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Pc5 waves generated by substorm injection: a case study
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Abstract. We analyzed the spectral-polarized characteristicshility (Hasegawal969 Klimushkin and Chen2006), drift
of Pc5 ULF waves observed on 17 September 2000 after thanisotropy instability Pokhotelov et a).1986 and others
03:20:25 UT substorm onset with the satellites GOES 8 andsee Klimushkin, 2007, for short overview). Still, they can-
10 located east and west of the onset location. In the courseot be regarded as well established generation mechanisms
of the event, the wave polarization changed from mixed (be-since, although a particle injection is a transient process, the
tween toroidal and poloidal) to poloidal, and then to mixed problem of spatio-temporal evolution of the wave field gen-
again. The hodogram of magnetic field oscillations rotatederated by these instabilities in such nonstationary conditions
counterclockwise at GOES 8, and clockwise at GOES 10neither have been solved nor even posed. Other shortcom-
It is suggested that the satellites detected the waves geneings of these generation mechanisms are discusdddger
ated by the substorm injected clouds of the charged partiand Klimushkin(2005; Klimushkin (2007).
cles drifting in the magnetosphere in the opposite azimuthal Yet another mechanism was suggestedZmjotukhina
directions: GOES 8 (located east of the substorm onset) def1974 andGuglielmi and Zolotukhing1980: non-resonant
tected the wave generated by an electron cloud, and GOES Ideneration by moving clouds of substorm injected particles
(west of the onset) detected the wave generated by a positivélike Cerenkov emission).Mager and Klimushkin(2007,
ion cloud. This interpretation is confirmed by the energetic2008 developed an analytical theory of the spatio-temporal
particles data recorded by LANL satellites. evolution of the wave field generated by this mechanism in a
curved magnetic field (a simple semi-qualitative picture of it
is presented in this paper).

The choice between different generation mechanisms is

Keywords. Magnetospheric physics (MHD waves and in-
stabilities) — Space plasma physics (Kinetic and MHD the-

ory) not an easy task, since most data does not uniquely deter-
mine between the different theories. This paper reports a case
where the relevance of the injection to the waves is very clear.

1 Introduction The substorm onset 17 September 2000 took place between
the geostationary satellites GOES 8 and 10, and short time

Poloidal ULF waves are often observed with satellilé$ks-  later transverse Pc5 waves were observed with both satel-

son et al. 2005 Scrafer et al, 2007) and radarsYeoman [ites. The observation of the waves west and east makes very
et al, 2000. There are some hints that the waves are genprobable that the satellites detected the waves generated by
erated by substorm injected particles drifting in the mag-clouds of substorm injected ions and electrons. The observed
netosphere. This is supported by statistical relations betemporal evolution of the wave field is in a reasonably good

tween highm pulsations and ring current intensifications agreement with the theory of the wave generation by a mov-
(Anderson et a).199]) and observations of events when the ing source.

waves appeared in some azimuthal location simultaneously

with a cloud of substorm injected protons (eWright et

al,, 2001). Various kinetic instabilities are often considered, 2 Data: 17 September 2000 substorm associated event
which can generate a ULF wave by means of wave-patrticle ,
resonances. Among them are drift-bounce instabiktarp- The substorm happened on 17 September 2000, with the on-

man et al, 1977 Mager and Klimushkin2009, mirrorinsta- ~ St at 03:20:25UT at the geographical longitude266
(Frey et al, 2004. Shortly after the onset, geostationary

Correspondence ta\. A. Zolotukhina satellites GOES 8 and 10 registered variations of magnetic
(zolot@iszf.irk.ru) field. Since the satellites have the geographical longitudes
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Fig. 1. The position of the substorm onset and the satellites for the =0 ]
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place between the satellites: GOES 8 was located abdut 20

east of the onset, and GOES 10 was locatetdwést of it . .
(Fig. 1). Fig. 2. Features of the 17 September 2000 event in an xy-plane

