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[1] The spatial properties of ionospheric ion outflows associated with perpendicular heating
processes in the cusp are studied using a conjunction study from two satellites and ground radar
systems. Low-energy outflowing ions are measured in a wide longitudinal range, between 13,000
and 19,000 km in altitude, over the dayside polar cap by the Hyperboloid experiment aboard the
Interball Auroral Probe (AP). These observations are related to conjugate convection field
measurements by the Saskatoon-Kapuskasing pair of the Super Dual Auroral Radar Network
(SuperDARN). Data analysis suggests that outflowing ions originate from a wide magnetic local
time range associated with both the dayside cusp region and the dayside cleft region. A direct cusp
crossing by the Fast Auroral Snapshot (FAST) satellite at 2000-km altitude shows a correlation
between transverse ion heating in a thin latitudinal regidn3’) and the presence of broadband
extremely low frequency (BBELF) turbulence, in addition to more intense electrostatic waves near
and just above the lower hybrid (LH) frequency. This event is unusual because on the basis of the
statistical survey of Freja and FAST data, most of the ion-heating events in the midaltitude auroral
zone are correlated with enhanced emissions in the BBELF range. Furthermore, the electron
population has energies that are too small to drive LH waves unstable. This event offers the
opportunity to analyze the contribution of cusp magnetospheric ion injections to the heating of the
ambient H and O ions. Kinetic instability calculations demonstrate that LH waves are destabilized
by the ring distributions, which result from injections of high-energy magnetosheath ions.
Calculations show that a preheating mechanism by BBELF turbulence near the ion gyrofrequencies
is also required so that LH heating is able to occur. The altitude dependence of the LH
perpendicular heating is then analyzed by modeling the transport of the injected magnetospheric
ions along magnetic field lines. It is shown that LH heating acts as an additional process from
2000 up to 10,000 km in altitude. In addition, trajectory calculations show that the low-energy
outflowing H" and O ions observed along Interball AP orbit in the polar cap are heated inside the
cusp at altitudes extending up to 15,000 km. These results are then assembled to construct a
possible heating scenario inside the cusp for this data set. The contribution of the different
energization mechanisms to the ion heating as a function of altitude is then discus$rdex
TERMS 2704 Magnetospheric Physics: Auroral phenomena (2407); 2724 Magnetospheric Physics:
Magnetopause, cusp, and boundary layers; 7859 Space Plasma Physics: Transport processes; 7867
Space Plasma Physics: Wave/particle interactions

1. Introduction ions, first heated in a narrow latitudinal band in the dayside cleft
region, drift into the polar cap toward the nightside sector under the
_[2] 1t has been known for a few decades that the Earthgect of magnetospheric convection and forming the so-called
ionosphere acts as a significant source of magnetospheric plasg; jon fountain” [Lockwood et a).1985a]. Furthermore, other
[Moore et al, 1999a]. The dayside cuspicleft region has begfhseryvations between 2000 and 5000 km in altitude by DE 1
identified as a major source of ionospheric ions for the Earth§oore et al 1986], Viking [Andre et al, 1988], or Akebono
magnetospherépckwood et a).1985b]. Previous observations by dsen et a).1994] satellites put forward evidence of transverse
the Dynamics Explorer 1 (DE 1) satellite revealed that outflowi heating in the dayside auroral zone, where the ions overcome
gravity and form fountain outflows.
[3] Because the low-energy (0—50 eV) outflowing ions have
'Centre d"éude des Environnements Terrestre et Riares, Saint-Maur, field-aligned velocities of the order of the typical convection
Fragce. ) ) o ) ] velocities, the horizontal ion transport must be taken into consid-
Now at Laboratoire de Physique et Chimie de 'Environnemeri@asle eration for a particular event so as to associate ion fountain

France. ; : ; : ;
. . bservations with a precise location of the corresponding trans-
3 - . . . . .
S ettSA'lrngme Research Laboratory, Hanscom Air Force Base, Massacsgrse heating processes in the dayside cusp/cleft region. A detailed

4Space Science Laboratory, University of California, Berkeley, CalifornfioWledge of the convection field patterns can be obtained when
USA. satellite observations are correlated with convection measurements

SCentre d'¢ude Spatiale des Rayonnements, Toulouse, France. ~ from a pair of the Super Dual Auroral Radar Network (Super-
DARN) chain. Because SuperDARN convection data were not

Copyright 2002 by the American Geophysical Union. available during the period of the DE 1 or Akebono missions, the
0148-0227/02/2001JA000091 previous studies were not able to locate precisely the ion fountain
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100000 cold ion populations by a resonant interaction between the waves
] Free-energy and the patrticles.
Source [5] A few transverse ion heating events have been simultane-
:‘ - ously associated with remote observations of outflowing ions.
i Peterson et al[1993a] studied the first case where outflowing
+ { ‘ H* and O populations were observed simultaneously on the
!,.i')w-energy ighs Akebono and DE 1 satellites at altitude$000 and 22,000 km
along the same field line in the cusp. The data set illustrated that
the energization and the transport of ions are more complex than
; M| previously anticipated, since multiple heating processes can occur.
fterball 25V During the same evenBeterson et al[1993b] used coincident
; observations of magnetic field perturbation to show that the
10000 - Cusp/Cleft!| ¢ structure is more consistent with an interpretation of a standing
] Alfvén wave than that of a field-aligned current sheet. Unfortu-
2 _SuperDARN nately, in both papers a detailed examination of the source and the
.~ Convection wave modes inducing transverse ion heating as a function of
) altitude was not investigated quantitatively.
[6] The present study describes coincident observations of ion

21:30 UT

Altitude (km)

; g outflows, transverse ion heating, and magnetospheric convection
? FAST patterns. Figure 1 shows a projection of these correlated obser-
<o > Y| vations in the noon-midnight meridian plane. During this event
21:15 UT 2116uTl the convection is antisunward directed and therefore parallel to
] the noon-midnight plane. In practice, the satellite orbits are not in
the same meridian plane. Therefore such a model assumes that
1000 T T T T the heating region is longitudinally uniform. Interball AP detects
73 74 75 76 77 78 outflowing ions in the dayside morning polar cap at altitudes
ranging from 13,000 to 19,000 km. During this event the FAST
satellite crosses the polar cusp close to noon at 2000-km altitude.

