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Abstract. Electrostatic Solitary Waves (ESWs) have beendetected significant field-aligned electron fluxes from a few
observed by several spacecraft in the current layers of Earth'400 eV to 3.5keV, 2) the EDI instrument detected bursts of
magnetosphere since 1982. ESWSs are manifested as isolatééld-aligned electron currents, 3) the FGM instrument de-
pulses (one wave period) in the high time resolution wave-tected substantial magnetic fluctuations and the presence of
form data obtained on these spacecraft. They are thus norAlfvén waves, 4) the STAFF experiment detected broad-
linear structures generated out of nonlinear instabilities andand electric and magnetic waves, ion cyclotron waves and
processes. We report the first observations of ESWs assawhistler mode waves, and 5) CIS detected nearly comparable
ciated with the onset of a super-substorm that occurred omlensities of H+ and O+ ions and a large tailward H+ velocity.
24 August 2005 while the Cluster spacecraft were located/e compare the characteristics of the ESWSs observed during
in the magnetotail at around 18-%9: and moving north-  this event to those created in the laboratory at the University
ward from the plasma sheet to the lobes. These ESWSs weref California-Los Angeles Plasma Device (LAPD) with an
detected in the waveform data of the WBD plasma wave re-electron beam. We find that the time durations of both space
ceiver on three of the Cluster spacecraft. The majority of theand LAPD ESWSs are only slightly larger than the respec-
ESWs were detected about 5min after the super-substorrtive local electron plasma periods, indicating that electron,
onset during which time 1) the PEACE electron instrumentand not ion, dynamics are responsible for generation of the
ESWs. We have discussed possible mechanisms for generat-
ing the ESWs in space, including the beam and kinetic Bune-

@ Correspondence tal. S. Pickett man type instabilities and the acoustic instabilities. Future
@ s (pickett@uiowa.edu) studies will examine these mechanisms in more detail using
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the space measurements as inputs to models, and better relateal., 2008a, b), respectively. ESWs have been observed
the ESW space measurements to the laboratory through PI® the magnetotail by a few missions, most notably and first
code models. by Geotail (Matsumoto et al., 1994) in the far tail, followed
by Polar (Franz et al., 1998, 2000; Cattell et al., 1999) in
the near Earth plasma sheet and by Cluster in the mid-tail
plasma sheet (Pickett et al., 2004). They are observed in the
1 Introduction data as isolated solitary pulses or sometimes as a series of
several pulses (see Fig. 3). They have also been observed in
Substorms at Earth (Akasofu, 1964) have been the subject ofssociation with reconnection in the magnetotail (Cattell et
intense research for many years. Many aspects of substormg|., 2005; Deng et al., 2006) and with dayside reconnection
such as what triggers their onset and where, and their sigthrough observations in the cleft (Pottelette and Treumann,
nificance in the global ongoing processes connected with tha99g) and in the magnetopause boundary (Matsumoto et al.,
sun, have been studied in detail. Super-substorms are papp03). A statistical study by Pickett et al. (2004) showed
ticularly intense substorms that show evidence of externathat ESWs are observed throughout much of the Cluster orbit
triggering (Zhou and Tsurutani, 2001; Tsurutani and Zhou,(~4x19 Ry during the first few years of the mission), but are
2003). We investigate a process involving nonlinear micro-primarily confined to boundary or current layers or wherever
physics and the generation of Electrostatic Solitary Wavesyrbulence is present, such as throughout the magnetosheath
(ESWs) associated with the onset of a super-substorm thapickett et al., 2005). Their presence thus indicates a plasma
occurred on 24 August 2005 during the main phase of a sethat is unsettled with at least one or more active instabilities
vere magnetic storm. The purpose of the present study is nghyolving trapped particles or density perturbations.
to investigate in detail the super-substorm itself, but rather |, gect, 2, we present the Cluster observations that are rel-
to discuss the effects of that super-substorm on physical progyant to the study of the ESWs associated with this super-
cesses in the magnetotail. substorm. The Cluster wave observations of the ESWs are
In the present study we use data from the four Clusterdiscussed first, followed by the supporting data from the
spacecraft, which were located in the magnetotail at 18-1%ther Cluster instruments that help us understand the plasma
Rg, ~01:00 Magnetic Local Time ang10 to—12 degrees  in which the measurements were made. Section 3 is dedi-
Solar Magnetic latitude, to investigate the physical processegated to a discussion of ongoing laboratory experiments be-
observed at Cluster’s location in association with the supering carried out in support of studies of ESWs in space, in-
substorm onset. We analyzed data from several of the Clustefluding a comparison of the ESWs observed in space to those
instruments, namely: Wideband Data (WBD) plasma waveppserved in the LAPD. In Sect. 4 we briefly discuss the pos-
receiver (Gurnett et al., 1997), Electron Drift Instrument sible ESW generation mechanisms for the ESWs observed
(EDI) (Paschmann et al., 1997), Flux Gate Magnetometeiduring the LAPD experiments and during the super-substorm

(FGM) (Balogh et al., 1997), Spatio-Temporal Analysis of phased on the observations. In Sect. 5 we present our conclu-
Field Fluctuations Search Coil (STAFF-SC) and Spectrumsjons.

