment. The bulk veloc-
o ity of the plasma at 250 km above the Tromsg heater, as es-
2.1 Modulated HF heater radiation timated using tristatic measurements from the three UHF re-
ceivers during a- 30 s timeperiod, had the main component
During the period of modulated heating, between 20:15 UTdirected towards north with an amplitude ©f240 m s
and 20:45 UT on 8 October 1998, the Tromsg heater trans€onsequently the electric field associated with thex B,
mitted 4.04 MHz,X-mode radio waves into a cone with a drift pointed eastwards, with an amplitude-ofl2 mV m1.
half-width of 7, centered along the direction of the local Molecular composition and temperature in the midnight sec-
magnetic field. The HF signal was modulated by the squaretor as deduced from the ionospheric model MSIS90 (Hedin,
wave with a fundamental frequency of 3 Hz and effective ra-1991) are presented in the Figs. 2b and c. The electron
diated poweW,, of approximately 2 10° kW. Hereafter, we  temperature is taken as that for the neutral gas at the low
assume that higher harmonics may be neglected, thereforaltitudes,z < 250km (Gurevich, 1978). The magnetic
the variation of the modulated HF electric field at a height field line which is mapped to the Tromsg site (69.58 N,

2 Experiment and observations
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Fig. 3. (a)Electron-neutral (solid line) and ion-neutral collision fre-
guencies (dashed line), electron plasma frequency (dashed-dotted
¢ line) and gyrofrequency (dotted line), HF pump frequency (dashed

1 horizontal line),(b) the Pedersen (solid line) and the Hall (dashed
line) conductivities which correspond to the ionospheric conditions
of Fig. 2.

1000 —

HF waves. The ordered energy emitted from the antenna is

50 a0 00 120 140 160 180 200 transformed into hgat and.electromagnetlc noise mainly due
z, km to the electron collisions with neutral molecules and the wave

amplitude decays quasi-exponentially with height as

100

Fig. 2. lonospheric conditions observed during the period of the
FAST observations(a) electron density:, measured by the EIS- Eoe(2) = Eo(2) - exp| —
CAT UHF incoherent scatter radafh) molecular composition,, oK ‘ .

and(c) temperature in the midnight sector as deduced from the iono- ) ] )
spheric model MSIS90. whereE, is defined by the Eq. (1), is the lower bound-

ary of the ionosphere andthe absorption coefficient, which

may be found from the Appleton formula for a complex
19.22 E geographic) may be approximated by a straight lingefractive indexn of extraordinaryX wave. With the as-
up to ~2.5R; and the magnetic strength at the geocen-sumption that thé vector is aligned with the magnetic field
tric distancep along the magnetic field line is, to a good line the refractive index may be written in the form (Davies,
approximationB,| = B,(Rg/p)3(1 + 3sirf6)2, where  1990)
R is the Earth’s radiusKz ~ 6371km),B, ~ 3.1-10* nT )
and 6, the angle of magnetic latitude measured from the” = (“
equator, 'is~ 58. Electron-neutral and ion-neutral collision with M = 1 — (0 — ww)/{o [(w—wce)2+ )2 I,
frequencies, electron plasma frequency and gyrofrequency;. 5 pe PR en
Pedersen and Hall conductivities which correspond to thel = @heven/{0[(@ — wee)® + v, ]}, wherepn and x are

ionospheric conditions in Fig. 2 are presented in Fig. 3. the real and the imaginary parts of the refractive index, re-
spectively,c is the free speed of electromagnetic wavex(

3.108 m s 1), v, the electron-neutral collision frequency,

Z

'de>, @)

0

—ix)?=M—iN, A3)

3 Model of polarization electric field and currents w is the angular frequency of the pump wave# 2.5 - 10’
radians st in our case), an@,, andw,. are the electron
3.1 Wave absorption plasmafrequency and gyrofrequency, respectively. In plasma

with v, < |w — wc.| the refractive index is almost entirely
The conditions of enhanced electron precipitation into thereal and the condition of the X wave reflection reads

lower ionosphere indicated above lead to strong increases of
both the absorption and refraction effects of the transmitted» ~ (wce + /w2, + 460%6)/ 2. 4)
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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-

£ . E proximate solution (5), given by a dashed line at the altitudes
ooty T - where the refractive index is close to unity. Near the reflec-

80 a5 90 95 100 tion region wherexw — 0 the two solutions differ signifi-
z, km 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-at88 km (Fig. 4b).