Figure 1. A sketch showing the coincidence between Interball 3h€ coincident satellite measurements offer the opportunity to
Fast Auroral Snapshot (FAST), and Super Dual Auroral RacBppalyze the spatial properties of the ion-heating region. FAST
Network (SuperDARN) radar measurements. The trajectories ghservations provide information about the low-altitude heating

projected in the noon-midnight meridian plane and are given R{9cesses occurring in the source region of the outflows. Using
functions of invariant latitude and altitude. convection measurements from SuperDARN data, adiabatic tra-

jectories backward in time from Interball AP to the poleward
heating boundary provide information about the altitude extent of
the heating regionfubouloz et al. 2001].
source region. Recentlpubouloz et al[2001] analyzed an event [7] The outline of the paper is as follows. In section 2 we
of ion outflow observations by the Hyperboloid ion mass speoverview the observations by Interball AP and FAST satellites for
trometer aboard Interball Auroral Probe (AP) in conjunction withis case study and show the convection map as inferred from
convection measurements from the Saskatoon-Kapuskasing paBuerDARN radars. In section 3 we analyze the generation of the
SuperDARN radars. lon trajectories were traced backward in tidiéferent wave modes identified by FAST (e.g., BBELF and LH
under the effect of macroscopic magnetic and electric fields, waves) and discuss the contribution of each of them in terms of ion
described by a dipole model and SuperDARN data convectienergization. In section 4, by using ion distributions measured by
field, respectively. In this case study it was found that the obser/e®IST and modeling ion transport along magnetic field lines, we
outflowing ions originate from the cusp rather than from the clafiodel the altitude dependence of transverse ion heating. The
region. influence of the different heating mechanisms is discussed in
[4 After determining the location of ion-heating processes, tisection 5 with a proposed heating scenario occurring in the cusp
next step is to understand which physical mechanisms induce fivethis case study. A summary of our conclusions is given in
perpendicular ion heating associated with the ion outflow obsegection 6.
vations. Perpendicular heating by wave-particle interactions seems
the most plausible explanation, because many candidate wave
modes have been_ IocaIIy_ obser\{ec_i by satellite_s crossing the dzly Observations
side cusp/cleft region. Using statistical observations from the Freja
satellite,Norqvist et al[1998] showed that most of the transversé-1- Interball AP Data
ion-heating events at altitudes below 1700 km are associated witfs] Figure 2 shows a summary plot of particle data recorded on
an enhancement of the broadband extremely low frequenlanuary 17, 1998, between 1930 and 2140 UT while Interball AP
(BBELF) turbulence. Other observations by the Fast Aurorambhveled westward over the dayside polar cap region in the
Snapshot (FAST) satellite at altitudes below 4000 km confirm thirthern Hemisphere at altitudes ranging from 13,000 to 19,000
result Lund et al, 2000]. Furthermore, Monte Carlo simulation&m. At the beginning of the time interval, Interball AP was on
[Andreet al, 1990;Norqvist et al. 1996] showed that such wavesclosed plasma sheet field lines, as evidenced in Figure 2c by the
can cause the observed ion energies through cyclotron resonaierese cold isotropic Hpopulation. At 1940 UT ( 6.9 magnetic
around the ion gyrofrequencies. However, other energizatimeal time (MLT) and 69.5invariant latitude), ion distributions are
mechanisms may operate in the dayside cusp/cleft region. Gnddenly shifted to higher energies, as evidenced by the observa-
possibility is heating by electrostatic waves around the lowions of high-energy (few keV) Hand Coutflows (Figures 2b
hybrid (LH) frequency. Using kinetic simulation®oth and and 2d), corresponding to ions heated at lower altitudes. This
Hudson [1985] demonstrated that ion ring distributions, whichegion is interpreted as the closed/opened field line boundary
have been commonly observed downflowing into the cusp on tfepresenting the morning edge of the auroral oval, characterized
S3-3 and DE 1 satellites atl—4 Earth radii, can generate LHby high-energy magnetosheath-like electron and proton precipita-
waves locally. Such waves, in turn, can heat perpendicularly timn [Newell et al. 1991]. After the oval crossing at 1946 UT, ion

Invariant Latitude ( )
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Figure 2. Energy-time spectrograms of particles aboard Interball AP on January 17, 1998, between 1930 and 2140
UT. (a) 100 eV to 10 keV electrons, (b) 100 eV to 10 keViéhs, (c) 0—80 eV Hions, (d) 100 eV to 10 keV O

ions, and (e) 0—80 eV Tons. High-energy measurements in counts are from the ION experiment. Low-energy ion
number fluxes in log [(fs sr eV) Y] are measured by the central window of the Hyperboloid experiment. The
corresponding pitch angle (PA) plot is represented below each spectrogram. See color version of this figure at back of
this issue.

spectrograms exhibit outflowing populations. These outflows arenvection into the polar cap. After 2005 UT the low-enerdy H
due to ion-heating processes occurring at both lower altitude apeéctrogram detects a background population that represents the
lower latitude in the cusp/cleft region. These outflows are obserded-energy tail of the injected magnetosheath protons. For this
over a broad MLT range betweery.0 and 13.0 hours, suggestingreason the ionospheric "Hpopulation is less easy to identify
that heating processes subsequently occur in all the morning selstmause of mixing with this magnetosheath population. The fact
in the dayside cusp/cleft region and that the ions drift by thieat the time-energy dispersion of ldnd O outflowing ions is
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the plasma velocity vectors. Combined data show a convection
mostly antisunward, consistent with the southward direction of the
interplanetary magnetic field (IMF). Wind satellite measurements
show a southwar8, varying from 4to 2 nT and a positiv,
about 1 nT. The shape of the convection patterns confirms that the
observed A and O outflowing ions originate from a wide MLT
range in the dayside cusp/cleft region.

500 m/s

-
%~

“r 2.3. FAST Data
[10] During the event the Fast Auroral Snapshot (FAST)
Explorer crossed the morningside edge of the cusp with an
antisunward polar orbit near noon (11.2 MLT), at an altitude
2000 km in the Northern Hemisphere. Figure 4 displays a set
of particle and waves measurements recorded on FAST between
2114:25 and 2116:05 UT. A description of the FAST satellite and