Analyzer (STAFF-SA) (Cornilleau-Wehrlin et al., 2003),

Electric Field and Wave Experiment (EFW) (Gustafsson et

al., 1997), WHISPER Resonance Soundeé¢Bau et al., 2 Space observations
1997), Plasma Electron and Current Experiment (PEACE)

(Johnstone et al., 1997), and Cluster lon Spectrometry (CIShs determined by the IMAGE spacecraft Wideband Imag-

(Reme et al., 2001). The primary focus of this investiga- ing Camera (WIC) instrument, onset of the super-substorm

tion is nonlinear Electrostatic Solitary Waves (ESWSs) ob- at Earth was around 09:42 UT on 24 August 2005. The au-

served shortly after super-substorm onset, with comparisomoral bulge phase of the substorm around 09:48 UT is the

to ESWs observed in recently-conducted laboratory experphase that is relevant to our study of ESWs. For more

iments at the University of California-Los Angeles plasma information about this super-substorm and analysis of it,

device (LAPD). the reader is referred to the first Virtual Conference web-
ESWs are small-scale structures representing 1) holes igite (ttp://workshops.jhuapl.edyhosted by Johns Hopkins

either electron or ion phase space or 2) density enhancementsniversity in November 2006.

and decreases, depending on whether they are Bernstein-

Greene-Kruskal (BGK) structures generated out of: 1) a2.1 ESW data

beam, two-stream, or kinetic Buneman type of instability

(Bernstein et al.,, 1957; Omura et al., 1996; Goldman etFigure 1 shows the observations of WBD on Cluster space-

al., 2003; Chen et al., 2004, 2005) or 2) an acoustic moderaft (SC) 1, 2 and 4 in the time period 09:00 to 11:00 UT.

generated out of an acoustic instability (Dubouloz, 1991;Data from SC3 were not obtained in this interval by WBD.

Berthomier et al., 2000; Singh and Lakhina, 2001; Singh etHowever, SC3 was close to SC4 and would have seen essen-

al., 2001; Kakad et al., 2007; Ghosh et al., 2008; Lakhinatially the same overall wave profile as SC4. At this time the

Nonlin. Processes Geophys., 16, 48342 2009 www.nonlin-processes-geophys.net/16/431/2009/
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Fig. 1. Cluster WBD data during the 24 August 2005 super- X(j/ / // /
substorm. Shown are data from three of the Cluster spacecraft, .

SC1, SC2 and SC3, from top to bottom, for the time period 09:00 Y

to 11:00 UT, frequency range of 100 Hz to 30 kHz, with color indi- —
cating electric field power spectral density. Of interest is the BEN C;

seen on all three spacecraft beginning around 09:45-09:48, which
is a few minutes after the onset of the super-substorm. o

spacecraft were configured as shown in Fig. 2 in the GSE X-
Z and X-Y planes, with the spacecraft moving northward —~—
with increasing time from the plasma sheet to the lobe and
back to the plasma sheet. SC4 was closest to Earth, fol-
lowed by SC3, SC1, and SC2 (farthest). In terms of Geo- AN

magnetic Latitude, SC3 was at the highest latitude, followed VNN

by SC4, SC2 and SC1. The inter-spacecraft distances were:

- ) . ig. 2. Location of the four Cluster spacecraft in thegsp-Zgsg
4-3: 830km, 3-1: 6724km, 1-2: 8359km. Even at these(top) and XgspYse (bottom) coordinate planes at the time of

large spacecraft distances, the waves detected on all Clust@fe per-substorm. The four Cluster satellites are located in the
spacecraft are very similar with differences being noted pri-magnetotail around 18—18; and are color coded as follows: SC1:
marily in UT time of observation and duration of detection. black, SC2: red; SC3: green; SC4: magenta. SC3 and SC4 are clos-
Looking again at Fig. 1, we point out the broadband wavesest to Earth; SC2 is farthest. The spacecraft are moving northward
designated as BEN (Broadband Electrostatic Noise) that exWith increasing time from the plasma sheet to the lobe.
tend from the lowest frequencies measured @0 Hz) up to
20-30kHz. These are the waves that are the focus of this
study. Around 09:45 UT, the first disturbance associated withmainder of the time period in which WBD data were obtained
the super-substorm is observed about 3min after onset. Athrough about 12:15UT. However, the frequency extent of
analysis of the high time resolution WBD data shows that thethe broadband waves after about 09:52 to 09:55 UT is signif-
disturbance is seen first on SC2, followed by SC1, then SC4icantly reduced.
Since SC2 is the farthest from the Earth, it is a disturbance In orderto understand the makeup of the broadband waves,
initiated even farther from Earth and beyond SC2’s loca-we show a 2.5 ms length time vs. electric field amplitude plot
tion, 18.9Rg. The main disturbance is then observed aroundof the waveforms at 09:48:36 in the top panel of Fig 3. These
09:47:30UT in association with the auroral bulge phase ofwaveforms, when analyzed with a Fast Fourier Transform
the super-substorm. The broadband waves are observed efFT), result in the broadband waves observed in Fig. 1. In
tending to higher frequencies (implying shorter time scale)Fig. 3 we observe four major pulses all with time durations
and are very intense. In this case, the order in which theof about 214«s and amplitudes of a few mV/m, with ESW
spacecraft observe the disturbance (SC4, SC1, SC2) is exspacing about 270s. In comparison, the electron plasma
actly reversed from the previous one at 09:45 UT, implying period at a density of~1.5cnT2 is about 9Qus based on
that the disturbance is taking place closer to Earth than theCluster EFW spacecraft potential and Whisper sounder data.
location of the Cluster spacecraft and propagating outwardrhese coherent, isolated pulses observed in the high time res-
down the magnetotail. Furthermore, this disturbance, witholution AC electric field waveform data are referred to as
the associated broadband waves, persists throughout the reSWs (Matsumoto et al., 1994). Small amplitude solitary