The absorbed part of the wave energy goes to the heating of
the local plasma.

mV m™

3.2 Modulation of the Pedersen and the Hall conductivities

E, ,

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,
3T,, caused by the modulated wave consists of two parts: (i)

a stationary perturbation

2
(STE(O) ~ (]_ + yz/Z)Tgo I:EUK (Z)/EP]

and (ii) a modulated perturbation with frequency

@ 2
Q, 87,7 =~ ZJ/TEOI:EDK (Z)/Ep:l ;

2, km hereT,, (in K) is the undisturbed temperatui®, is a char-
acteristic plasma field which, in the case of the high fre-

Fig. 4. (@) Variation with height of the real refractive index guency pump wavéw > v.,), is given by
(dashed-dotted line) and the absorption coefficierthe exact so-

lution (6) is shown by a solid line and the approximated solution (5) E,~
by a dashed linglb) Decay of the amplitud&,; of the transmitted

HF wave with height. The absorption layer is limited by the ver- (Gurevich, 1978), whers, is the average fraction of the en-
tical dashed lines. A characteristic plasma figlgl in the absorp- ergy lost by the electron in one collisig8), ~ 1073)' There-
tion layer is shown by a horizontal dashed-dotted li®. Height fore, if E, /E, ~ 1 (Fig. 4b) then the energy absorbed in the
integrated Hall, Pedersen, magnetospheric conductivities and theirono,sphg;e V\7i|| increase both the stationary and modulated
perturbations under the conditions discussed in Sects. 2.3, 3.1, 3. parts of the electron temperature by a factorc?

Due to the changes of electron temperature the electron-

When the real refractive index is close to unity the absorption"€utral collision frequency and recombination coefficient are
coefficient may be approximately expressed as also mo_d_lfled. If we assume that the_ tefn /E, < 1 then
the collision frequency and recombination coefficient vary
o — ® N ~ 053.10°5 NeVen ) proportionally to the electron temperature, respectively as,
c2u ) [(w — wee)? + vgn] 8Ven/Ven =~ 0.88T,/T,, andéa, /o, =~ —0.78T,/ T,, (Gure-
vich, 1978). Consequently the stationary part of plasma den-
where the electron density, is given in m 3 andk in neper  sity follows the same law, namebn,./n. ~ 0.357,/T,.
m~L. Near the point of the wave reflection, approximation On the other hand, the modulated part does not exhibit
(5) is no longer valid and the general solution of the Eq. (3)any density change because the frequency of recombina-

3T, mee 28,2

has to be found. In general forimreads tion a,n, ~ 102 radians s' is small with respect t®.
Y As a result, the perturbation of the modulated part of the
‘ — @ /M2 + N2 FNZ— M, ©) Pedersen and the Hall conductivities in the plasma, with

1> ven/wee > wei/vin (Which represents the ionospheric

and the real refractive index is conditions below~ 90 km), may be written

@

2 6T,
L “7— JMET N2+ M. () sor~08 0, (®)

eo
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2 sV

oH, 9)

Soy ~ —1.6 [M}

Wee eo
with op ~  (en,/B) (v, /o) and oy =~
en,/B, where v, = v,(1 + 087°/T,) and i
n, = n.1+ 03%7.2/T,,) are the modified collision ~0.5¢ |
frequency and electron density, respectively, caused by the -1.0- =
stationary perturbation of temperature in the heating layer. -1.5F ‘ ‘ ‘ L]
Enhancement of the electron temperature in the absorp- —4 -2 0 2 4
tion layer gives rise to an increase of the absorption coeffi-
cient of approximately:, v, /(n.v.,) times, under the con-
ditions|w — wee| > ven. Consequently, the electron temper- F
ature will be changed, but the secondary modification of the  o.5]

8E./E,

1.0[

temperature will be ¢™"eVen/even) times less than the pri- . |
mary one and therefore may be neglected under the conditior: 0-0r
Eo/Ep, ~ 1.