instruments can be found in the work@drlson et al[1998]. The
particle data displayed in Figure 3 are measured in a half-plane
containing the geomagnetic fieB, and opposite to the ram
Figure 3. Convection map between 2020 and 2120 (UT). Solidirection.
line vectors are deduced from the radar observations. Thét] Between 2114:50 (73.7 invariant latitude) and 2115:15
projections of Interball AP and FAST footprints are indicateq. 74.7 invariant latitude), both electron energy and pitch angle
Along Interball AP orbit, the convection velocity vectors argpectra indicate an isotropic electron population with energy fluxes
deduced from the average perpendicular velocities ofiods ~ 10° eV (cn? s sr eV) " and moderate energies below 100 eV. In
measured by Hyperboloid. Dashed line vectors deduced frontha same interval, ion energy spectra (Figure 4c) show a region of
convection model are superposed in regions where the convectlisact magnetosheath plasma entry with energies below 1 keV and
is not measured. strong energy fluxes also 6 107V (cnf s sr eV) 1). These
electron and ion characteristics are typical of the cusp region
[Newell and Meng1988]. In addition, energy fluxes of the low-
the same as that for the precipitating population could be energy tail (few tens of eV) of the magnetosheath populatibn
basically explained by the satellite trajectory relative to the® eV (cnf s sr eV) ! observed by FAST after 2114:45 UT
horizontal transport of ions due to the convectibuljouloz et approximately correspond to energy fluxes from the same popula-
al., 2001]. At 2048 UT ( 11.0 MLT and 77.5invariant latitude) tion observed by Interball AP at2052 UT in the same sector (see
the time-energy modulation breaks off, with a gradual increaseRfjure 2c) but at a higher altitude. Between 2115:00 and 2115:10
the average energy of the outflowing population, which is accoT, intense energy fluxes of warm (a few tens of eV) ions are
panied by enhanced fluxes of the magnetosheath protons. Bbserved in Figures 4c and 4d, with pitch angles fromt@@10 .
heating regions that are the origin of the outflowing ions observgtese observations indicate a thin regiod,3 invariant latitude
before and after 2048 UT may be different in nature. Because140 km) of transverse ion heating. This is in agreement with the
statistically precipitating ion fluxes in the cusp are higher than thaseating wall conceptinudsen et a). 1994], suggesting that
anywhere else in the auroral ovidfwell et al. 1991], we show later jonospheric ions are suddenly heated transvers@yitoa narrow
that the enhanced magnetosheath number fluxeg of 108 (m?s  [atitudinal region, then overcome gravity via the mirror force, and
sreV) with energies around 10 eVare also consistent with a protare swept by the convection outside this region.
population injected into the cusp and transported by the antisunwarfdz] The region of intense ion heating identified by particle data
convection to the Interball AP orbit. For this reason, this disconié correlated with a strong activity of high-frequency electrostatic
nuity may be associated with the transition region between observedies (Figures 4f and 4g) that propagate in a wide frequency range
ion outflows from the cleft and observed ion outflows from the cuspetween 2.4 and 300 kHz. Strong peaks are observed close to
After 2126 UT ( 12.8 MLT and 75.2 invariant latitude), ion lower- and upper-frequency limits of this emission. The lower limit
distributions are slowly shifted to higher energies, indicating tie&n be interpreted as the lower hybrid (LH) frequency (Figure 4g),
entry in the cusp proper, as evidenced by high-energy protons fra@iich corresponds to waves propagating with a wave vector
magnetosheath and electron fluxes with moderate energies on Figef@endicular td,. Because the electron gyrofrequency785
2a and 2b. Inside the cusp, outflowing &hd O ions are detected kHz) is higher than 300 kHz, the upper limit represents the electron
with significant energies extending up to a few keV. This suggegiiaisma frequency (Figure 4f), which corresponds to waves prop-
that strong heating processes occurred in a wide altitude range belgating with a wave vector parallel By. The densities of the

Invariant Latitude in Deg

Magnetic Local Time in h

the satellite. different species (Hand O) can be inferred from the value of the
i electron plasma frequency 8300 kHz) and the ratio between this
2.2. Convection Data frequency and the LH frequency. We found a total density

[9] Because the ion field-aligned velocities are comparable 1000 cm * with a 90% G-dominated plasma. In Figure 4g a third
the convection velocities, a detailed knowledge of the convectifsaquency domain of intense broadband extremely low frequency
field is crucial to obtain a correct interpretation of the observéBBELF) turbulence is observed inside the heating region at lower
time-energy dispersion and to locate the heating region. Sevémtjuencies below 400 Hz. Narrowband emissions around the
approaches have been used to construct a detailed and reapstiton gyrofrequency (400 Hz) are observed inside and outside
model of convection patterns. During this event, Interball AfRe heating region, with approximately the same intensity.
crosses the common field of view of the Saskatoon-Kapuskasin@t3] Figure 5 provides a closer look of the ion distribution inside
pair of the SuperDARN chain. Radars provide in their commdahe heating region at 2115:05 UT. The ion space-velocity distribu-
field of view a convection map in a plane perpendicular to thi®n was obtained from all the detectors in a plane perpendicular
geomagnetic field irfF region [Greenwald et aJ.1995]. Figure 3 to the spin axis and containing, and was reproduced in the
displays the constructed convection map. Because the convectimsma frame by subtracting both convection and satellite speeds.
seems to be in a steady state in a reference frame relative toTthie distribution is dominated by a mixed land G ion conic
Sun’s direction, data have been integrated for 1 hour to reprodwith a small upward parallel drift and perpendicular velocities
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Figure 4. FAST observations of a cusp crossing on January 17, 1998, between 2114:25 and 2116:05 UT. (a) The
electron energy spectra from 3 eV to 30 keV for all pitch angles, (b) the electron pitch angle spectra for all energies,
(c) the ion energy spectra from 3 eV to 30 keV for all pitch angles, (d) the ion pitch angle spectra integrated over
energies below 20 eV, and (e) the ion pitch angle spectra integrated over energies above 60 eV. All particle energy
fluxes are in log [eV (cfs sr eV) ). Note that fluxes near 18@re upgoing and those neardre downgoing. (f)

The high-frequency electric field wave power spectrum and (g) the low-frequency perpendicular electric field wave
spectrum. All wave spectra are in log’f¥ ? Hz *]. The angle between the antenna and the geomagnetic field is
shown below the spectra. See color version of this figure at back of this issue.

extending up to 150 km s *. A horseshoe-shaped distribution iand an atmospheric loss cone in the outgoing direction. This
also present at higher velocities around 230 km. $Such a distribution has a horseshoe shape M,&/ diagram but looks
distribution results from magnetosheath injections of protons dile a ring in the perpendicular velocity space after integrating over
a few percentages of He particles into the polar cusp. Thisparallel velocities. Such distributions are usually called ring dis-
distribution has a parallel beam-like component with a wingbutions [se€sorney 1983;Roth and Hudsarnl983,1985] rather
extending into the perpendicular domain due to the mirror forttean horseshoe distributiorBifigham et al.1999] in the literature.



