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Abstract. For a substorm 24 July 1998 PIXIE observes the Davis, 1977), but due to the high occurrence rate of the re-
onset and expansion during a perigee pass of the Polar satatovery phase pulsations, most of the theories trying to ex-
lite. This gives an opportunity to follow the evolution of the plain pulsating aurora have been focusing on explaining char-
onset and expansion phase, almost on a global scale withcteristics of the recovery phase pulsations. In our case, as
relatively high temporal resolution. The substorm is pre-we have observations of pulsations in the substorm expan-
sented with multiple observations throughout the magnetosion phase many of the theories developed for the recovery
sphere. Following the onset of the substorm we observe ghase pulsations might not be adequate, and so we have tried
localised region of modulated energetic electron fluxes fol-to use the theories that might be applicable for our observa-
lowing the passage of the westward travelling surge in thetions and also looked for other mechanisms that could cause
pre-midnight region. We count at least six clear pulses withthe pulsations we observe in the energetic electron precipita-
a period of approximately one minute. Concurrent magnetiction.
ground measurements show similar characteristics, almost
simultaneously with the pulses in precipitation. We propose Pulsating behaviour in geomagnetic substorms can be
several possible mechanism for the pulsations, amongst the®und in many different parameters, for example, in the mag-
the theory of modulated wave particle interaction first pro- netic field, particle precipitation, ELF/VLF waves and cos-
posed by Coroniti and Kennel (1970). mic absorption, and in many cases it is natural to expect there
to be a connection between pulsations in different parame-
ters. The most common form of pulsations used in substorm
research is the Pi2 pulsations, irregular magnetic pulsations
defined to have periods of 40 to 150s, which are found al-
most everywhere on the ground. This class of magnetic pul-
1 Introduction sations is in particular used as an onset signature and for tim-
ing of substorm onsets. A review of Pi2 pulsations can be
In substorm research, whenever the term pulsating aurora ifound in Olson (1999). As Pi2 pulsations are known to occur
used, it is most often used for describing the recovery phasé connection with substorm onset, a substorm phase which
morning side precipitation pulsations. This is a very com- has not commonly been associated with pulsating aurora, Pi2
monly, observed feature and is well described in statisticalhas not often been tied to pulsations in the electron precipita-
studies, for example, by Royrvik and Davis (1977). Although tion. Geomagnetic ULF pulsations, in general though, have
these pulsations can take on many different forms, they aréeen known to accompany pulsating aurora, often with sim-
most often found as diffuse patches, pulsating with period§|ar periodicities. While some theories claim that the geo-
from less than 1s to several tens of seconds. These patch&agnetic pulsations are directly connected to the mechanism
are known to be pulsating over long periods of time, up tocausing the pulsating aurora, others see the magnetic pulsa-
1h or more. Pulsating aurora is also observed during othefions as an effect of the pulsating aurora, e.g. Sato and Mat-
substorm phases and in other local time regions (Royrvik andudo (1986). As the conductivity changes with the modulated
particle precipitation, the strength of the auroral currents will
Correspondence toA. Asnes also change with time, resulting in magnetic pulsations mea-
(asnes@fi.uib.no) sured on the ground.
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One explanation for the magnetic Pi2 pulsations observed Recently, Kepko and Kivelson (1999, 2001) have proposed
in connection with substorm onsets is named the transient rea theory explaining observations of Pi2 pulsations in associ-
sponse mechanism and may also result in a modulated eleation with substorm onset. The theory explaines low lati-
tron precipitation, e.g. (Goertz and Boswell, 1979; Baumjo-tude pulsations as the result of compressional pulses from
hann and Glassmeier, 1984). At substorm onset part of théhe braking of earthward flowing bursty bulk flows. In sev-
magnetospheric cross-tail current is diverged into the iono-eral cases the pulse-shape was found to be similar in ground
sphere, forming the substorm current wedge. According tomagnetic field measurements and earthward flow velocities
the transient response model part of this current, which travin the near-Earth magnetospheric nightside. In addition, they
els to the ionosphere in the form of a kinetic Afv wave, proposed an additional mechanism for high latitude Pi2 pul-
is reflected and bounce back to the magnetosphere. The Pgations through the same periodic braking of plasma in the
signal is in turn a result of this current being turned on and offnear-Earth tail. This braking has theoretically been shown
as the waves bounces back and forth between the ionosphete produce an inertial current which should be a periodic ad-
and the magnetospheric equatorial plane. Rothwell et aldition to the substorm current wedge. We will also discuss
(1986) included a more dynamic ionosphere into this modelthe possibility for such an intermittent braking of bursty bulk
effecting the field-aligned current and pulsations, resulting inflow, to give rise to pulsations in the electron precipitation
a more rapid damping in the low conductivity nightside iono- rate.
sphere, but the general description still hold. According to
the model of Rothwell et al. (1986) the field-aligned current
is carried by electrons with typical energy of around 100eV,2 Instrumentation
but more energetic electrons will also be accelerated by more
than 1keV by the electric field in the travelling wavefront.  Our primary data source for this study are X-ray images from