Th lites’ d . in the GSE dinat as seen by GOES 10. From the top to the bottom: the spectrum of
e satellites’ data, given in the coordinate Sys'polarization ellipse major semi-axis, tig and By time variations

tem (http://cdaweb.gsfc.nasa.gpvAvere transformed int0  fiereq in the entire Pc5 range and in the range near the spectral

the mean-field-aligned coordinate system: the X- and Yy-peak. The substorm onset is marked by a dotted line. Some of the
coordinates are directed outward (radial coordinate) and east, (1) and By (1) maxima/minima are marked by arrows pointing

ward (azimuthal coordinate), and z-coordinate is directedup/down.
along the averaged magnetic field (defined by taking the 40-
min boxcar running averages of the 60-s ddtan( et al,
2002. Hence, the transformes (r), B, (¢), andB,(¢) varia-  in detail by Rankin and Kurt21970. Applied to the two-
tions approximately describe the poloidal, toroidal and field-dimensional magnetic data series, this technique allows one
aligned components of magnetic field vecByrrespectively.  to determine the coherent, polarized component of pulsations
In order to determine a duration of the onset-related magfrom their two-dimensional spectral power matrix, and calcu-
netic field fluctuations throughout the entire Pc5 period band)ate parameters of the wave polarization ellipse.
theB,, By, andB, components were band-pass filtered inthe The spectra of the polarization ellipse major semi-axis
T=150-600s period range by means of Marmet (1979 A(T) were calculated fronB, and B, components with the
filter. The filteredB,(r) and B, (¢) variations are shown in time window mentioned above (see Figsand3, top pan-
the middle panels of Fig® and3. One can see that the els). The spectrai(T) show the peaks at 220s (GOES 8)
amplitude of the 150-600-s fluctuations increased noticeablyand 230 s (GOES 10) which can be considered as the narrow-
immediately after the onset at GOES 8 and 12—-14 min afteband Pc5. It is significant that there are no spectral max-
the onset at GOES 10. Hence, the onset-associated enhandma at the same periods B, auto-spectra from GOES 8 and
ment of the 150-600-s activity lasted almost 80 min, from GOES 10. Thus, we believe that in the case under study the
03:20 to 04:40 UT. Pc5 were the transverse magnetic field oscillations.
Auto-spectra of unfiltered3,, By, and B, components Since the spectral analysis reveals only the mean proper-
calculated with the Fourier transform from 80-min time se- ties of the waves in the specified time interval and gives no
guences consist of numerous minor and major peaks sunformation on their time evolution, we extracted a quasi-
perimposed on a noise. To find out the proper quasi-monochromatic Pc5 signal with the 200-250-s Marmet filter,
monochromatic Pc5 waves, we used the technique describeahd analyzed it with the hodogram technique. The pulsations
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Fig. 4. The hodograms of the waves detected by GOES 10 (left)

Fig. 3. The same as in the previous figure, but for GOES 8. and GOES 8 (right) in the 200-250s band.

of the 200-250-s filtere®, and B, components are shown
in the bottom panels of Fig& and3. The hodograms of the
200-250 s filtered magnetic field oscillations in theplane
are depicted in Figd for time intervals marked in Fig& and

3 by line segments a—c.

From Figs2 and3 and especially Figd we notice that the
direction of the transverse magnetic field oscillatioBs X
changes with time. At GOES 8, rotates counterclock- at LANL 1.
wise: B, oscillates along thé+x, +y)<(—x, —y) direc- These data are naturally interpreted in terms of the proton
tion at the beginning, along the x-axis at the midpoint, andcloud injected onto the geostationary orbit during the sub-
along the ling(4+-x, —y)<>(—x, +) at the end. The sign of storm breakup. The cloud was drifting westward and had
B, rotation at GOES 10 is opposite to that at GOES 8: it performed an almost complete turn around the Earth. The
rotates clockwise from the beginning to the end of the wavedamping of flux growth ratd, in the course of the driftis a
packet. Accordingly, the polarization of the waves detectednatural consequence of the cloud spreading, as is expected
by both satellites changes from mixed (between poloidal andn the case of the injection localized in the azimuthal co-
toroidal) to poloidal, and then to mixed again. ordinate. With knowledge of the LANL 9 angular distance