www.nonlin-processes-geophys.net/16/431/2009/ Nonlin. Processes Geophys., 218242009
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Cluster 4 WAVELET ANALYSIS The shorter ESW time durations observed in the bulge phase
2005-08-24T09:48:36.061 are most likely due to coincident enhanced field-aligned (in

E 4. - : both parallel and anti-parallel directions, consistent with the
> L |‘2E6| At=214 ps E mixed polarity of the ESWs — see next paragraph) electron
s oL fluxes, as shown in the first and third panels of Fig. 7 and as
2 2 g At=214 HS/ discussed in Sect. 2.2, as opposed to increased plasma den-
2 4l Ep.p=3.6 mV/m 1 sity. The plasma density in the bulge phase is lower than
8 00000 0.0005 0.0010 0.0015 0.0020 0.0025 that before the bulge phase and higher than that after (the
L

Time (Seconds) bulge phase is a transition stage), according to the density

i 7 measurements from CIS (see Panels 1 and 2 of Fig. 6), EFW
(deduced from the spacecraft potential measurements), and
Whisper sounder measurements. ESWSs with longer time du-
rations around 1 ms are more common in the magnetotail (see
Pickett et al., 2004), implying that the physical processes as-
sociated with the major super-substorm disturbance at Clus-
ter around 09:47-09:55 are altered as compared to more quiet
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 times in the plasma sheet.

Time (Seconds) Finally, we mention for completeness that Cluster WBD is
unable to distinguish positive potential polarity ESWs from
negative ones or obtain propagation speed on any one single
Cluster spacecraft because it simply measures the potential
difference between two electric field spheres (a dipole) along

Fig. 3. Cluster WBD data taken on SC4 during the time of great- . .
est disturbance at Cluster’s location at 09:48:36. Top panel: wavepnly one axis. With regard to whether all detected ESWs for

form data recorded over a 2.5ms time interval showing some ofthiS eve_m.are of the same electric-field polarity, they are not.
the ESWs observed during this time, with their noted characterisn fact in intervals as small as a few ms we can see ESWs

tics defined by pulse duration and electric field amplitude. BottomWith opposite electric-field polarities (referred to the first ex-
panel: wavelet transform of the data shown in the top panel plottedcursion of the bipolar pulses) which cannot be attributed to
as frequency vs. time with color indicating the power of the wavesthe spinning antenna’s orientation with respect to the ESWs’
in arbitrary units (au). The ESWs appear as localized structurespropagation. However, we do not know whether these are
around 3 to 8kHz. ESWs of the same potential polarity traveling in opposite
directions, or whether they are opposite potential polarities
traveling in the same direction. If the ESWs are of similar
waves containing magnetic-field aligned electric field com-time duration as is usually the case, we would tend to favor
ponents were first observed in space on the S3-3 spacecrafie former explanation, and this is consistent with the en-
(Temerin et al., 1982) in the auroral region, but these solitaryhanced directional fluxes of electrons both parallel and anti-
waves were not identified as to the type of structure they repparallel to the magnetic field (see Fig. 7). However, we stress
resented (i.e., phase space holes or density enhancementstpt there is no way to prove this with the WBD data alone.
depletions). We have been able to obtain propagation speed in a very
A wavelet transform, using a Morlet reference wavelet, of limited number of cases in the auroral zone (Pickett et al.,
the waveforms shown in the top panel of Fig. 3 results in the2004) and at the magnetopause boundary layer (Pickett et
wavelet spectrogram seen in the bottom panel of Fig. 3. Thel., 2008) when the Cluster spacecraft were configured with
wavelet transform highlights the true nature of the ESWs,mean separation distances of 200 km or less. As noted above,
i.e., they are localized in time and frequency. The char-for this super-substorm event the spacecraft were separated
acteristic frequencies of about 3 to 12kHz represent theon the order of 1000 to 8000 km, making it impossible to
ESW pulse durations, as well as the time between individ-observe propagation of one ESW from one spacecraft to an-
ual pulses. For example, the inverse of the average of thither. In Polar observations of ESWs at the plasma sheet
frequency range gives a characteristic time of 333 ta¢€3  boundary layer (which is the relevant region to this study),
which is consistent with the time durations of the ESWSs, asthe ESWs propagate typically at around the electron ther-
well as the time between successive ESWSs, shown at the tomal speed or higher (Franz et al., 2005). Even though
of Fig. 3. Referring back to Fig. 1, we can now say that the Cluster WBD cannot measure the speeds of ESWs for the
ESWs observed around 09:47:30 UT to 09:55:00 UT, i.e., thesuper-substorm event, the fact that the measured ESWs have
auroral bulge phase, have time durations substantially shortdime durations comparable to the electron plasma period sug-
(typically few 100us but can be as low as about /Z§), for gests that they might propagate at the electron thermal speed.
the most part, than those observed both before and after thig/BD is also not able to provide direction of ESW propaga-
time period, which are on the order of 1 ms (not shown here)tion, i.e., parallel, oblique, perpendicular, or anti-parallel to