SMP 4 -6 BOUHRAM ET AL.: ION OUTFLOW AND ASSOCIATED PERPENDICULAR HEATING

200 FfST Distribution, T"m?‘:?‘*r‘?:ﬂﬁx o component plasma with *Has the major specie. Different ana-
Iytical models for the H and HE™" ring distributions were

considered. However, they studied the dispersion relation only
for perpendicular wave vectors, and they neglected the electron
contribution to the dynamics of the interaction. In the present
analysis we consider electrostatic modes with the wave vkctor
approximately perpendicular to the geomagnetic figjdi.e., k;,

k . The response of plasma to small perturbations is given by
the dielectric function(k, ), which can be expressed as

N
o
o
T
'
N

-8

where ., ;, and , are the cool electron, cold ion, and hot ring
ion susceptibilities, respectively. We consider perpendicular
wavelengths of the order of the ion gyroradius and therefore
greater than the electron gyroradius (strongly magnetized elec-
trons). In such a case the electron susceptibility in the lifkit

-400 b—=—— L — L Ue can be expressed as
-400 -200 0 200 400

Perpendicular velacity (km/s)

-200 |

Parallel velocity (km/s) 2 2 K2 K2 (2
e
Figure 5. lon distribution in log [cm® km® s 3] in the plasma ek = = e o= 2
frame as a function of parallel and perpendicular velocity observed ce
by FAST between 2115:03 and 2115:08 UT.
[16] The cold ion susceptibility for a Maxwellian distribution in
a magnetized plasma is given by

Gorney [1983] demonstrated that ring distributions contain a

source of free energy able to generate wave instabilities. P "l

i k 2 pie ! i - 5 2 n2 7 3

i HO n ci
3. Wave Generation and Transverse lon Heating
[14] Figure 6 shows the perpendicular electric field spectruW\'th i '_b'IF L=k Ui{) o and for the hot ring distribution the

obtained inside the heating region. For comparison the spectr2ificePtibliity Is given by
outside the heating region is displayed. The heating region
identified with particle data is correlated with an increase of 2 on2 2
the BBELF turbulence from a few to a few hundred hertz and the e k 2 5 ——= ¥ f d 4
presence of intense electrostatic waves around the LH frequency. LS n® & o

Narrowband electromagnetic ion cyclotron (EMIC) emissions are
also observed just below the proton gyrofrequency inside an : :
outside the heating region, but their amplitudes aBeorders of aWﬂg ‘ﬁe ;ngnd:\]ﬂ ?/re/ Beslielhfil;nfi:)t;?nnjgt}rarpec;)v;/gsze2{1$dths etergi’#g_
H H cr ’
magnitude smaller than LH emissions. Therefore only the BBI.EIS aped distribution function after integrating over the parallel
%nd LH spectLaI reg(;jl_cf)fns sr;ould cotr_1tr|bute tr? ion theatlnlg. S'?\?@Jocity V,.. Because the ring density verifies< ny  no, the
ese waves have different properties, we have to analyze thel ; : '
contributions separately. LH waves can be destabilized in diffg'ﬁé term contributes slightly to the real part €, ). Details of
ent ways, by downgoing auroral electron beams with energies
about several hundreds of eX¢Hang and Coppil981] or by
precipitating ions with a ring-shaped distributioRofh and
Hudson 1983; Akimoto et al. 1985]. For this case study, the
electron population has no beam to drive the LH waves unstable.
Therefore we present a stability analysis of ion ring distributions -5 1
in section 3.1. In section 3.2 we discuss the nature and the g
generation of BBELF waves, which are also correlated with ion
heating. In section 3.3we emphasize the importance of the two -7 1
spectral regions (e.g., BBELF and LH) in terms of transverse i@ i

energization at FAST altitude.

0.001 001 o 0.1 fon 1 fu 10

Lot

3.1. Generation of LH Waves by lon Ring Distributions 101
___Inside the cusp

[15] The name and values of plasma parameters at FAST-11 777 g side the cusp
altitude are summarized in Table 1. Referring to the observations,,,
this theoretical calculation includes a cold &hd O Maxwellian
background with thermal velocitiess andug and densitiesy and
no, respectively, which describes the ionospheric populatitigure 6. The observed perpendicular wave power spectrum
before the heating. In addition, the model includes the obsenkEtween 0.01 and 10 kHz, inside the heating region at 2115:05 UT
H* ring distribution (see Figure 6), while the electrons form a codolid curve) and outside the heating region at 2115:30 UT (dashed
isotropic population. The same kind of linear instability analysgrve). BBELF, broadband extremely low frequency; LH, lower
was performed byRoth and Hudsorf1983, 1985] in a multi- hybrid.

Frequency (kHz)
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Table 1. List and Values of Numerical Parameters at FAST [19] The LH instability results from a coupling between both

Altitude® hydrogen modes = 1 andn = . Therefore the corresponding
— - solution of the dispersion relation is near 4 + ig, whereg

Definition Notation Value  genotes the growth rate of the unstable mode. By keeping only the

FAST altitude, km z 2,000 n=1andn= terms in both ion and ring susceptibilities and by

Electron density, cn? Ne 1,100 neglecting the ion Landau damping, the growth tafer k;, = 0

Electron thermal velocity, km $ Ue 1,300 can be expressed as

O* density, cm?® no 1,000

O" thermal velocity, km s' Uo 25

H* density, cm? Ny 80

H* thermal velocity, km s Un 10 cH pr 2 i d 8

Ring density, cm® n, 20 9 K v

Electron plasma frequency, kHz fpe 300 0

H: plasma frequency, kHz Tom 19

ginglﬁgﬁgiggg&‘g&;fm EPO 01'97 4  The instability occurs when the integration is positive, i.e., when

Genetic field, T ' EF:(; 27 f (V) has a positive slope, this condition determining the range of

Electron cyclotron frequency, kHz fee 735 unstable perpendicular wave numbers. .

H* cyclotron frequency, Hz for 400 [200 Numerical solutions of the dispersion relation have been

O" cyclotron frequency, Hz fo 25 carried out for the observed ring distribution and the plasma

Lower hybrid frequency, kHz fLn 2.4 parameters, as listed in Table 1. Figure 7 displays the dispersion

Two-ion hybrid frequency, Hz fg 250 relation solutions whek By (k; = 0). In such a case the LH

Electron gyroradius, m e 0.1 mode couples to the = 5-6 (2—2.4 kHz) hydrogen harmonics.