After GOES 8 and 10 observed the magnetic fluctuations (LANL 9 was the nearest satellite to GOES 10) from the
the LANL satellites registered an increase in the particlepoint of the substorm onses1=71° W, and the correspond-
fluxes (positions of the satellites are depicted in Bjg.In  ingtime lagAs=18-25min, itis possible to calculate the drift
general, an order of the events corresponded to the followingyelocities of the particles comprising the leading front of the
pattern: the further from the onset the increase took placeproton cloud:w,;=3° to 4> per minute. Thus, at the instant

LANL 4 (AA=162 W, At=28 to 47 min) and even later

by LANL 1 (Ax=258 W, Ar=40 to 70min). In all three
cases, the increase was observed in the 50-400 keV chan-
nel. With promotion in the west direction, the flux growth
rate was damping:Jj,=14p/(keVcntsr<) at LANL 9,
Jp,=Tpl(keVcntsr<) at LANL 4, J,=3p/(keV cnfsr<)

the later the increase occurred.
West of the onset, the increase was in proton fipixfirst
it was registered by the LANL 9 satellite located.—=71°

west of the onset im\¢=18-25 min after the onset, then by J,:

www.ann-geophys.net/26/2053/2008/

of GOES 10 magnetic observations, the proton cloud was
somewhere nearby this satellite.

The analogous picture was observed for electron flux

it was registered first by LANL 1 AA=102E,

Ann. Geophys., 26, 2Z0538-2008
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At=25 to 50 min) then by LANL 4 AA=198 E, At=44 Let us consider a cloud of particles injected into the
to 66min). The increase was observed in the 50-axially-symmetric magnetosphere at some time instaift
225keV channel, the flux growth rate was damping in This cloud can be considered as an impulse propagating from
the course of time:/,=1100e/(keV crisr&) at LANL 1, one location on the azimuthal coordinate to another at drift
J.=80el(keVcndsrg) at LANL 4. The interpretation is  angular velocityw, (x).
pretty obvious: the substorm injected eastward drifting elec- Wave excitation by a sudden impulse in the entire magne-
tron cloud was sequentially observed with the satellites. Ittosphere is well studied theoretically (eNgann and Wright
should be noted that flux growth rafe at LANL 4 was an 1995 Leonovich and Mazyr1998. In this case, the az-
order of magnitude less than at LANL 1, which was located imuthal wave numbew: may be prescribed arbitrarily. Each
almost two times closer to the point of injection. field line oscillates with its own eigenfrequenoywhich de-
pends on the radial coordinategthe coordinate across mag-
netic shells). Hence, the electric field of the wave is deter-

3 Interpretation: high- m Alfv én waves generated by a mined by the expression

moving substorm injected cloud of particles

. o . Ex,y — |Ex’y|e—iw(x)t+im(p, (4)
In the inhomogeneous geomagnetic field, particles of oppo-
site charges drift in opposite directions: negative particleswhereg is the azimuthal angle anddenotes the azimuthal
(electrons) drift eastward, and positive particles (ions) drift coordinate, which can be defined as¢L. In the course
westward. This immediately provides an interpretation of of the evolution the wave structure becomes smaller-scale in
the double event reported in the previous section: GOES 8he radial direction, due to the phase mixing, and an initially
(located east of the substorm onset) detected waves gengpoloidally polarized wave transforms into a toroidal one.
ated by drifting electrons, and GOES 10 (west of the onset) For the azimuthally drifting source, tlhe number is deter-
detected waves generated by positive ions. Thus, we havalined by the generation mechanism. In the reference system
a heuristic model of the event: substorm injected clouds ofof the source, the phase just behind the source must be con-
particles (with opposite charges) directly drive the waves. Itstant, thus the Doppler-shifted wave frequeacy=w—mw,
means that a cloud produces an external (azimuthal) currermust be zero. Hence, we obtain the expression fomthe