The effects of particle precipitation on auroral currentsthe Polar lonospheric X-ray Imager Experiment (PIXIE)
was the motivation for Maehlum and O’Brien (1968) to pro- camera on the Polar satellite (Imhof et al., 1995). PIXIE is
pose an early model for pulsating aurora. Following a sud-a multiple pinhole X-ray imager with a front and rear gas
den increase in particle precipitation the strength of the iono-chamber detector. The front chamber is sensitive to 2—8 keV
spheric current should increase, leading to an increased maghotons, while the rear chamber detects 8-20 keV photons.
netic field strength in the region poleward of the current. ThisPolar was launched into a highly elliptical orbit with apogee
increase will in turn make more particles mirror above the over the Northern Hemisphere, but since then the positions
atmosphere, again reducing the conductivity and ionospheriof the apogee has gradually shifted towards the magneto-
currentin this region. Maehlum and O’Brien did some calcu- spheric equatorial plane. For the event we are looking at, 24
lations on this effect and found that it could lead to pulsationsJuly 1998, apogee was still almost directly over the North-
in the electron precipitation with a period from 50-300 s dur- ern Hemisphere, while perigee, at a distance of 1.8-2.2 R
ing periods of high activity. was over Antarctica. This results in a fairly high resolution

The theory of Coroniti and Kennel (1970), on the other during the perigee part of the orbit, with a spatial resolution
hand, claims that the magnetic ULF pulsations are the causef the order of 150 km, and a temporal resolution of 10 sec-
of the auroral pulsations. The Coroniti-Kennel, hereforth onds. Due to its larger FOV, PIXIE is the only imager on
known as the CK-theory, is based on the findings of KennelPolar that provides global images from perigee. While the
and Petschek (1966) that plasma with particle fluxes above apatial resolution is not as high as for the imagers in visi-
certain limit will give rise to growth of whistler waves result- ble and UV wavelengths, the temporal resolution of 10s is
ing in rapid pitch angle diffusion and causing the particles toactually better than that obtained from the other imagers on
no longer be stably trapped. According to the CK-theory,the Polar satellites, VIS (Frank et al., 1995) and UVI (Torr
there are certain plasma regimes where the mechanism at al., 1995). One complete Polar orbit takes about 18 h, but
Kennel and Petschek (1966) will be sensitive to magneticmost of this time the satellite is hanging over the Northern
pulsations, resulting in time varying diffusion and hence par-Hemisphere. During the passage over the Southern Hemi-
ticle precipitation. ULF pulsation waves can change the mag-sphere, PIXIE is turned on for onk20 min, as the cam-
netic field strength, the anisotropy of the plasma and theera has to be turned off while in the radiation belt to protect
plasma density, all of which will change the wave growth rate the electronics. To produce images with a sufficiently high
for the whistler mode. The CK-theory was later modified by signal-to-noise ratio, one has to integrate measured photon
Haugstad (1975), but the general results were still found tdfluxes for a period of time, but during the Southern Hemi-
be valid. Of event studies supporting this theory is Glass-sphere pass this would produce a smearing of the image as
meier et al. (1988), who found a correlation between groundthe satellite and the image field of view (FOV) moves dur-
ULF pulsations and ELF wave intensity modulations. Theing the image integration. To remove this effect a routine
main objective against the CK-theory has been that relevanhas been developed to use shorter integration intervals, such
magnetic pulsations have rarely been observed in the magnéhat the image movement is less than the spatial resolution
tosphere in conjunction with pulsating particle precipitation of the image and then by superposing several images. The
(Oguti, 1986). method used for superposing the images is to bin the images