Frequency (kHz)

7.6e-04 0.054 0.87 8.3

Power (au)
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the magnetic field since its measurements are made along 2005—08—24 Cluster 1
only one axis, that being in the spin plane. However, we  1"* ‘ ‘ * ‘
are able to transform the three-axis FGM magnetic field data _
into the antenna coordinate system used by WBD in order £
to obtain the angle between the WBD measurement antenniz
and the magnetic fieldbfn—p). If the ESW structures are
propagating parallel or anti-parallel to the magnetic field, a
necessary condition for this to be the case is#aat g must 5
preferably be near 0 or 180 degrees, or at least not close tcé 2t
90 degrees. This is indeed the case for all of the ESWs ob-&
served during and following the super-substorm onset, with

ENE=T I -
T T T

the occurrence probability @fani—p strongly peaking at 0 1o
and 180 degrees. 50 :\“"ﬂu‘m ;_d‘,{m,,’\ o
S S *‘Wm ,
. VAL \i%
2.2 Supporting data 0l e ?\\ M

-100

In order to put the ESW measurements into context with the
plasma environment in which they are observed, we next&o]
analyze other Cluster data taken in situ. Figure 4 contains§
EDI and FGM data from SC1 covering the interval 09:40
to 10:05UT on 24 August 2005. The top two panels con-
tain electron fluxes (in units of (1/(chsec-sr-eV)) deduced ‘ 1 . }
from the EDI measurements of 500 eV electrons at 0-degree o 09:45 0950 09185 10:00 10105

and 180-degree pitch angles, respectively. Note the different Time in Day 20050824

amplitude scales on these two panels. Of primary signifi- )

cance is the occurrence of simultaneous fluxes of differenf9- 4. EDI, FGM and WBD data obtained on Cluster SC1 dur-
magnitudes at pitch angles 0 and 180 degrees, implying th#ﬁg the period of the mos'.[ |nFense Fjlsturbance fr(')m.09:45 to 09:55.
presence of field-aligned electron currents. As mentioned in op two panels: magnetic field aligned and anti-aligned fluxes of

. . electrons as deduced from the EDI measurements of 500-eV am-
the Introduction, ESWs are usually found in all boundary and, ;. electrons. Third panel: Thex, By, and Bz components of

current layers. o the magnetic field as measured by FGM, showing intense fluctua-
The FGM DC magnetic field measurements of the tions in the period of 09:45 to 09:55. Bottom panel: analyzed WBD
(Blue), By (green) and3z (red) components of the magnetic data showing when bipolar (black dots) and tripolar (green dots)
field in a GSE coordinate system are shown in the third panelESWs are detected and their electric field amplitudes given on the
These measurements show large fluctuations in the magnetieft horizontal axis. The total magnetic field is plotted as a solid
field beginning around 09:45 UT and continuing through- black line with the scale on the right vertical axis. Most ESWs are
out the 25-min period, but most strongly in the interval of detected during the intense magnetic fluctuations when currents are
09:47 to 09:52 UT where the bulk of the ESWs are observedPPserved.
(bottom panel). These fluctuations in the magnetic compo-

nents usually indicate the presence of currents. We also note Next we look at some of these magnetic fluctuations in

that Bx is primarily negative during this interval. The t0- 50 getail. The hodogram plotted in Fig. 5 shows the B1 vs.

tal magnetic field (black line) and dete(_:tions of ESWs by g, components obtained through Minimum Variance Anal-
WBD (black and green dots) are shown in the bottom panel sis (MVA) of the magnetic field data (Sonnerup and Cahill,

The ESWs are automatically detected by an analysis routing 957y for the time interval 09:48:50.4 to 9.49:26.4 UT at
specifically designed to identify isolated bipolar pulses (tWOthe height of the disturbance at SC1. In the MVA coordi-

humps similar to those shown in Fig. 3) and tripolar pulsesy 4o ovstem, B1, B2 and B3 are the field components in the
(three humps, with the third hump having the same sign a?naximum, intermediate and minimum variance directions.

the first) in the WaVEfprm data (see Pickett et al., 200,4)' INThe hodogram shows that most of the perturbation field is in
the bottom panel of Fig. 4, black dots represent detections ofq g1 girection, suggesting the presence of linear polarized
bipolar pulses and green dots represent tripolar pulses. Thgx, an waves. Several other intervals were analyzed with
amplitude of these pulses, in mV/m, is obtained by referringyna ang found to contain similar signatures of linearity,
to the left vertical axis, while the magnetic field amplitude suggesting that Alfén waves are present throughout much

scale is given on the right vertical axis. This panel showsof the major disturbance interval of 09:47 to 09:55 UT.
that most ESWs have amplitudes of 0.1 to 10 mV/m and are