O’ gyroradius, m ° 16 The maximum growth rate is weak about 0.g5atk , =

:ingyé?/:i?;lé%g]m H 1‘(")0 0.45. In the low-frequency diagram (Figure 7b) the ion-ion

Parallel phase \;elocity, km & /l’(” 15,000 hybrid mode is propagatl_ng over several oxygen gyrohaymomcs

Perpendicular phase velocity, kmts Ik 60—240 between 10, and 16 .0 = ¢4 (250—400 Hz), but there is no

instability. Figure 8 shows the dispersion relation solution for
ves with a smalk, component. Both unstable frequencies
and growth rate features are modified. kgk = M 2 the LH
mode couples to thea = 7-8 (2.8—3.2 kHz) hydrogen harmon-
ics and is unstable between 0.4k< y < 0.8. The maximum
the calculation in (2), (3), and (4)are available frémall and growth rate occurs fok = 0.65 and is more significant than
Trivelpiece[1986]. that fork, = 0 case. The variation of the maximum growth rate
[17] Intheregime > . = q, atlongwavelengths 1 and the corresponding frequency as a functionkpfare
and by neglecting the real part of the moden = 1 corresponds to displayed in Figure 9. Fok; > 0 this maximum growth rate
the LH mode: occurs between 0.5 k < 0.6. The real frequency is close to
the analytical expression given by (5). According to the

The moments of the different constituents and the specific frequen
are inferred from particle and wave data on Fast Auroral Snapshot (FA:

w1 Mk® k2 5
where |y is the LH frequency given by (@) 10 ' ' '
8
LH pe M1 ;2)e c2:e 6

andM = (ndmy)/(ni/m) is an effective ion mass normalized with
respect to the electron mass. Because in the cusp regjon, &, cH
the value of 4 is not sensitive to the ion gyrofrequencies. e cH
However, since | > 4, this value falls between two adjacent 2
values of hydrogen gyroharmonics and may destabilize some wave
numbers (as shown later). Because for small valuks gf Bessel 0
functions of higher orders are smaller, the other modesl are (b) 1o
hardly sensitive to hydrogen gyroharmomnics,,.

[18] In the lower-frequency regime, < . = 4, both N
hydrogen and ring susceptibilities becomiadependent. At long
wavelengths and fdg, = 0 the oxygen modae = 1 corresponds to cO
the ion-ion hybrid mode = g, where g is the ion-ion hybrid 5
frequency given by

0.0 0.5 1.0 15 2.0

k

w N

pO pe ce pH cH pr cr cO

At FAST altitudes, po co; therefore the value ofg mainly

depends on the oxygen contribution to the plasma density. Becakigpire 7. Solution of the dispersion relation at FAST altitude for
oxygen gyroharmonics are less separated than hydrogen gyroharses propagating perpendicularly to the magnetic figld: Q) in
monics, this mode is propagating over several oxygen gyroh@} the high-frequency regime (> 4) and (b) in the low-
monics. For the same reason as for hydrogen modes, the offeguency regime (< ). The solid curves indicate/ 4, and
oxygen modes > 1 are close to the oxygen gyroharmomnicgo. the dashed curve indicatgs .
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around the ion gyrofrequencieHang et al. 1986] seems
the most efficient mechanism. This is confirmed by Monte
Carlo simulations Norgvist et al. 1996], which showed that
only a small fraction of the BBELF turbulence is sufficient to
explain the observed ion energies through ion cyclotron reso-
nance by the LHCP component. In the following we assume
that BBELF heating occurs because of a resonant interaction
between ionospheric ions and the LHCP component of the
BBELF turbulence.

3.3. lon-Heating Rates
[22] Many properties of the ion energization at FAST altitude

can be understood by estimating the ion-heating rates produced by
k H the different wave mechanisms. The ion-heating rate associated
with LHCP ion cyclotron waves leads to the modehéng et al.
Figure 8. Plot of the dispersion relation at FAST altitude gk 1986]
=M Y2 The solid curves indicate/ 4, and the dashed curve

indicatesg/ cp. We o 2m

.S & 9
whereq; and my are the ion charge and ma&f.) denotes the

observed wave spectrum above the LH frequency, a broad raatgetric field spectral density of the BBELF waves at the ion

of frequencies from |y 5 cy t0 2 14 10 .4 is unstable, gyrofrequency, and, denotes the fraction &(f;) in the LHCP

and the maximum growth rate increases velgusnd . For ion cyclotron component.

higher values ok;, the growth rate falls off because of electron [23] The ion-heating rate for LH waves can be expressed as [see

Landau damping. This branch is not displayed in our mod&etterer et al.1989;Andreet al, 1994]

because of the assumption in (2) thdk, Ue breaks down

when the damping occurs.

Wip  @22m Sa V Vo 1V Vp°® o 10

3.2. BBELF Turbulence

[21] During this event, transverse ion heating is correlatd¥1ereS  is the spectral density around the LH frequefagy(see
with enhanced BBELF emissions. This turbulence may contdifgure 6). The parametdfy 150 km s~ represents the phase
several wave modes; its true nature is currently under inv¥§locity of waves observed near the peak and roughly corresponds
tigation. Possible wave mode candidates include velocity-shei§rthe unstable velocity which provides a maximum growth rate.
driven ion cyclotron wavesAmatucci et al. 1998], narrowband ~ [24 Figure 10 provides the heating rate profiles versus
electromagnetic ion cyclotron (EMIC) waveBrlandson et al. perpendicular velocityv using the measurements of electric
1994], slow ion acoustic wavesVphlund et al. 1998], and spectral densities aboard FAST. For the LHCP ion cyclotron
inertial Alfven waves Doppler-shifted by the satellite motiofvaves we assumed, = 10%. The ion cyclotron heating is
[Staciewicz et al.2000]. Each of these wave modes mafnore efficient in heating Gons than in heating Hions. For
explain part of the BBELF spectrum, depending on each evéft ions, LH and ion cyclotron heating rates are about the same
and the magnetospheric regions. However, we do not atterfiffer of magnitude. This is not the case for ibins, where the
to explain what drives the BBELF turbulence in our case studyaximum LH-heating rate is found several orders of magnitude
which is beyond the scope of the paper. Concerning transverse
ion heating, the theory of cyclotron resonance heating by
electromagnetic left-hand circular polarized (LHCP) waves

10 g

Re( )/ o o]