Jextin the Ampere law number:
A7 . 4w | w(x)

VxB=—j+—jex (1) m=— ®)
c c wq(x)

where B is the wave magnetic field andlis the current as-
sociated with the wave. The external current is expresse
in terms of the number density particles in the cloud, the
bounce-averaged curvature/gradient drift frequebgyand Eyy = O(wqt — ¢)|Ex,y|e"“’. (6)
the equatorial distance from the Eafthas

Note that this value depends on the radial coordinate. Hence,
%q. @) is replaced by

HereW is the wave phase determined as
Jext=enwq L3(p — wqt). (2) o)
w (X
The delta-function here shows that the cloud is highly local-¥ = —w(x) + ——¢. (7)

ized in azimuthal coordinatg and arrives at the place with @a(x)

the coordinatey at time instant, defined as=¢/w;. Here The Heaviside step functio® (wyt—¢) indicates that the
the drift frequency in the inhomogeneous field is expressedvave appears in some azimuthal location simultaneously
through energy as with the particle cloud arrival in the same spot because the
energy of the Alien wave almost does not propagate trans-

~ —3
wq = 8x 107%L, (3) verse to the field lines: the wave can be viewed as to be car-
wherewy, L, ande are measured in degrees per minute, ried by the cloud.

Earth’s radii, and keV, respectiveliRpederer1970. Let us describe the main features of the solution obtained.

It should be noted that just after the injection the exter- The wave frequency is fully determined by the radial coordi-
nal current cannot be balanced by the gradient of the plasmaate and does not depend on the nature of the source. So, if
pressure. The transition to the steady situation needs som&o clouds are drifting in opposite azimuthal directions, they
time. must generate waves with the same frequencies determined

The generation of the AleBn wave by a cloud of sub- by the eigenfrequency on this magnetic surfacew (L). It
storm injected patrticles in a curved magnetic field was stud-is in agreement with the data described in the previous sec-
ied by Mager and Klimushkin2007, 2008 in terms of the  tion, since the waves observed by both satellites have almost
stationary phase method. But the main features of the spaticthe same frequencies. But the azimuthal wave number de-
temporal structure of the wave field can be elucidated in apends on the particle energy because it is defined through the
rather simple qualitative way. equality 6) and the drift frequency depends on the particle
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energy according to Eg3). So, one can expect differemt| west east
values for the wave generated by electrons and ions. The
radial k, and azimuthak, components of the wave vector
are defined through the phase@s-0W /ax andk,=9W/dy.

The Alfvén wave magnetic field oscillates transverse to the
perpendicular wave vectaB | -k | =0, hence the ratio of the
radial and azimuthal magnetic field components is

B, K

5L (®)

Here the azimuthal componentis=m/L. lts sign is de-
termined by the direction of the drift. It points westward
(eastward) if the wave is excited by ions (electrons).

Leto=¢ /w4 be atime instant when the source reaches the
point with a given azimuthal coordinate The Heaviside
function ® (wgf—¢) in the Eq. 6) shows that iff <zg, the
wave field is absent.

The wave vector radial component is determined as

A

o o\’ w))
ky =W =—| — | (0t —¢) —wt— ©) , - . . ,
d wd Fig. 5. Polarization ellipses of the wave excited by the moving

. . A . cloud at different time instants. Dashed lines represent the drifting
(prime means the radial derivative). Its sign depends on the .ce The bold line correspondskio=0 (purely poloidal polar-

drift velocity profile and varies with space and time. Let Us jzation of the wave). The right and left parts of the figure correspond
consider the most interesting case when the drift frequencypo electrons and ions, respectively. Thin lines represent the lines of
increases with the radial coordinate. Since in most of theconstant phase.

magnetosphere the Albn eigenfrequency decreases with

o’ <0, then the first right-hand side term of the previous equa-

tion is positive when>1y and grows with time, but the sec- along this axis (pure poloidal polarization), then it is inclined
ond one is always negative. Thus, there is also another spén the opposite direction (mixed polarization again).