in a fixed grid in corrected geomagnetic (cgm) coordinates
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and magnetic local time (MLT). This method is possible for 12007 ‘ ‘ T ‘ ‘ :
the PIXIE data because information on every photon mea- 100~ AE
sured by PIXIE is telemetered to the ground with energy and = 800/~

position, giving high flexibility for the image processing. £ 600 f
gm !

3 Observations and interpretation 0 : : L ‘ ‘
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During a Polar perigee pass on 24 July 1998, PIXIE imaged

th_e Iate_ growth phase, substorm onset and expa_nsion _Of a_rehg_ 1. Provisional AE index from Kyoto for 24 July, 1998. The two
atively intense substorm. The substorm we are investigatingertical lines indicate the time period of PIXIE images, the dashed
in this paper had an onset a03:22 UT on 24 July 1998. |ine gives the time for the substorm onset.

From the D,; index we find that this substorm occurred in
the late recovery phase of a weak geomagnetic storm. The o
Dy, reached a minimum of48 nT on the previous day, but &l

had relaxed t6-24 nT at the time of this substorm. Follow- Z'E 3= ; p /\\ Jio

ing some disturbances the previous day the auroral electro- g ...\ .~ 4% \-f'h.ue--.\_l,f t g v
jet (AE) index (Fig. 1) indicated some geomagnetic activity

previous to the substorm, but this activity was declining and i )

for about half an hour prior to the substorm the disturbance &7 A ‘ _

as measured byt E was relaxed and reached a value less & |/ VY o SE S PN AR

than 100 nT. Following substorm ons&E rapidly reached a e Y -
value of 1000 nT, indicating that this was a relatively intense - - '
substorm. From thel E index we can also see several later NS Vi .
intensifications. However, in this study we will focus on the &_ =t 4-- R e He e
first intensification, what we will refer to as the substormon- 5~ ! b :

set and expansion phase, as this is the time period imaged b = : .
PIXIE (03:18-03:38 UT). L AN FANMN

3.1 Solarwind

During this substorm Geotail was positioned in the solar o N
wind directly in front of the magnetosphere close to the Sun- -1 '
Earth line (GSE (28.1,3.9,3.0)) measuring, solar wind veloc- 1 i 57 ] AN | 9,
ity and magnetic field as shown in Fig. 2. The magnetic field | a S R Vi
shows a period of southward interplanetary magnetic field ==s = Sres
(IMF) from around 03:00 to 03:18 UT when it returns to a

northward direction. The northward turning of the IMF could Fig. 2. Solar wind measurements by Geotail, 24 July 1998. From
be what triggers the substorm onset (Lyons, 1995). The petop to bottom the panels showa) particle density(b) solar wind
riod of southward IMF in this case is fairly short for a sub- Vvelocity in the GSMx-direction, and three components of the inter-
storm and we notice that the magnitude of the southwardPlanetary magnetic fielde) By, (d) By and(€) B;. The coordinate
component is only about 3 nT. However, we observe that the?yStem is GSE.

wind velocity is high, around 700 km/sec, which gives an ef-

ficient feeding of energy into the magnetosphere. Also, since

this substorm occurs in the recovery phase of a weak magalley Bay, which is east of the onset region, the bay is rel-

netospheric storm, it is possible that the magnetosphere wadlively weak, which suggests that this station is outside of

already in a nearly unstable state even before the substorifi® Substorm current wedge. The bottom panel shows the
growth phase started. dipolarization observed by GOES-8 at geosynchronous or-

bit, around 22.20 MLT, west of the onset region. Here, the
3.2 Magnetospheric signatures dipolarization follows the onset by3 min, which indicates