-0.5F

3.3 Polarization field and currents

-1.0C

. Lo . -4 -2 0 2 4
Changes in the conductivities in the presence of a dc exter- r/a
nal convection electric fieldZ lead to the primary current

Jjo = 86 - E that acts only in the heated layer. Hereafter Fig. 5. (a) Normalised polarization electric fieldE,/Eq, in the

it is assumed that the external electric fididis approxi-  case of weak skin effect (solid line) aritha)25 E, / Eq under the
mately constant in the lower ionosphere aid B, ~ 0. conditions of strong skin effect (dashed line) versus normalised ra-
Then in cylindrical coordinateg:, ¢, z), the components of dial distance from the centre of heated sifbj};radial profile of the

the external electric field arg, = E cosy, E, = —Esing, ~ parallel currenyj /.

E, = 0 and the primary current ig, = {SopE, +

SonE,, —8onE, + 8opE,, 0} - exp(—r?/a?). Such a cur- _ _ N _

rent gives rise to a polarization electric fiéld in the iono-  Vin IS the ion-neutral collision frequencysp in S L.
sphere together with a secondary currgnt= 6 - SE and At the heights wheree > v;,, Eq. (12) describes the

a parallel currentj; which close the primary one. If we propagation of an Alfen wave. In_t.he lower ionosphere
I;qs. (10), (11a, b), under the conditionsQop < 1, may

assume that all time dependent perturbed quantities vary \ ) .
¢! then the electric field perturbation can be written in theabe written (for the details see Borisov and Stubbe, 1997)
iQ i
/ oy Wdz

form, SE = —V¢ — iQA, where¢ and A are scalar and { 5 1}
ad

vector potentials. Then Poisson’s equation under condition -

of quasi-neutrality and Ampere’s law in the quasi-static ap- d wtxe ),

roximation, together with the gauge conditien - A = 0, 1 “ .
p g gaug n — —/ V- Jjodz, (13)
read Xw+Xp /g,

0 d
B_ZUH(£+iQA2)+GPAl¢+iQUH(V xA), =V-j, (10)

4
9z2  ror or r

_[a 9 1]¢=O’ 1)

2,2 =
ror or r2

¢

2 8 a2 1
+ —2 \IJ —I— MHoOH
AL A; —iQULo0) Az — o0 a_z =0, (11a)

n R 0A .
AA| —iQuob Al — 16V 10—V —= = —yjo,(11b) ) _
0z where ¥p and Xy are the height integrated Ped-

wherez is the displacement along the magnetic field (increas-rS€" and Hall - conductivities; Xy is the ~general-

ing with altitude),o is the longitudinal conductivity and the ized magngtospheric conductance which t_ak_es the form
permeabilityzt, — 4 - 10~ HmL, Tw = [1+ IVA(_z,-)/(S_Zh)] /(MOVA(z,:)); the variation of the .
In the upper ionosphere Egs. (10) and (11a) may be ex_Alfv én speed with height is approximated by the polynomial

ressed in the form (Borisov and Stubbe, 1997
P ( ) V() = VaGo[1+ @ — 20/ (15)
2
37‘2 —iQueopp =0, (12) 2, IS the altitude which corresponds to the lower boundary of

ionospherez; is the altitude which corresponds to the upper
with the generalized Pedersen conductivity, which includesboundary of the ionosphere wharg ~ Q and# is the char-
the ion inertia,op = w,zn' (vin + iQ)/{wfi + vl.zn}, where  acteristic scale of the Al&n speed variation. The solenoidal
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component is assumed to be dependent on the azimuthal aand the parallel current in the upper ionosphere is then simply
gleg,i.e.,(Vx A), =¥ (r,z) -cod¢+¢x). Also, theright  calculated as