cial time instant, As is seen from comparison of the Figsand5, these are
, the very features observed with the satellites. The hodograms
1= (p(‘”/_“’d). of the wave detected by GOES 8 and 10 rotated counter-
(,()/

clockwise and clockwise, respectively, as was expected for

Wheni<t <z, the wave vector radial component is nega- the waves generated by the clouds of electrons and ions, the
tive, kx<0. Both B, and B, components are presented in polarization was linear and changes from mixed to poloidal
the wave field, and the mode has a mixed po]arization (in.to mlxed again. This gives us additional hints for our inter-
termediate between toroidal and poloidal). At the momentPretation.
#1 this value becomes zeré, =0. It is the moment when The theory developed iMager and Klimushkin(2007,
the mode is purely poloidal for the given location. When 2008 allows one to evaluate the number densityf the par-
t>t1, the wave vector radial component becomes positive_tides responsible for the wave generationBIfs the trans-
In the course of timek, grows, which means that the mode Vverse magnetic field; is the speed of lighte is the electric
trasforms from poloidal to toroidal. A reason for this trans- charge and/, is the field-line averaged Aln speed, then
formation is the phase mixing. Indeed, fosr, the first ~ the concentration is
term in Eq. {) is much larger than the second one, d@nd Be
is determined by the derivative of the firstterm (asin&q. "~ 2meLVa
T " A

that is, it grows with time a&,~—w'r.

The corresponding polarization ellipse of the wave is de-Substituting the observed amplitud@~10—° Gauss and
picted in Fig.5. It must be noted that the wave is approxi- V4~10° cm/s into this equation, we obtairn-10-3 cm2,
mately linearly polarized because in the WKB approximation It is possible also to evaluate the energy of the particles
both radial and azimuthal magnetic field components haveesponsible for the wave generation. The wave activity at
the same phase. The most interesting feature of these grapl&OES 10 (located about 40vest of the place of the injec-
is the change in the polarization ellipse orientation due totion) started 12—-14 min after the onset. Using E), (ve
thek, sign change. At the beginning, the ellipse is inclined obtain the energy of ions~60 keV, which is quite a reason-
to the x-axis (mixed wave polarization), then it is directed able value.

www.ann-geophys.net/26/2053/2008/ Ann. Geophys., 26, 2Z0E38-2008
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Let us compare this estimate with the LANL satellites directions but on the same magnetic shell must be equal. If
data, presented in the end of the previous section. The drifthe drift velocity grows with the radial coordinate, the addi-
velocity wy from 3 to 4° per minute, calculated from the tional features of the excited wave are expected: (1) approx-
LANL 9 data (L=6.6 Rg), corresponds to proton energy imately linear polarization of the wave, (2) double change of
from 55 to 75 keV, which is quite close to the previous es-the polarization (mixee>poloidal—>mixed), and (3) change
timate (note that GOES 10 was situated abolit 88st of in the orientation of the polarization ellipse. All these fea-
LANL 9). At LANL 4 location (AA=162 W), the drift  tures of the waves emitted by a moving cloud of particles
velocity is wy~3.4°/min to 58°/min, which corresponds were observed.

o the energy frome~65 to 110keV, and at LANL 1 lo-  The estimated energy of the ions responsible for the wave
cat<|)on_(A)\=258‘> W) the drift velocity iswg~3.7°/min 10 generation is~60 keV. This estimation is confirmed by the
6.5°/min, and the energy is~70 to 120keV. It is evident  gnergetic particles data recorded by LANL satellites.

that the energy of the protons, forming the cloud leading An obvious shortcoming of the model is that the particles

(western) front, gradually increases in the course of drift, .
. i . . X re assumed monoenergetic. However, we do not expect that
which can be explained by the non-stationarity and azimuthal : ) :
it could substantially change the results, since the nonuni-

n_or_1-u_n|form|ty of the magnetosph_ere, as well as by the P orm magnetic field acts as a natural filter: the particles with
cipitations of the low energy particles into the ionosphere.