that the satellite is initially outside of the current wedge but
In Fig. 4, panel (a), we show the magnetic H component ofends up inside the wedge as the wedge expands azimuthally
three stations at auroral latitudes. The location of these stain the magnetospheric equatorial plane.
tions are shown in Fig. 3, panel A. The typical magnetic bay Figure 3 shows a sequence of PIXIE images from the sub-
which is commonly observed in association with substormsstorm. In the images the position of the ground stations
is observed both at Poste de la Baleine, which is slightly toare marked with small squares, the black are for the North-
the west of the onset region, and further westward at Gillamgern Hemisphere and the red for Southern Hemisphere sta-
where the bay also starts very close to the onset time. Ations. The magnetic footprint of GOES-8 mapped to the
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Fig. 3. PIXIE images from the substorm, 24 July 1998, energy Time [UT]

range from 2.42-8.82 keV photons. The coordinate system is cor-

rected geomagnetic coordinates (cgm). Local midnight is straightFig. 5. Time development of X-ray fluxes (2.40-8.82 keV) for sev-
downwards. The ground stations are marked in peaeds follows: eral MLT sectors. Fluxes are integrated for 10 s, fro+-&8 lati-

GIL: Gillam, PBQ: Poste de la Baleine, HBA: Halley Bay, STJ: St. tude which covers the whole latitudinal range of the activity.

Johns, OTT: Ottawa. Halley Bay is the only Southern Hemisphere

station. The magnetic footprint of GOES-8 is marked in black.

magnetic local time. Images are integrated for one minute.
Panels (a) and (b) are from the growth phase, with a quiet

a’, arc stretching across the midnight sector within the FOV of

G% PIXIE. This is relatively soft precipitation which cannot be

o1 0 1o Beteine B seen in the PIXIE images at higher energies (not shown). In

[ rioiiey Boy 7 panel (c) the substorm onset is seen to occur in the magnetic

midnight region, but in panel, (d), the area of maximum in-

tensity has moved over to the pre-midnight sector, centered

around 23.00 MLT. In the next panels the active region is ex-

panding rapidly westward, reaching our limit of FOV close

to 21.00 MLT in panel (h) at 03:27-03:28 UT. We also notice

s that from panel (f) and onwards the arc in the evening sec-

03:00 03:05 03:10 03:15 03:20 03:25 03:30 03:35 03:40 03:45 03:50 03:55 04:00 A . . . .
UT time tor seems to split into two arcs, with the maximum intensity

generally in the poleward arc.

Fig. 4. Magnetic field measurements from different regimes, 24

July 1998. Pangla) show magnetic H components from the ground 3.3  Pulsations in energetic electron precipitation

stations Halley Bay, Poste de la Baleine and Gillam. Pé»ethow

the magnetic field elevation measured in geosynchronous orbit byn Fig. 5 we present the time development of the measured

GOES-8 at 22:20 LT. X-ray fluxes. The X-ray fluxes are integrated for 10 s in areas
of 6° magnetic latitude (62—68) and 0.2 MLT in the local time
regions, from the substorm onset region to the westward edge

ionosphere by field line tracing through the Tsyganenko96of the PIXIE’s FOV. It is possible to use a better time resolu-

model (Tsyganenko, 1995) is also marked. The red line in-tion here than in the images because the integration areas are

dicates PIXIE's field of view (FOV), while red numbers give larger, resulting in higher count rates and better statistics. We