detected in regions where currents are present and the mag-
netic field fluctuations are largest.
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Cluster 1 FGM Data Cluster 4 2005-08-24
24 August 2005, 09:48:50.4 to 09:49:26.4 UT 1.000 ‘ ; ‘ ‘ ‘
Hodogram, MVA frame "’g 0 WOO; ;
100 T T T G 3 E
~ 3 E N H+
sol- z 0.010 3 E
6o 1 9-885
40 “e 0100 L
= 3 E N O+
201 z 0.010 4 =
- ] -
f. ok L O’OW%E E| E
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Fig. 5. Minimum variance analysis of an approximate 30's interval 1ddo E ER—
of magnetic field data obtained during the time when most ESWs 2 500 2
are observed. The hodogram of the B1 vs. B2 components in the < 03 £y
MVA frame show that the Alfén wave is linearly polarized. = -s00] SV
- —WOOIO | I , ~
The CIS CODIF ion data and STAFF-SC low frequency 9 < oM E
magnetic field data for the time period 09:35 to 10:05UT i ; R
on SC4 are presented in Fig. 6. The top two panels show = ¢ R
the H+ and O+ densities, respectively, in T The next 5 ; £
two panels show the H+ and O+ parallel and perpendicu- & 09:40 T 0950 10:00

lar temperatures, respectively, in eV. The fifth panel provides TIME (U.T.) (hh:mm)

the H+ velocity over the range of30eV to 40keV. We

note that there is a small but significant H+ and O+ tem-Fig. 6. Cluster SC4 data from the QIS CODIF and STAFF-S(? in-
perature anisotropy (TpaiTper) in the period where most struments. Top two panels: density of H+ _and O+, respectively:
of the ESWs are detected on this spacecraft (h@9:47 panels three and f_our: parallel and perpendicular H+ and Q+ tem-
to 09:53 UT) and that the H+ velocity in this time period is peratures, respectively. These show a small amount of anisotropy

dilv i inain th i d di . her hi hduring the period of interest for ESWs, i.e., 09:47-09:53. Panel
steadlly increasing in the tailward direction to a rather hig five: X, Y andZ components of the H+ velocity in the GSE coordi-

velocity of ~700 km/s at 09:51:30 UT. At this point the Sign e system, showing an increasing negaxiveelocity from 09:44

of the ion velocity reverses and the ESWs (see broadbang, 09:52. Bottom panel: magnetic field power spectral density of
waves in Fig. 1, SC4) disappear. Although the overall densitythe waves as the sum of all three orthogonal components. Broad-
is low (around 1.5 cmd) in this time interval, the O+ density band waves in the frequency rangé to 12 Hz are observed during

in the time of increasing tailward flow becomes a substantialthe time when the ion velocity is steadily increasing in the negative
part of the total density (about 0.2 vs. 0.4 for H+). Note that Xcsedirection.

around the end time of the plot, where the density is lowest,

the CIS CODIF data are not valid owing to the spacecraft

entering into the lobes (empty region with low count rates).  wiith regard to the electron data obtained by the PEACE
Based on these ion data and the data shown in Fig. 4, Wehstrument, up to about 09:44 UT there is some heating of
have a current layer in which two ion species are dominantihe electrons which is normal for this region. At this time the
as opposed to one. Corresponding precisely with the increasdistribution is also isotropic in the range of about 160 eV to
ing tailward flow are broadband electromagnetic waves inthej3keV. In the period of 09:44 to 09:54 UT there is a small
frequency range of about 0.3Hz to 12Hz as shown by theincrease in flux observed around 09:44:30 UT with field-
STAFF-SC data plotted in the bottom panel of Fig. 6. Plot- gligned fluxes observed shortly after. Then, more intense
ted is the sum of all three orthogonal magnetic components ofie|d-aligned and counter-streaming fluxes dominate for the
the waves over the stated frequency range with color indicatinterval 09:48 to 09:54 UT as shown in the top three pan-
ing magnetic field intensity. Analysis of these waves showsels (parallel, perpendicular and anti-parallel to the magnetic
that ion cyclotron waves around 0.6 Hz are likely present (notfield, respectively) of Fig. 7. In these panels the electron en-
shown). ergy is plotted vs. time for SC1 with the color indicating the
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§§ a0 - Fig. 8. STAFF-SA data for the period of 09:35—-10:05 on SC4. Top
nE 2 & two panels: sum of the power spectral densities of the two elec-
. 3 tric components and the three magnetic components, respectively.
£ 80 ; Broadband waves up to about 100 Hz and higher frequency bursts
5 60 g around a few 100 Hz are visible in the primary disturbance period
§ 20 s of 09:44 to 09:53. Third panel: elipticity of the waves, showing that
° the higher frequency bursts are nearly circular. Bottom padel:
O—Z,_’ : : : : : 20 component of the Poynting flux showing that the higher frequency
09:44  09:46  09:48  09:50  09:52  09:54 bursts, which are less than the electron cyclotron frequency, are

UT ON 24 AUGUST 2005 propagating in both directions. Based on these data, the higher fre-