hand part of Eq. (13) can be simplified to ) z /
jz:_/ V- (Jo+iy)dz
2o

/ V. jodz = 225e 1SS0 E coslg + ¢x), (16)
a
= ~2j, =71 cosy + ¢z), 27)
with §Zq = /82Xp + 822y, s = arctandXy /X p), a
wheredXp, §Xp are the height integrated perturbations with the magnitude of parallel currenf, = (Jo/a)

of the Pedersen and Hall conductivities in the centre Owa/(Ew + Ep) and the height integrated primary current
the heated region. Making the Fourier-Bessel transform OfJo — §YgFE. As a result, under conditions of weak skin
Egs. (13) and (14) with respecttand using definitions effect, the magnitude of the parallel current depends on the
matching between the Pedersen and magnetospheric conduc-
¢(r) = /kjl(kr)¢(k)dk and tancies. Further, ify <« Xp then the primary current is
mainly closed by the perpendicular secondary current and
V(r) = /kll(kr)‘l’(k)dk» (17)  only an insignificant fraction leaks into the magnetosphere
) along the field line. The variation of the normalised polari-
yields sation electric fiel$ £,/ Eq and parallel curreny, /j, ver-
i % sus normalised radial distance from the centre of the heated
Tw+Xp /za onvdz region are shown in the Fig. 5. Now let us consider the
2, case when the Hall conductivity is large and the condition
= 4EQ/ —e " /9% 11 (kr)dr, (18) (23) is no longer satisfied. To make an analytical estima-
a tion, an approximate profile of the Hall conductivity of form,

[ 92 kz] o K2 = 0 (19) oy(z) = o,e-@?/4* is assumed and the solution of
972 — HoOHR @ =T Eq. (22) reads
972 q

Above,Eq = 8§Xq E /{2(Zp + Zw)} and J1 is the Bessel 6= _2@ [Kl(klr) /r uzll(klu)e_”z/“zdu
function of the first kind. The solution of (19) is a? 0

—K%p +

o _2,2
U = 0.5u,k¢ / op(u)e Mgy (20) +11(k1r) / w?K1(kpuye ™/ du], (28)
r
and strongly depends on the profile of the Hall conductivity. wherez; is the altitude where the Hall conductivity reaches
Under the conditiong\z ~ a this reduces to its maximum; I, K1 are the modified Bessel functions and
k2 ~ iQu, [7/2)%? Syo,/{Ep + Sw}. Using properties
~ -1 2 1 o 0
W~ 0.5u0k¢a, /"Hd”’ (1) of the Bessel functions, Eq. (28) may be simplified to
where Az is a half-thickness of the Hall layer ang is the r —r2/q? .

. L. e ~ —2E fk 1 29
maximum value of the Hall conductivity. Substituting the ¢ @ (kla)ze costy +¢x) Tk <1, (29)
solution for ¥ to (18) and performing the inverse Fourier- .

Bessel transform, yields - )
3 9 1 oy ¢~ —Eqi+1) & a)ze—’ /% codg + ¢x) if kir > 1 (30)
2l (B4 S | =4Eq—e I, (22) .
ror or r2 a? and
with k2 ~ (iQuom/a)Xpo, ! [ 0Zdz/{2(Zw + p)}. The o r2/a? 2

contribution of the solenoidal component in the polarisation$ £, ~ Eq(i + 1)

(1 - 2:7) cosy + ¢x). (31)
electric field can be omitted if the condition

(k1a)?

It is seen from (31) and Fig. 5a (dashed line) that the polar-

2
HoS¥la/m) o <1 (23) isation electric field at large distances from centre decreases
is satisfied. In this casé; ~ 0 and Eq. (22) has the solution exponentially, in contrast to (25). Its magnitude~igk1a)?
a2 ) times less than in the case of the purely potential field and
¢ = —EQ—<1 — e/ ) cog¢ + ¢x). (24) is determined by the coupling between the Hall and the Ped-
r ersen conductances. Under the ionospheric conditions dis-
Therefore, the polarisation electric field is just cussed in Sects. 2.3, 3.1, 3.2 and presented in the Figs. 2