H [nT]
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notice that with the time resolution of ten seconds we haveGOES-8 is slightly equatorward and to the midnight side of
an ambiguity when we want to determine the exact time ofthe pulsations in the sector 22.20-22.40 MLT (see Fig. 3,
substorm onset. The first activity that rises above a backpanel (f). The magnetic field measurement of GOES-8 is
ground level starts at 03:21:50 UT, with a maximum in the shown in the top three panels of Fig. 7 transformed into a
sectors around midnight MLT, but only a minute afterwards, field-aligned coordinate system. The top panel is along a
at 03:22:50 UT, there is a rapid increase in activity centereds-min averaged field direction, whilg, and B, are perpen-
around 23.00 MLT. This new activity is reaching fluxes more dicular to the average field direction. The dashed lines indi-
than five times higher than the previous activity in the mid- cates the start time of the most obvious pulses in the electron
night sector, where the activity is clearly declining when this precipitation. From panel (a) we notice three clear compres-
new activity starts. For the remainder of this paper we will sional pulses, starting slightly before we see the first pulse in
refer to the first activation as the substorm onset, althougthe particle precipitation. This corresponds well to the three
it should be remembered that the most intense activity bepulses we see in the local time region of the GOES-8 foot-
gins one minute later. Also, it is not obvious that the onsetprint, in 22.20-22.40 MLT. In the two transversal directions
time, as determined from the energetic electron precipitationijn panel (b) and (c) we see some higher frequency pulsations,
coincides with other features used for timing substorm on-but the effect of a strongly modulated field-aligned current is
sets, for example, Pi2, visible auroral breakup, particle in-hard to spot. In this case, where the satellite is earthward and
jection at geosynchronous orbit, dipolarization, bursty bulk slightly to the east of the westward leg of the substorm cur-
flows (Liou et al., 1999). A striking feature in Fig. 5 is the rent wedge one would expect an increase in the field-aligned
modulation of fluxes in the local time sectors from 21.80— current to cause a negative excursion in the Y-component and
22.40 MLT. From the 22.20-22.40 MLT sector we observe possibly a small, positive effect in the Z-component. We
that the pulsations initiate when the WTS reaches this MLThave some possible explanations for this observation:
sector, resulting in three pulses in this sector. In the next 1) The modulation in precipitation is only effective for
sector (22.00-22.20 MLT) the activity arrives slightly after- high energy electrons which constitutes a minor part of the
wards, giving a first amputated pulse with a peak ten secondfield-aligned current; 2) The modulation of the current is very
after the peak of the first pulse in sector 22.20-22.40 MLT.|ocalised and hence the effect of the modulation at the posi-
The first pulse in the sector 21.80-22.00 MLT coincides withtion of GOES-8 drowns in the larger region of the current
the second pulse in the two previous sectors, and they allvhich is not modulated; 3) The magnetic field at GOES-
reach the peak value simultaneously (within our time resolu-8 is very disturbed which could also hide any effects of a
tion of 10's). From this figure we can also estimate the degreenodulated FAC; 4) The mapping of field lines through the
of modulation from the height of the pulses. It follows that Tsyganenko model is wrong, and GOES-8 is too far away
the modulation in at least some cases is more than 1:1 of th&com the modulated field-aligned current to observe modula-

background unmodulated precipitation. tions in the magnetic field. As GOES-8 is on the equatorward
side of the downward leg of the substorm current wedge, it
3.4 PIXIE images is likely that this current to some extent twists the magnetic

field. The effect should be that the footpoint of GOES-8 is
To investigate the time development of the latitudinal profile in reality closer to midnight than what we obtained from the
of the pulsations we have plotted the PIXIE data as keogramsnapping by the Tsyganenko model, being further away from
for a selection of MLT sectors in Fig. 6. As in Fig. 5 the the field-aligned current.
pulsations are visible in the three MLT sectors from 21.80—
22.40 MLT (Panel (b), (c) and (d)). From all the panels the3.6 Geomagnetic waves at the ground
poleward movement of the activity is obvious, and in some
of the sectors a branching of the activity into one polewardFor this substorm there were no Southern Hemisphere
and one equatorward branch can be seen. The three pulsesdnound stations close to the area of electron precipitation pul-
panel (d) are not very clear, mostly because of the logarith-sations, but most likely this phenomenon occurred in both
mic colour scale. In panel (c) it is easier to follow the evo- hemispheres and so we would like to look for magnetic pul-
lution of the pulsations, through six pulses. The first threesations in the Northern Hemisphere. Panel (g) of Fig. 7
seem to cover the whole latitudinal range of the active areashows the H-component of the magnetic field at the two sub-
while the following three pulses are stronger in the polewardauroral stations of Ottawa and St. Johns. Both stations show
part of the activity. This is also seen in panel B where thePi2-pulsations in association with the substorm, both in the

pulses again follow the poleward part of the activity. H and D (not shown) components. Comparing the pulses in
electron precipitation and magnetic field we notice that pul-
3.5 Magnetic field at geosynchronous orbit sations at Ottawa, which is in the local time of the electron

pulsations, seem to start half a period previous to the peak in
A satellite in geosynchronous orbit, GOES-8, is positionedparticle precipitation. Further, the precipitation peaks seem
in local time (22:40 LT), close to where we observe the pul-to correlate well with the minimum of the magnetic pulsa-
sating particle precipitation. From a field line tracing by tions. At St. Johns, which is directly eastward of the onset
the Tsyganenko 95 model (Tsyganenko, 1995) we find thategion, close to local midnight, the pulsations are slightly
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Fig. 6. Keograms for a selection of MLT sectors produced from 2.40-8.82 keV photon measurements by PIXIE. The colour scale is the same
as in Fig. 3 and the red line give the border of FOV.