Heating rates in eV/s

---------------------- el 0.01 5

I 10Im( )/ e

1+ 0.001 Hlbr——
0 T T T 0

0.0 0.5 1.0 1.5 2.0
-1/2 -
M2kt

200 300 400 500

Perpendicular velocity in km/s

Figure 10. Heating rate profiles of H(thick lines) and O (thin

lines) ions as a function of perpendicular velocity. The dashed lines
Figure 9. Solution of the dispersion relation verdys for fixed indicate the heating rate associated with electromagnetic left-hand
k . The solid curve indicated ., and the dashed curve indicatesircular polarized (LHCP) ion cyclotron (IC) waves, and the solid
109/ e curves indicate the heating rate associated with LH waves.
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greater than the ion cyclotron heating rate. Furthermore, sincg7 TThe results of the simulation are summarized in Figure
the LH perpendicular wavelengths (few tens of meters) ak&. Gorney[1983] analyzed the stability of ring distribution with
lower than the antenna length (56 m), the measured valuedafa recorded on the S3-3 satellite and showed that the ring
S+ may be underestimated by one order of magnitude [séistribution is a source of free energy responsible of ion mode
Bell et al, 1991]. However, Figure 10 shows that there is mstabilities. In particular, the distribution displays in two regions
threshold effect of the LH-heating rate profile versds of positive f/ V perpendicular gradient providing free energy:
Therefore BBELF waves are needed to accelerate the ioRegion 1 is the atmospheric loss cone (LC) in the ring at lower
spheric H and O ions up to a few tens of km &, so that perpendicular velocities, and region 2 is the ring core (RC) with
LH heating becomes efficient at and above the FAST altitudeelocities perpendicular tB,. These two regions when present
By assuming that the heating rate inferred is the same at lowaable us to explain the shape of the different regions providing
altitudes from 1000 to 2000 km, an approximate calculatidree energy in Figure 1le.
may show that preheating by the LHCP component of the[28] For an altitude below 1000 km, downgoing particles are
BBELF waves is sufficient. If we take an averaged ion parallabsorbed into the atmosphere, and there are no upgoing particles,
drift 3 km s consistent with FAST observations, thavhich yields no unstable velocities. At altitudes ranging from 1000
average time of flight for reaching the FAST altitude ist to 5000 km, a wide LC is formed (>3 and the number of
300 s. The corresponding perpendicular ion energizationnigrroring particles in the RC is dominant. Therefore the perpen-
given by E = W  corresponding to a velocity increasalicular unstable velocities in the LC boundary are close to the
V = (2 E /m)"2 This calculation leads to a perpendiculaunstable velocities due to the RC, yielding a single, broad range of
velocity increase of 30 and 50 km sfor H" and O, unstable perpendicular velocities varying from 60 to 230 ki s
respectively. Such values seem sufficient compared to thzg] For an altitude ranging from 5000 to 10,000 km the loss
LH-heating rate profile. cone becomes narrow and therefore far from the ring perpendicular
domain. This induces two separate ranges of perpendicular unsta-
. . . . ble velocities in Figure 11e.
4. Spatial Properties of the Heating Region [3g The number of locally mirroring particles decreases versus
hincreasing altitude; this results in smaller positiveg V slopes
&_Je to the ring at higher altitudes. Therefore, for an altitude higher
ature enough so that LH heating becomes important. In tlF'(éi.n 1_f(_),00?tkm th_edanmeer of mirTr(r)]_ring_ rl)grticle_s i? tge RC isf
. ) . .Insignificant to provide free energy. This yields a single domain o
Loelg)mgg lvr\:e tﬁigalsxaey tr;fn S;?ittls(ljeprcrfg(;tel?s f(;)rf :Laensi\g ?:S?in'ﬂﬂstable perpendicular velocities due to the LC boundary. Since the
; %ﬁoerture angle of the LC decreases versus altitude, the correspond-

distributions is performed in order to determine the altitu range of unstable perpendicular velocities also decreases versus
dependence of LH heating. Furthermore, we remotely analyﬁgtude

the heating region by retracing trajectories of the outflowing
ions from the Interball AP orbit to the poleward cusp. The
reconstruction of the low-energy part of the ion distribution.2. Outflowing lon Transport

.&"]?”9 E_he p(k))IeV\t/a{ﬂ helf}:indg l()joundzry provfidtes additioqa‘lg[tgl] After being accelerated perpendicularly to the geomag-
It?eg;mg lon abou € aftitude dependence O ransverse olVic field in a narrow latitudinal region in the cusp/cleft, the

ions leave this region and are transported adiabatically up to
) . Interball AP orbit under the effect of magnetospheric convection.
4.1. An Altitude Model for lon Injections Outside the heating region the motion of these ions is only
[26] The ring distribution is known to result from magnetoadiabatic, including the mirror force, gravity, and the convection
sheath injectionsBurch et al, 1982]. The basic idea is that adrift. In this section we calculate the transport of the outflowing
proton beam with bulk velocity, and thermal velocity, is ions backward in time between Interball AP orbit and the
injected into the polar cusp at an altitudé’—8 Earth radii poleward heating boundary, using a dipole model for the geo-
( 50,000 km). This distribution is then converted into an iomagnetic field, and the convection electric field from Super-
ring distribution at lower altitudes by conservation of botDARN data (seeDubouloz et al.[2001] for details of this
energy and the first adiabatic invariant. The values/ofVy, technique). We assume that this boundary is latitudinally homo-
and the beam density, are adjusted so as to reproduce thgeneous and located at an invariant latitude= 75, as
characteristics of the ring distribution at FAST altitude. We toalonfirmed by FAST observations. The ion distributions displayed
as input parameter a Maxwellian beam, with= 230 km s, between 2046:00 and 2116:00 UT were sampled with a set of
Vo =30 km s? andn, = 2 10 ® cm 3 This distribution test particles, which were traced backward in time from Interball
function is then sampled with a set of test particles, each AP orbit toward the ionosphere. The particle trajectories were
them having a specific weight corresponding to the phase spatmpped at the poleward heating boundary.
density. The adiabatic motion of these test particles wag32?] Figure 12 shows the energy-altitude (top) and pitch angle-
computed. The macroparticle trajectories were absorbed updtitude (bottom) distributions of ‘Cand H" ions along the pole-
entering into the topside ionosphere at 400-km altitude or vaard boundary of the heating region. The corresponding plots can
50,000-km altitude for reflected particles. This model does msfiow the macroscopic effect of ion heating integrated over the
include the effects of time-dependent reconnection, paralignsit of the observed ions across the heating wall. These plots
electric fields, or self-consistent wave-particle interactions. Hoshow that the observed low-energy outflowing ions are heated in a
ever, by performing adiabatic simulatiol@nsager et al[1993] wide range of altitudes and left the acceleration region at altitudes
justified that this zeroth-order process is sufficient to reprodugp to 15,000 km.
ion distributions in the low-altitude cusp. In our case study,[33] The O' pitch angle-altitude plot shows that pitch angles are
according to the convection data, the trajectory tracing wisind near 90at low altitude and gradually fill a wider range as
performed by taking an antisunward convection drift velociltitude increases, so that all values betweena&f 170 are
Vp = 250 m s at 400-km altitude, corresponding to an electricovered between 5000 and 10,000 km. This result is consistent
field Ep = 14 mV m % Actually, since injected ions have awith an altitude cumulative perpendicular heating with gradual
short time of flight (3 min) to reach the ionosphere, theransfer from perpendicular to parallel energy via the mirror force.
injected distribution is weakly dispersedQ3 latitude) by the The cumulative heating scenario is less evident on theitah
convection. angle-altitude plot, probably owing to the additional presence of