42 2 ) to 4, i.e., uoQ(a/m)%0y ~ 1 ando, ~ 4-103 S nml,
8E, = —Esz—z[l— <1+2—2)er /ai|C05(§0+<p2),(25) Tp ~ 24 S,y ~ 100 S,Ty ~ 0.3 S,6%q ~ 0.04 S,
" “ E ~ 12 mV mi'1, then(k1a)? ~ 76.5 and the primary cur-
a? 1272 | o rent is closed mainly by the parallel current, the magnitude
SEg = _EQr_z[l ¢ } sin(g + ¢x) (26) o which j. ~ J,/a, depends only on the height integrated
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primary curren{J, ~ 0.4 mA m~1) and the radius of heated with the electron inertial length = c/wp,. If all parameters

spot and is estimated to fe ~ 0.04 uA m~2. vary linearly as~ exp(i Q¢ — ik,z — ik,r) with
The parallel current, which leaks into the magnetosphere

gives a perturbation of the transverse component of the mag;f’ ~ m/a(2),

netic field B, ~ (Mo/kL)jz/ and electric fieldE | ~ V4B . and

These perturbations propagate into the magnetosphere in the

form of an Alfven wave. For a sheared Aém wave which . = Q\/j_ 4 karZ\/l + Vj/CZ/ Va, (39)

propagates in a plasma with the Aéfiv speed profile given

by polynomial (15) the variations of the transverse electricthen Eq. (37) may be simplified to

field with altitude are (1 n szrz) E. = 2%, k.E,. (40)
EL (|~ |EL@)IVVa(@)/Vazi). 32 L .
EL@IFIELGDIV VAR Va ) (32) Note that to maintain constant magnetic flux along the flux

However, the profile with the polynomial law does not reflect type, the perpendicular dimension of perturbation region
the real variation of the Alfen speed at the altitudes higher st vary asBo_l/Z and therefore.2k2 ~ B,/n,. By this
. r .
than~1000 km, where the exponential law means, if an Alfén wave propagates from the upper iono-
Va(z) = Va(z;)e&u)/2h (33)  sphere §; ~ 300km) to 2550km (altitude of FAST ob-
) _ o servations) the wavenumbgr decreases by approximately
is a more appropriate approximation. For the exponen-1 5 imes. If the dispersion relations (38), (39) are satis-
tial profile the transverse electric field varies accordmgﬁed, then the parallel electric field grows in proportion to
to the Eq. (32) only in the low magnetosphere where.. ¢ . v,q)~1E,, in a plasma withk, < 1, V4 < ¢ and
z < z; + h. Athigh altitudes it converges to a constant limit i yroportion to~ JecLE,, whenik, > 1, V4 > c.
~ |EL(@)|VThQ/Va(z) if the electron inertia length is Itis convenient to describe a sheared Alfwwave in terms
small with respect to the transverse wavelength of the@fv ¢ 5 scalar potentiap and a vector potentiad = A,z where
wave. In the next section it will be demonstrated that for the p _ V| x (A,z). Substitutingt, = ik,¢ andB, = ik, A,
transverse wavelength of 20 km the electron inertia deter- jnt5 (34-36) we obtain the following relation bztwaﬁrand
mines the features of an Alén wave at altitudes ot 2500- 4
4000 km. ;
¢ .
= Q1+ ,2A%)A,. (41)
Another relation betweep and A, comes from Ampere’s
law, including the displacement current (see, for example,
4.1 Electric and magnetic fields associated with Ativ ~ Lysak, 1993), i.e.,
wave in inhomogeneous plasma

J P 94, — _igi/f/cqu' (42)
In the purely magnetohydrodynamic approximation Aliv 0z Vf
waves do not support an electric field with a component alon
B,. However, if the electron inertia is included the Adfv

(38)

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

%rhe combination of the last two equations gives

wave does carry a parallel electric field in the plasma with 52¢ L)

low B (8 = 2uon.kT/B?). The relation between transverse 922 O‘l(z)a_z + ()¢ =0, (43)
and parallel electric fields of the wave is derived from Fara-

day’s law with  a1(z) = 2201 + Kk2A%}  9r/dz,

ao(z) = Q21+ k222 /{V2/(1+ V2/c?)}. By Faraday’s

B, dE, IE, o , . :