. guency bursts are whistler mode waves.
Fig. 7. PEACE and WBD ESW data on Cluster SC1. Top three

panels: electron energy vs. time with color indicating the differen-

tial energy flux for fluxes parallel, perpendicular and anti-parallel . o .
to the magnetic field, respectively. Field-aligned fluxes are clearlyus that there is a clear association of detection of the ESWs

seen in the interval 09:48 to 09:53. Bottom two panels: the l‘irstdurlng th_e time of_lntense fleld-allgned ele(_:tron fluxes, as
panel shows the ESW detections with format the same as in the botvell as with detection of the tailward flow of ions where the
tom panel of Fig. 4. The bottom panel of Fig. 7 has the same formati+ and O+ densities are of the same order of magnitude.
except that the time duration of the ESWs is plotted on the left verti-As previously mentioned, the ESWs are also detected when
cal axis. This figure shows clearly that the ESWs are most stronglithe electric field antenna used to make the measurements is
detected in the regions of field-aligned fluxes. nearly aligned or anti-aligned with the magnetic field, sug-
gesting that observed field-aligned electron fluxes could be
important in the generation process of the ESWs.
differential energy flux. The field-aligned fluxes from 09:48  To conclude our discussion of supporting data, we present
to 09:54 UT are primarily in the energy range of 380 eV up to in Fig. 8 the STAFF-SA data taken during the period 09:35
3.5keV, but are slightly lower in energy at the start of the in- to 10:05 on SC4 in the frequency range 10-4000 Hz. The top
terval. These field-aligned fluxes are not highly beamed durtwo panels provide the power spectral density of the elec-
ing this interval but rather distributed over a slightly broader tric and magnetic components, respectively, the third panel
energy range. The detections of the ESWs by the WBD in-shows the ellipticity of polarization and the bottom panel
strument for SC1 for the period 09:43 to 09:54 UT are shownshows the Z-component of the Poynting vector, with the
at the bottom of Fig. 7. The format is the same as that showrblack/white line being the electron cyclotron frequency. We
at the bottom of Fig. 4 except that the second WBD panelsee intense broadband electric and magnetic waves up to
shows the time duration of each detected bipolar and tripolaabout 100 Hz, and higher frequency bursts (few hundred Hz)
pulse. From these WBD data we find that the ESWs are obin the period 09:44 to 09:53. The high frequency bursts ap-
served predominantly in the period 09:48 to 09:54 UT with pear to be circularly polarized (third panel, ellipticity close to
pulse time durations on the order of 80 to 260and ampli- 1) at frequencies less than the electron cyclotron frequency,
tudes ranging from 0.1 to 10 mV/m. Thus, Figs. 6 and 7 showthus whistler mode. They also appear to be propagating both
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at about 6cm from the beam source. In the top panel
are plotted the potential measurements made by Probes 2
(black) and 4 (blue) which were 80m apart. The elec-
tric field obtained from these measurements (difference be-
tween the two probe potentials divided by their separation)
resulted in the trace seen in the bottom panel. This figure
demonstrates that we have generated a solitary wave with
electric field of 240 V/m peak-to-peak and time duration of
0.0029us (slightly larger than one electron plasma period:
f,;lzo.oozms). Based on the measured time delay from
probe 2 to probe 4 of 0.000% and the distance traveled in
that time (probe distance of 0n), we have calculated that
this ESW travels away from the beam source at a speed of
49.‘100 49.'105 49.'110 49.'115 49.‘120 49.'125 49_'130 300 km/s (parallel to the background magnetic field), equiv-
¢ [uS] alent to 1.2%7, (thermal speed of background electrons)
and 0.053), (beam speed), and has a size of 8,8 (1 A pe
Fig. 9. Example of an ESW produced in the laboratory using the is about 5qum for the density and temperature in this par-
LAPD with an injected beam. Top panel: potentials as measured byticular run). The fact that the ESW velocity is so much
two different probes separated by 8t with probe 2 (black) de-  smaller than the beam speed rules out the electron-electron
tecting the ESW slightly earlier than Probe 4 (blue). Bottom panel:two stream instability as the generation mechanism for the
th_e_ electric field calculated as the difference of the two potentials| App ESWs because the two-stream generated ESWs are
divided by the probe separation. expected to propagate at about half the beam speed. In ad-
dition, we can rule out the possibility that the LAPD ESWs
are ion acoustic mode since they propagate at a few hundred

e,y [MV]

E,, [V/m]

—80+ 4

along and opposed to the magnetic field direction (bottom . . :
. km/s, whereas the ion acoustic speed is a few km/s.

panel, Z-component of Poynting vector close to 1 arid The ESW les in th b i di di

respectively). The high frequency bursts appear to be associz ' scajes In e space observations discussed In

ated with the time period of field-aligned fluxes as observedtsetcr;{' Zd_"’“e very dd'ﬁe_rt ent fmg"'t those " the laboratory d(;"t*h
in the electron data presented in Flg 7. 0 the disparate densities and temperatures In space an e