Nonetheless, the rough coincidence of the estimates obtaineta1e different energies drift in the magnetosphere with differ-

from the GOES 10 and LANL 9 (nearest to GOES 10) dataer.]t veIocmes. Thg first populatllon which arrives to the point
. 7 s with the given azimuthal coordinate has the highest energy,
shows that it was a substorm injected westward drifting pro-

) . X and, provided that it has sufficient particle density, it must be
ton cloud, which was responsible for the generation of the . . o
. the one which generates the wave. What is of crucial impor-
waves seen in the GOES 10 data.

Th timat f the drift velocit d ticl tance in the context of the present paper, is the growth of the
_'he estimates ot the dnit velocilies and particle ener- , velocity with the radial coordinate, because under this
gies on the leading (east) front of the electron cloud, ob-

) g condition the particle population is stretched into a spiral,
talnedjrzcir/n .thei ﬂzo); d_ata Tstg? 5707_ §2\5/ kﬁXNeCirgy b;md'which leads to the double change in the wave polarization.
Zrea;?’/minn:(ljn4§°/mir:|2’ 657 to 55 keVe(LXNL 2) kt?f?e This kind of the particle populations can take place in the

a~ ' el \ ) tosph d diticBeu(th 1980.
upper value of the drift velocityy,~4°/min, obtained from magnetosphere under some conditids|(thwood 1980

the LANL 1 data, the electron cloud must have arrived to  Since the problem of the temporal evolution of the wave
the GOES 8 meridian in 5min after the injection. Unfortu- field generated by kinetic instabilities mentioned in the In-
nately, the small angular distance between the place of th&eduction has not been studied, the key features of the event
injection and the GOES 8 location, together with the finite €annOt be explained in terms of these theories. Still, the in-
azimuthal size of the source and rather rough time resolutiorstaPilities cannot be completely ruled out. Any realistic treat-
make it impossible to perform the estimation of the electron_mem of the instabilities on substorm injected particles must

energy from the GOES 8 magnetic data and compare it witHnclude two steps: (i) non-steady current of drifting energetic
the LANL 1-4 results. particles generate the “embryos” of hydromagnetic fluctua-

tions in a way similar the one described in Sect. 3, (ii) a reso-

nant instability provides amplification of narrow-band waves
4 Conclusion and discussion from these “embryo” oscillations (or, if the criteria of the in-

stabilities are not fulfilled, the oscillations are damped due to

Just after the 17 September 2000 substorm onset a uniqd@e interaction with the particles). Thus, even if the instabil-
configuration occurred: the place of the injection was rightities do work, this double event represents the wave on the
between the satellites GOES 8 and 10, and both satellites offirst initial stage of the process just described.
served Pc5 waves after the onset. Later, a chain of LANL It should be added th&aka et al(1992 observed a Pc5
satellites registered the substorm injected proton cloud driftwwave event with~1, associated with increased fluxes of
ing westward and the electron cloud drifting eastward. Thus energetic electrons in the magnetosphere and interpreted it
we obtain the interpretation of the double event: GOES 8as a wave generated by electron injection. Finally, we re-
(located east of the substorm onset) detected the waves gemind the reader of an almost forgotten suggestiorRiog-
erated by drifting electrons, and GOES 10 (west of the onsetjoker and Lam(1978 that some lows: Pc5 waves could be
detected the waves generated by positive ions. eigenmodes of the magnetosphere-ionosphere current sys-
According to the theory, the phase velocity azimuthal tem. This sounds rather vague, but it can be elucidated if
component coincides with the drift velocity of the cloud. The we note that charged particle injections represent a part of
wave frequency on a given L-shell does not depend on the nathis current system, thus it is reasonable to suppose that their
ture of the source, being determined by the Aliweigenfre- mechanism expressed in more familiar MHD terms will look
quency on this magnetic surface. So, the frequencies of theery similar to the one considered in the present paper. How-
waves generated by the clouds drifting in opposite azimuthakver, we do not insist on it.
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