[25] It was shown in the section 3 that preheating by tl
BBELF turbulence below FAST altitudes raises the ion temp
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Figure 11. Results of the modeled injected populations, including the resulting velocity spaire idistribution

in (km s 1) 3 normalized to unit at different altitudes: (a) 50,000 km, (b) 20,000 km, (c) 8000 km, and (d) 2000 km.
(e) The regions of positive perpendicular gradient versus perpendicular velocity and altitude. This is obtained by
integrating the ring distributioh(V,,, V ) over the parallel velocities.

the low-energy component of the magnetosheath population. Tieating scenario to be operative in the cusp for this data set. This
altitude domain of the cumulative heating scenario coincides witbenario supports the idea that LHCP ion cyclotron heating occurs
the altitude range where the ring distribution may destabilize Likl the cusp in a wide altitude range fronil000 up to at least
waves over a broad range of perpendicular velocities. However, #8000 km, while cusp LH heating is controlled by the character-
velocity threshold required for LH heating is a few tens of krh s istics of the ion ring distributions and may contribute to strong ion
and comparable to or greater than the velocities of thand O  energization between 2000 and 10,000 km in altitude.
outflowing ions observed by Hyperboloid over the polar cap.[35] An approximate calculation has shown in section 3 that the
Therefore such outflowing ions are more plausibly heated biCP ion cyclotron component of the BBELF waves may preheat
waves in the BBELF range at lower altitudes. ionospheric ions and provide sufficient energies to be followed by
LH heating higher up. By referring to previous observations by the
Freja Norgvist et al. 1998] and FASTI[und et al, 2000] satellites
i i in the same altitude range, most of the transverse ion heating
5. Discussion observations are associated with enhanced BBELF emissions. The
[34 On the basis of the main results, which are presented in #féiciency of the previous ion energization mechanism may be
previous sections, Figure 13 displays a possible steady stadfied by comparing the upward ion energy flux to the total
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Poynting flux. The O energy flux at FAST altitude can be
estimated by taking an average energy of 20 eV, an average
upward velocity of 3 km s', and a density of f@8m 2, which
gives 10 W m 2 (15 W m 2 at 1000 km). Unfortunately, we
cannot estimate directly the Poynting flux associated with the
LHCP ion cyclotron component because magnetic wave field
measurements were unavailable at the ion gyrofrequencies. How-
ever, we can estimate the total Poynting flux by taking the electric
and magnetic wave fields at lower frequencies to B@ mvV m *
and 10 nT, respectively. This gives an energy flux of 240m 2,
of which a few percent is enough to produce the observed trans-
verse ion heating at FAST altitude.

[36] Atlow altitude, ion energization by DC parallel electric (E)
field may occur in the cusjPfaff et al, 1998]. However, analysis of
the low-energy component of the ion distributions along the pole-
ward heating boundary shows the presence of low-energy (few eV)
heated protons at altitudes up to 15,000 km, suggesting that upward
E fields cannot prominently operate. Conversely, the characteristics
of the ion conic distribution at FAST altitude show a weak pressure
cooker effect, consistent with a small downward E field. Using the
formula derived byJasperse and Grossbaf@000], we infer a
downward E field about a fewV m %, which is rather small
compared to the values in downward auroral current regions (K.
Lynch, private communication, 2001). However, in addition to the
gravity, such E fields may slow low-energy ionospheric ions down
on reaching higher altitudeddsperse and Grossbard000]. An
estimation of the ion-heating rates at FAST points out that LHCP
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ion cyclotron heating is much more efficient in heating heavy ions,
according to the theoryChang et al. 1986]. However, from the
same estimations, LH waves are dominant in heatirigt$, while

Figure 13. Picture of the heating scenario occurring inside tifer O ions, LH heating seems less significant than LHCP ion
polar cusp versus altitude and latitude. Solid lines correspond totlgelotron heating. This result is consistent with Monte Carlo
satellite trajectories. Dashed lines correspond to examples of simulations performed bgjndre et al. [1994] and applied to an

trajectories with a vector length proportional to the velocity.