—f - + , (34) and Ampere’s laws, the perpendicular electric and magnetic
d1 9z ar . fields must be continuous across the magnetosphere-

the parallel Ohm’s law, neglecting the parallel electron pres-ionosphere interface, and thus scalar and vector potentials

sure must also be continuous at this boundary. The vector
9j.  nee? potential is driven by the parallel current which continuously
o = o Ee (35)  leaks through the boundary. Then,
e
: i i o .
and Ampere’s law, neglecting the displacement current Az =z) ~ _k_;JZ' (44)
19 r
——(rBy) = Ko j;- 36 I i — .
r 8r(r o) = Holz (36) The scalar potential is defined by the polarisation electric
Hered/dp = O is assumed. The combination of (34-36) field, see Eq. (25) or (31). If the skin effect is strong, i.e.,
yields kia > 1, then|¢| <« Va(z;)|A,| and the boundary condi-
tions are

r

1—,\21 9° E ——le 92 E (37)
—mr T ;Graz(r r)’ ¢(z=2)=~0, (45)
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and

) . 1oQa?

a_(Z =zi) ™ —iQA; ~ 7 Jz- (46) ?
Z 4 g

Equation (43) may be easily solved numerically (using a g
Runge-Kutta scheme) if the variation of coefficieatsand
a1 is known and the boundary conditions are defined.

The parallel electric field may be written as a function of 1000 2000 3000 4000
scalar and vector potentials, as z, km
A 1 By
E,=—-iQA, — —=|—-5—= —1| —. 47
z l z 37 |:l+ krzkz :| 9z ( )

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. Whegrows, the
contribution of vector potential to the parallel electric field
decreases and for the conditiohs. > 1, the parallel elec- 1000 2000 3000 1000
tric field is entirely determined by the scalar potential. z , km

In order to investigate the properties of the Afv
wave a profile of Alfien speed of the form (33) is
chosen, with Alfen speed in the upper ionosphere :
Va(zi ~ 300km ~ 3.10°ms! and the characteristic 10.000 ¢ .
heighth &~ 260 km which are found from fitting of the mea- «  1.000F "
sured plasma density between 300 and 600 km by the EIS™ o.100k
CAT radar. The magnitude of parallel current in the up- i

100.000

0.010E

per ionosphere is taken gs ~ 0.04A m~2, as estimated 0.001 [ :
in the previous section. Variation with altitude of the elec- ' 1000 2000 2000 4000
tron density, the Alfén speedjk anda,, which are calcu- z, km

lated according to the dispersion Egs. (38), (39), are shown_ o _ _ ) o

in the Fig. 6. The scalar potential, which is found from Fig. 6. Variation with altitude .of(a) ellectron densityi,: (i) whlch

Eq. (43) with the boundary conditions (45), (46), is presentedcOrresponds to the exponential profile of the Aifvspeed witth =

in Fig. 7a for two cases: (1 # 0, i.e. 91/dz # O (solid 260 km (solid line), (ii) measured by the EISCAT radar between 300
line) a'nd (ii)ory = O (dashed Tine) it ;:én been seen from the and 600 km (filled circles) and density of warm electron population
figure that frgrln_aln altitude of 23(‘)0 km. where the electron which is estimated from the FAST observations at 2550 km (filled

. ) circle); (b) Alfvén speed given by an exponential law (solid line)
inertial length commences to be of the order of the trans-yi ;, = 260 km, which fits the observational points between 300

verse wavelength (i.exk, ~ 1), the two solutions diverge  and 600 km (filled circles)ic) longitudinal wavelength (dashed-
significantly. This means that from such altitudes inhomoge-dotted line) andik, (solid line) as deduced from the dispersion
neous properties of the plasma play a major role. The condiEgs. (38), (39).

tions of Alfvén wave launching from the node of the potential

(¢(z = z;) = 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 Alfén velocity to the refractive index and with the FAST measurements) and parallel electric field to be

~10-3 -1 i ; ; ;
corresponds to the conditidry [8Va/dz] " = 2k ~ 1,/2. 102 mV m~* and increases exponentially with altitude.