delayed with respect to Ottawa. Although St. Johns is closemodulation in the mechanism responsible for the injection of
than Ottawa to the first weak onset region, it is further awayenergetic electrons at substorm onset and the other is a mod-
from the region of main intensity around 23.00 MLT. There- ulation in the precipitation rate of the already injected elec-
fore, itis not surprising that the pulsations which are believedtrons. For the pulsations we are investigating in this paper
to originate from the surge arrives at Ottawa first. the injection of new patrticles is clearly an ongoing process at

the time of the pulsations since the active area is still expand-

ing towards the evening side, in the opposite direction of the
4 Discussion electron drift. The particle precipitation modulations could

in this case be due to a modulated injection process but the
In general, there are at least two ways one can obtain pulsa?hysics is obviously dependent on the injection mechanism
tions in the energetic electron precipitation. One is through dtself, an issue which has not yet been solved.
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Fig. 7. A composite plot. Panel&) to (c) show the magnetic field measured by GOES-8 in geosynchronous orbit converted into field-
aligned coordinates. The field-aligned directidy, is based on a 5 min average field directid. is in the direction perpendicular ®,

and the spin aligned componeBj, which is northward. Panelgl),(e) and(f) are selected MLT sectors from Fig. 5. Patlshows the H
component of the two Northern Hemisphere stations Ottawa and St. Johns.