laboratory. For the super-substorm event, the ESWs were
on the order of 20@s time duration fp:,1~90us), or about
3 Laboratory experiments 70000 times longer than the laboratory, and 0.004 V/m am-
plitude, or about 60000 times smaller than the laboratory.
In order to gain some insight into the space observations we4owever, both time durations of the space and laboratory
have begun to run a series of experiments in the UniversityfeSWs are close to, but slightly larger than, the electron
of California-Los Angeles plasma device (LAPD) to gener- plasma period, suggesting that they are both electron-mode
ate ESWs and to study their roles in thin current layers. Forsolitary waves. It is not possible to obtain the velocity and
a description of the LAPD and the research conducted withsize of the ESWSs for this super-substorm case as discussed
this facility, refer to the websitéttp:/plasma.physics.ucla. at the end of Sect. 2.1. Since it is also impossible to ex-
edu/bapsf/index.htmlFor our first experiments we injected actly recreate the space plasma in the laboratory, we must go
an electron beam into a cold plasma and varied the speed afne step further to deal with these vastly different scales. In
the beam, as well as the magnetic field strength. We alsduture studies we will 1) simulate the laboratory parameters
took measurements in a wide range of background plasmavith 2-D and 3-D PIC code; 2) make systematic comparisons
densities. The first of these results will be published else-between laboratory and simulation results to establish corre-
where by Lefebvre et al. (2009) Here we present an examplepondence; and 3) vary the parameters in PIC simulations
of the ESWs to demonstrate that we have been able to genete study the cases from space. This should provide us with
ate them in the laboratory by injecting an electron beam, andh better understanding of the measurements made in space
to detect them at locations 500-100§. (Debye lengths) since both the space and laboratory measurements are being
from the beam source. made within current layers with measured characteristics.
Figure 9 shows an example of a solitary wave that was gen-
erated in the LAPD with a 90 eV electron beam. The mag-
netic field strength was set to 750 Gauss, the electron tempe# Discussion of ESW generation mechanisms
ature was 0.2 eV, and the plasma density wad@ cm~3.
The plasma can be considered collisionless at the experiMany papers have been written over the last few years which
ment’s scale, because the electron-electron collisional meaattempt to determine how the ESWs observed in space are
free path is about 17 cm, while the measurements were takegenerated (see Introduction to Franz et al. (2005) for a re-
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cent review). Many of them are purely observational usingESWs observed in the auroral bulge phase and in the LAPD,
space observations, many others are purely theoretical witthe Buneman instability in general may be relevant to longer
or without simulations, and others combine observations andime-duration ESWs. Unfortunately, we cannot determine
theory. Most attempt to explain the generation of these ESWshe speed of these ESWs for comparison to the speed of
through beam, counter-streaming or kinetic Buneman instathe accelerated ions in order to conclude whether the kinetic
bilities (Omura et al., 1996; Goldman et al., 2003; Chen etBuneman instability is indeed active. Further, for both beam
al., 2004, 2005), whether with electrons or ions, or both, in-and Buneman instabilities where the ESWs would be iden-
volved, and as a product of magnetic reconnection (Pottelettéified as electron phase space holes, we cannot verify their
and Treumann, 1998; Matsumoto et al., 2003; Drake et al.presence due to the insufficient time resolution of the electron
2003; Cattell et al., 2005). The ESWs that result from thesedistribution functions. The generation of the ESWs detected
types of instabilities represent electron or ion holes in phasen Geotail in the far magnetotail were also attributed to an
space and are known as BGK type structures (Bernstein eglectrostatic beam instability (Omura et al., 1996). Interest-
al., 1957). In addition, there has been an attempt to explairingly, in simulations carried out by Goldman et al. (1999)
the ESWSs as density structures (enhancements or decrease&sgating a two-stream electron instability, ESWs are pro-
which result from ion and electron acoustic instabilities (e.g.,duced, as well as whistler mode waves well after instability
Berthomier et al., 2000; Singh et al., 2001; Ghosh et al.,onset. Cluster, as noted in section 2b, observes whistler mode
2008; Lakhina et al., 2008a, b). Although all of the pro- waves frequently in the same time period that the ESWs are
posed explanations appear plausible based on the observabserved, which could be one of the byproducts of the elec-
tions and models/simulations, there is still some question asron trapping/ESW generation mechanism.
to whether these explanations do in fact reflect reality. Most Another explanation for the local generation of the ESWs
observations cannot adequately address whether the ESWsnds itself to these observations due to the very dynamical
were generated in situ because the particle measurements agature of the event. It is similar to that proposed by Lakhina
not have the time resolution necessary to identify phase spacet al. (2004) and Tsurutani et al. (2003) using data from the
holes on such short time scales. Full distribution functionsPolar spacecraft for a magnetic hole event in the polar cap
need to be made on the order of 1 ms and much less in orddsoundary layer. It relies on low frequency waves (&lfv
to see holes in phase space, for example. The current timand/or obliquely propagating proton cyclotron waves) to pro-
resolution for obtaining distribution functions of most parti- vide the free energy for electron heating which produces
cle instruments is far greater than this, often a few to severaklectron currents to drive some much higher frequency in-
seconds. Regarding models and simulations, they have thstabilities, namely the lower-hybrid, ion acoustic, bi-stream
potential to provide tremendous insight into ESW generation,or counter-streaming electron, and electrostatic ion cyclotron
but assumptions and initial and boundary conditions whichinstabilities. These instabilities will saturate in about 100—
do not adequately reflect the space conditions, especially id00 electron plasma periods by trapping electrons, which, in
light of the dynamical nature of space, are often involved.turn, leads to generation of electron phase space holes. In