In the same figure the vector potential, multiplied by the

Alfv én speed at the upper ionospheric boundary, z;, is

presented, again for the two conditions: di) = 0 (dashed- Variations of transverse magnetic field and the parallel cur-
dotted line) and (iijx; = O (dotted line). Variations of trans- rent (Fig. 8) deduced from the profile of the vector potential
verse and parallel electric fields are shown in the Figs. 7b, show that the expected amplitudes of these perturbations are
by solid lines. Here again the solution for the cage= 0 small (~0.05nT for magnetic field ang 10 nA m~2 for the

is presented by the dashed line. The amplitude of the transeurrent) and lie near with the limit of the instrumental (mag-
verse electric field at the altitude of the FAST observationnetometer and particle detectors) resolution for the FAST
(~ 2550 km) is found to be- 1 mV m~1 (which is consistent  spacecraft.
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Fig. 8. Variation with height of amplitudega) of the transverse
magnetic field B, | and(b) the field-aligned curreriy,|.

then, when an electron moves from the heightlownward
to z1, its velocity is changed from to 13 accordingly to

: ‘ ‘ 2 2 _ (z0—21)/2h
1000 2000 3000 4000 Uy —uz = m—§0(21) (e a2 1) (50)
z , km

Fig. 7. Variation with height ofa) the scalar/vector potential shown

for two cases:a; # O (solid/dashed-dotted line) angy = 0 dz “ du
(dashed/dotted line)(b) the amplitude of the transverse electric = /Z - /uz u2 — (u% _ ﬁw(zl))
field |E,|: a1 # 0 (solid line),a; = 0 (dashed line)(c) the par- Me

allel electric field|E;|: a1 # O (solid line),a; = 0 (dashed line). 2h ¢

. o : 2
Location of the FAST spacecraft is indicated by the vertical dashed = 5 In (u + ., U5 — §0(Z1))
line. /ué — m_ee(p(a) me

} o (51)

u=u1

., 2e
u— . |u;——ep(z1)
me

4.2 Electron acceleration by the parallel field of an &ffv —In
wave

The variations of the electron speed and the flight time

Under the action of a parallel electric field, electrons will be with altitude are presented in Fig. 9 for two values of

accelerated according to

the electron velocity at the altitude; = 2550km,
ou_ Bu_ _eg ag) 4= 3.6-1° ms1(37eV)andi; = 5.1.1° ms (74 eV).
ot dz = m, © Value of the potential at the altitudg = 2550 km and the

whereu is the field-aligned component of the electron veloc- characteristic spatial scale o_f the pote_nt|al_var|at|on are taken
from the results of the previous section, i.¢(z1) = 5V

ity. If the parallel electric field is modulated with a period and/i — 260km. Knowing the delay time-0.05 s be-

At , electrons will be accelerated downward (upward) dur- . . ;
(up ) tween arrival of electrons with energies 37 and 74 eV, we

ing a half period and therefore the region of acceleration isconclude that the upper boundary of the acceleration région
limited. The upper boundary of the acceleration region mayl.es at~ 520 km above the spacecraft track.

be estimated from simple considerations using the time dela)) U 4 and d d electron f d by th
between the electrons with different energies as observed b pward and downward electron fluxes measured by the
lectrostatic analyser in two energy channels with the centre

the FAST spacecraft. If we assume that the potential varie ) . . o
b W ) P 1 varl energies 37 and 74 eV (Fig. 1b, c¢) provide a possibility to re-

exponentially with altitude as o X e
construct the distribution function. For simplicity we assume

9(2) = p(z)e@W/2h 2> o) (49)  that a warm population may be reasonably described by an
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Fig. 10. Values of the background electron distribution function

measured by the electrostatic analyser into the two energetic chan-

Fig. 9. Variation of (a) electron speed antb) flight time with nels with central energies 37 and 74 gV between 20:16:22 a.md

altitudes for two values of the electron velocity at the altitude 29-16:23 UT (open circles); together with the reconstructed dis-

21 = 2550km, 36- 10° m s~1 (solid line) and 5L - 10° m s~1 trlbutlon_ func_tmn of the Warmiglectron populatltnln: (i) background

epopulatlon withe = 1.6-10° m ,up =106 kms -+, T =185¢eV

(solid line); (ii) values of the distribution function near the upper
boundary of the acceleration region (filled circles).