Several instabilities have been proposed for the onset neatipolar magnetic field in the near geosynchronous region.
geosynchronous orbit (e.g. Erickson et al., 2000; Lui, 1996),Bursty bulk flows have been shown to be the dominant mech-
while an equally popular theory starts out with an instability anism of plasma transport in the plasma sheet and plasma
further tailward, causing a near-Earth neutral line (Shiokawasheet boundary layer (Angelopoulos et al., 1994). Kepko and
et al., 1998). In the framework of this latter theory the pul- Kivelson (2001) has previously found evidence that period-
sations could be due to a localised periodical flow brakingicities in the velocity variations in a bursty bulk flow results
(Kepko and Kivelson, 2001). The mechanism for the pul-in similar wave forms in the magnetic field at ground stations
sations, an effect of localised braking of a periodic burstyand we propose that such a mechanism could also result in
bulk flow is a part of what is currently the most popular near- periodicities in the particle precipitation. A braking of bursty
Earth neutral line model (e.g. Haerendel, 1992; Shiokawabulk flows could be imagined to give a periodical, localised
et al., 1998). In this model the near-Earth reconnection acinjection of new particles with the same periodicity as what
celerates plasma towards the Earth which is subsequentiallpne would observe with a satellite in the bulk flow. However,
slowed down and finally stops when it arrives at the morein our case we have no observations in the magnetosphere to
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support such a view. In general, one would have to be fortustorm we have available magnetic field measurement from
itous to observe the earthward bursty bulk flows and simultathe geosynchronous region close to the region of pulsating
neously image the aurora with a time resolution high enoughelectron precipitation. From the Coroniti-Kennel theory one
to resolve the waveform of modulations in the particle pre-would expect this field to show ULF pulsations of a similar
cipitation. However, as Kepko found a similarity between frequency as the pulsating precipitation. Such pulsations are
waveforms in the ground magnetic field and bursty bulk flow not seen in this case, but an explanation for this could be that
velocities, it should be possible to find similarities in particle GOES-8 is only close but not inside the pulsating region, and
precipitation and magnetic field, if they have the same origin.not in a position to measure such ULF waves.
Most of the events studied by Kepko and Kivelson (2001) In general, one would expect the waves causing the pitch
were substorms following a quiet period. Only during such angle diffusion of energetic electrons into the loss cone to be
periods were they able to find the similarities in the waveformof whistler wave mode. However, the whistler wave mode
because any disturbances previous to the substorm tended kas to satisfy the limitation<2.., wherew is the wave fre-
disturb the magnetic field enough to hide the effects of thequency and2.. is the electron gyrofrequency. If we assume
braking of the BBF. This might be an explanation of why that the magnetic field strength is similar to or lower than
we have not been able to find any good correlation betweernhat measured at this time close to the observed pulsations
waveforms in particle precipitation and magnetic field mea-by GOES-8, we find that the waves are limited to frequen-
surements on mid latitudes at dusk and dawn (not shown). cies below 3 kHz (ELF frequencies). Also, an approximation
One theory that could explain the pulsations through ato the resonance condition for parallel-propagating waves
modulation of the precipitation rate is the theory of Coro- where w,>>w is given by Eq. (1) (Kennel and Petschek,
niti and Kennel (1970) with a wave-particle interaction mod- 1966). Herew, is the electron plasma frequendy,is the
ulated by ULF-waves. According to the theory of Coro- local magnetic field strength,, is the cold electron density
niti and Kennel (1970), it is possible to obtain modulations andug is the vacuum permeability. Calculating the first term
of energetic electron precipitation from magnetic ULF pul- on the right-hand side witt8=100 nT andu,=1.0 cm? re-
sations. The theory assumes an initially stable interactiorsults in a value of~25 keV. It has been common in the lit-
between VLF waves and particles which is destabilised byerature to useb%:O.S (Isenberg et al. 1982) and with this
the geomagnetic pulsations. The wave-particle interaction izalue the lower parallel resonance energy willbg2 keV.
thought to take place in the magnetic equatorial plane, and'his shows that the wave-particle interaction in this case will
this would also be the source region of the modulation ofdiffuse electrons with energies relevant to what we measure
precipitating electrons. In this situation one would expectwith PIXIE
to see magnetic pulsations following the precipitation mod-
ulations due to the difference in travel time of electrons andER|| -
magnetic waves. The electrons will go from the magneto- 2pone o Qce
spheric equatorial plane to the ionosphere on a time scale of
seconds, while magnetic waves will spend a time of the or-g  cgonclusion
der of a minute, depending on the plasma properties and the

tailward distance of the location of modulation. From Flg 7 We have shown observations from mu|tip|e sources for a sub-
we can see that the geomagnetic pulsations arrive simultastorm occurring on 24 July 1998. The data set with the ob-
neously or even previously to the modulations in the parti-servations of pulsations of energetic electron precipitation in
cle precipitation. This speaks against the Coroniti-Kennelthe Pi2 range has been thoroughly discussed within the limits
mechanism, but there could be explanations. At the locabf our observations, and different mechanisms for these pul-
time where we observe the pulsations there was no precipisations were proposed. Unfortunately, we have so far found
tation previous to when the pulsations start. It is, therefore only this event in our data set that shows this feature. In this
possible that the magnetic pulsations already existed in thease we have several observations in relevant positions from
magnetosphere before the injection of energetic electrons athe jonosphere and magnetosphere, but there are still many
rived at this local time, and only then started to modulate thepbservations lacking. For example, it would have been clari-
wave particle interaction. In this case the magnetic pulsafying with respect to the periodic flow braking theory to have
tions could be expected to be found simultaneously or everpbservations of the bursty bulk flow (if this exists). Also,
previous to the modulation in particle precipitation. One VLF observations on the ground or in the magnetosphere in
could even imagine that the magnetic pulsations that causghe position to detect eventual wave growth in the source re-
the modulation in particle precipitation was initiated at the gion for the pulsating electron pulsations would be necessary

substorm onset, possibly in the ionosphere, and only latefor discussing the theory of modulated wave-particle mecha-
reached the magnetospheric equatorial plane, where it coulgism more thoroughly.

start to modulate the precipitating particles. There is also a
possibility that the waves modulating the wave particle pre-
cipitation are standing non-propagating waves. This would
also explain why the magnetic pulsations are observed si-
multaneously with the pulsating precipitation. For this sub-
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