event where both BBELF and LH waves are observed by the Freja
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satellite at 1700 km in altitude. It was shown that this two-wa\atitudes, such investigations are not possible from a single case
component mechanism may reproduce the shape of tren@HO)  study using remote analysis from FAST. However, as suggested
ion conics. Particularly, because of the velocity threshold in the Lbly Strangeway et al[2000], a statistical analysis is warranted to
heating rate profile, such a mechanism contributes to the formatitindy this scenario.
of a high-energy tail in the ion distributions. Furthermore, a model
of the c.haracteristics of th.e iqn ring distribution versus altitug¢  Conclusions
emphasizes that such distributions are unstable fr@600 up to
10,000 km in altitude and contain a wide range of unstable[3§] We have presented an event of low-energy outflowing
perpendicular velocities from50 up to 230 km s*. This result ions observed by the Hyperboloid experiment aboard Interball
agrees with previous observations on the S3-3 and DE 1 satellA¢s from 13,000- to 19,000-km altitude coincident with con-
[Roth and Hudsari985], which highlighted LH transverse heatingection field measurements from a pair of SuperDARN radars.
generated by ion ring distributions inside the cusp at altitudegw-energy outflowing M and O populations are observed
ranging from 1 to 4 Earth radii. However, such a threshold effeater the dayside morning polar cap by Interball AP. Both data
in perpendicular velocity implies that LH heating becomes impgiets emphasize that the convection patterns act as a crucial
tant at higher energies and may produce ionospheric ions wigrameter in locating the source of the ion-heating processes
energies about a few keV. The effect of the magnetosphethiat have occurred at lower altitude. Simultaneously, the cusp
convection is negligible for such ions, which have shorter timegossing by the FAST satellite at 2000 km in altitude has
of flight (a few minutes). Therefore these are observed inside fevided information about the nature of the ion-heating pro-
cusp at the Interball AP altitude. Furthermore, the contribution e#sses and the characteristics of the plasma populations at a
LH waves to the cusp heating can be investigated by comparing iwwer altitude. FAST data have shown that not only one
incoming proton energy flux from the magnetopause to the ogRergization mechanism can occur in the cusp region. For this
going O" and H energy fluxes at Interball AP altitude. The protogase study, ion outflows are associated with transverse ion
energy flux is inferred from the model used in section 3 by taking Aeating correlated with enhanced BBELF emissions as well as
average downward velocity, = 230 km s * and a density, = 2 an intense electrostatic turbulence around the LH frequency.
10 3 cm 3. This gives an energy flux of 0.025V m 2at 8Rzin  Since the electron population has insufficient energies to drive a
altitude (10 W m 2 at 1000 km), of which a fraction is transferred-H wave unstable, linear instability analysis pointed out that
to the ionospheric ions through LH heating. From ion measufdd waves are destabilized by ion ring distributions, originating
ments by the ION experiment aboard Interball AP inside the cuspm magnetosheath proton injections. An investigation of the
region, the upward Fand O ion energy fluxes are found bottD.5  altitude dependence of LH heating by modeling the ion injec-
W m Zat 19,000 km in altitude (20W m 2 at 1000 km). These tions into the cusp shows that for our data set the contribution
values are higher than the energy flux carried by the magnetosh@ithH waves to strong ion energization is important. However,
ion injections but smaller than the Poynting flux carried by BBELffom an analysis of the heating rates as a function of the ion
waves. These comparisons point out that other mechanisms suctetgeity, the BBELF turbulence is needed as a preheating
the preheating by waves in the BBELF range contribute to igechanism so that LH heating is able to occur. From Interball
energization in the cusp region. This result is consistent wii® data, because of the velocity threshold effect of the LH-
adiabatic trajectories of low-energy ions, as performed in sectioh&ating rate, the BBELF turbulence dominates the production of
showing that such outflowing ions have velocities that are smallew-energy outflowing ions, which are drifted by the convection
than the threshold required for LH heating. The fact that LH waviso the polar cap region.
act as an additional process is also consistent with statistical studi¢d?] On the basis of statistical observations of transverse ion-
on FAST byLund et al[2000], who argue that most of the transverskeating events in the auroral regions by FASTINd et al, 2000],
ion heating events below 4000 km in altitude are associated witigorrelation with enhanced LH emissions seems unusual. Such a
enhanced BBELF emissions, while the correlation with intensgechanism generated by magnetosheath ion injections is more
emissions in the very low frequency (VLF) range, such as LH wav€emmon to the polar cusp, as suggested by DE 1 observations
is poor. However, a statistical study of the energy fluxes carried [;3oth and Hudsgn1985]. To support this idea, additional work
the precipitating protons and the outflowing populations is warrantégluding a significant number of conjunctions between Interball
in order to investigate the occurrence of LH heating in the cusp. AP and FAST in the enlarged cusp/cleft region is warranted.
[371 Other sources of free energy may contribute to ioBecause the motion of heated ions inside the heating region is
outflows in the cusp, particularly at ionospheric altitudes (nadiabatic, kinetic and Monte Carlo simulations of quasi-linear
few hundreds of kilometers). By studying an event of inteng@nsverse heating by LHCP ion cyclotron and LH waves will be
terrestrial outflows associated with the passage of a coronal negigormed to model the wave-particle interactions producing the
ejection (CME) Moore et al.[1999b] showed that the magnitudeionospheric ion outflow. This is one way to determine in a
of the outflow is correlated with dynamic pressure fluctuations @fuantitative manner the contribution of the different wave mech-
the solar wind. However, any specific mechanism for generatiagisms to the heating versus altitude and to study the historical
ion outflow by dynamic pressure fluctuations was given. Anotheffects of the ionospheric flux tubes that are convected outside the
possible source of free energy is the electromagnetic enelggating regions. This will be the subject of a future paper.
(Poynting flux) supplied by the transport of reconnected field
lines from the magnetopause to the ionosphere. From the same
event as that reported yoore et al.[1999b], Strangeway et al. Acknowledgments. The Interball Project was accomplished in
[2000] proposed a scenario where the Poynting flux is dissipa g frame of contract N025-7535/94 with the Russian Space Agency (RKA).
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through frictional heating into the ionosphere. Such a mechanigflices of grants covering the period 1985—2000. FAST data analysis at

is a first step to produce ion outflows by increasing the iongre University of California in Berkeley was supported through NASA grant
spheric scale height and then allowing access of ionospheric iA$55-3596. The Saskatoon and Kapuskasing radars are operated, respec-
to the altitudes where heating by BBELF waves can occur. Frdiwely, by the Institute of Space and Atmospheric Studies at the University of
five consecutive cusp crossings by FAST the authors showedagkatchewan, Canada, and by the Applied Physics Laboratory at the Johns
good correlation between the maximum Poynting flux and t pkins University in Laurel, Maryland. The conjunction between Interball

. . and the Saskatoon/Kapuskasing pair has been identified using V.
maximum outflowing energy flux. For our case study we do n@lxhorenko calculations at IKI. Moscow. Russia.
investigate the contribution of frictional heating to the outflow. [41] Janet G. Luhmann thanks the referees for their assistance in

Since particle measurements are unavailable at ionosphewauating this paper.
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Figure 2. Energy-time spectrograms of particles aboard Interball AP on January 17, 1998, between 1930 and 2140
UT. (a) 100 eV to 10 keV electrons, (b) 100 eV to 10 keViéhs, (c) 0—80 eV Hions, (d) 100 eV to 10 keV O

ions, and (e) 0—80 eV Tons. High-energy measurements in counts are from the ION experiment. Low-energy ion
number fluxes in log [(fs sr eV) Y] are measured by the central window of the Hyperboloid experiment. The
corresponding pitch angle (PA) plot is represented below each spectrogram.
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Figure 4. FAST observations of a cusp crossing on January 17, 1998, between 2114:25 and 2116:05 UT. (a) The

electron energy spectra from 3 eV to 30 keV for all pitch angles, (b) the electron pitch angle spectra for all energies,

(c) the ion energy spectra from 3 eV to 30 keV for all pitch angles, (d) the ion pitch angle spectra integrated over

energies below 20 eV, and (e) the ion pitch angle spectra integrated over energies above 60 eV. All particle energy
fluxes are in log [eV (cfs sr eV) Y]. Note that fluxes near 18Gre upgoing and those neardre downgoing. (f)

The high-frequency electric field wave power spectrum and (g) the low-frequency perpendicular electric field wave

spectrum. All wave spectra are in log’f¥ 2 Hz 1]. The angle between the antenna and the geomagnetic field is

shown below the spectra.
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