(dashed-dotted line). The profile of the potential is taken in th
form (49) withgp(z1) = 5V andh = 260 km. A horizontal dashed
line in the plot(a) presents the value @2e/m,) ¢(z1) and a verti-
cal dashed line in the plgb) shows the estimated upper boundary
of the acceleration region.

_ _ o _ . Therefore the distribution function of the warm population
isotropic Maxwell distribution with a bulk velocity along the near the upper boundary of the acceleration region may be

field line, i.e., reconstructed by making the corresponding shift of the mea-
s sured distribution function in the velocity space. The result-
F(n,v9, T; v) = f,exp| -2 [v — vo] , (52)  ingvalues of the distribution function, shown by the filled cir-
2T 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.

which is a function of three parameters, density =
7¥2f,[2T /m.]??, bulk velocityv, = {0, 0, u,} and tem-
peratureT. The electron fluxF' recorded in a channel with
centre energyE is related to the distribution function as  Another important point that has to be mentioned here is
F=QE/m?f. the particle content of the magnetospheric flux tube. Gen-

First, consider a “quiet” time period between 20:16:22 erally speaking, a closed magnetic flux tube consists of two
and 20:16:23 UT when the electron flux in each channelpopulations: a cold one of ionospheric origin and a warm
is approximately constant. Fitting four points (opened cir- one of magnetospheric origin. The exponential decrease of
cles in Fig. 10) from the velocity space by the function the plasma density with altitude is essentially due to the cold
(52) yields the following parameters;, = 1.6 - 10° m=3, population. At the altitudes where the FAST observations
u, = 106 kmsl, 7 = 185 eV (215- 10 K) (solid line were made and at least up to the upper boundary of the accel-
in the Fig. 10). Second, consider the observations arouneration region the cold population has to be dominant to pro-
~ 20:16:21.6 (Fig. 1b) when the particle detector which wasvide a continuous increase of ABn speed and consequently
pointed upward recorded a significant enhancement of thetrong parallel electric field. Flattening of the density profile
electron fluxes. The electron fluxes measured at that moeccurs at the altitudes where the densities of cold and su-
ment carry information about the distribution function of the perthermal populations are comparable and the density pro-
warm population near with the upper boundary of the ac-file above these heights is defined by the warm population,
celeration region. According to the Fig. 9a electrons with which may be regarded as a constant in the first approxima-
velocities 36 - 10°ms ! and 51 - 10°ms! observed at tion. The altitude of the density flattening corresponds to the
the altitude 2550 km had the velocities 3.15- 10°ms™1 maximum of the Alf\en speed and presumably occurs near
and~ 4.8-10° ms1, respectively, at the altitude 3070 km. to the upper boundary of the acceleration region.
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5 Conclusions launched from the node in the potential gradient, which is
proportional to the parallel current. Quantitative estimations

In the present paper we propose a quantitative scenario of thgbtained from this model are consistent with the FAST ob-
Alfvén wave excitation by modulated HF heating of iono- servations, i.e.,

sphere. The Alféen wave will be launched from the upper _ o _
boundary of ionosphere whenever the following two condi- (i) the amplitude of thle transverse electric field is OI the
tions are simultaneously satisfied: order of~ 1 mV m™= compared to the- 2—5 mV m~

from the FAST measurements;
(i) asignificant part of HF wave energy is absorbed iniono-

sphere; (ii) the parallel electric field with a magnitude of the or-
der of ~ 10~2 mV m~1 may effectively accelerate su-
(i) there exists a dc electric field in the layer of absorption. perthermal electrons downward into the ionosphere.
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