Thus, there is the need to connect the models/simulations ankight of the short time duration of the observed ESWSs, the
space observations with laboratory experiments as describeglectron counter-streaming or beam instabilities are the most
in Sect. 3. plausible candidates for generating the ESWSs. For the super-
Regardless of the difficulties in coming to a final deter- substorm case discussed in this paper, it would appear that all
mination as to how the nonlinear ESWSs in space are generef the elements necessary to initiate and excite the processes
ated since instabilities are known to occur over a very shoriand instabilities that create phase space holes are present lo-
period of time, we can discuss some of the possibilities forcally, i.e., Alfvén and ion cyclotron waves, electron heating
the super-substorm event. The observed field-aligned elecand currents, and field-aligned electron fluxes.
tron fluxes, sometimes counter streaming, on Cluster could Finally, there exists the possibility for the electron acous-
certainly lead to the local generation of the ESWSs throughtic instability to lead to the generation of the ESWSs. As dis-
a beam or counter-streaming instability. In addition, the ki- cussed in Ghosh et al. (2008) for three magnetospheric re-
netic Buneman instability is considered a viable generationgions (bow shock, magnetosheath, cusp), the requirement is
mechanism for the super-substorm ESWSs based on a posdiiat energetic multi-ion species be present along with field-
ble interaction between the ions and electrons. This instabilaligned fluxes or beams of electrons. We have shown that
ity arises when the ion beam interacts with an electron beantoth hydrogen and oxygen ions are present for this event and
to produce a wave moving at nearly the ion velocity. In athat the oxygen ions are a substantial part of the ion density,
scenario related to a large-scale potential ramp, these slowlong with hydrogen, which is not usually the case in this
waves saturate by trapping both electrons and ions, leadregion. Before electrostatic broadband noise was known to
ing to a train of alternating electron and ion phase spaceonsist of isolated ESWs, Ashour-Abdalla and Okuda (1986)
holes moving at a slightly slower velocity than the acceler-had concluded that the electron acoustic instability could be
ated ions (Goldman et al., 2003). Even though the predicteexcited in the magnetotail. The electron acoustic instabil-
slow phase-space holes cannot account for the electron-scaity will lead to enhancements (Berthomier et al., 2000) or
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decreases in electron density, as opposed to holes in electraf a super-substorm event around 09:42 UT. The primary re-
phase space. Recently, Lakhina et al. (2008b) have developesiilt being reported here, and one which has not been previ-
a model to study large amplitude ion-acoustic and electron-ously reported in the literature, is the appearance of numer-
acoustic waves in an unmagnetized multi-component plasmaus nonlinear Electrostatic Solitary Waves in the magnetotail
system consisting of cold background electrons and ions, @ association with a super-substorm onset. These ESWs are
hot electron beam and a hot ion beam. For typical paramsomewhat more numerous, of shorter duration, and of larger
eters of the plasma sheet boundary layer (Grabbe and Easamplitude than is usually encountered at this distance down
man, 1984), the model predicted positive potential slow ion-the tail by Cluster.
acoustic, ion-acoustic and electron-acoustic solitons. It is Clearly, the ESWs observed in the perie9:48—-09:53
interesting to note that the electron-acoustic solitons havéoy WBD on at least three of the Cluster spacecraft are asso-
maximum electric field amplitudes dfna=(4—10) mV/m,  ciated with super-substorm onset and the ensuing response of
widths ~(7-10) km, and Mach number of 53.4 (in terms of the magnetosphere. The electrons appear to be heated early
hot ion thermal speed). In terms of electron parameterspn and then develop field-aligned fluxes during the interval
the electron-acoustic soliton velocities and widths scale asn which the most ESWs are observed. EDI observes the en-
~1.24v7, and~ 30Anp,., respectively. Thus, the predicted suing electron currents. During the same ESW interval, ions
electron-acoustic solitons have velocities very close to theare streaming tailward up to several hundred km/s. In ad-
velocity of the ESWs observed in the LAPD experiment. dition the makeup of the ions at Cluster’s location indicates
However, the scale size of the electron-acoustic solitons ighat a significant constituent is O+, only slightly less than the
about a factor of 4 larger than the LAPD ESW scale size.dominant H+. Alf\en waves and low frequency ion cyclotron
With regard to the ion acoustic instability, we find it highly waves are present, as well as whistler waves of a few hundred
unlikely that the ESWs are ion acoustic solitons based purelyHz. Thus, we have a very dynamical situation where it is not
on the observation that the space ESWs have time duratiosurprising that ESWSs are seen in abundance since they are al-
scales consistent with electron time scales. most always found in boundary/current layers and turbulent
In closing our discussion of the generation mechanismplasmas.
for the space observations, we note the possibility that the We have shown that ESWs can be generated in the labora-
ESWs were generated elsewhere and propagated to the Clutry using an electron beam. The ESWSs generated in the lab-
ter spacecraft. It has been established through various pulwratory thus far have much larger amplitudes, but their time
lished ESW studies that ESWs do propagate, often alonglurations are slightly larger than the electron plasma period,
magnetic field lines. It is not possible through the Clusterjust as for the ESWs observed during this super-substorm
data set to determine whether the ESWs have propagated ®vent. In the future we hope to connect the laboratory ob-
the spacecraft, whether over small or large distances. Thusservations to those in space through PIC code simulations.
our analysis was restricted to discussing those generation We suggested plausible methods for the generation of
mechanisms that could create the ESWs locally based on thihese solitary waves through beam, counter-streaming and
Cluster observations. kinetic Buneman type instabilities based on previous obser-
With regard to generation of the ESWs in the LAPD ex- vations, theory, and simulations. These generation mecha-
periments, as noted in Sect. 3 we have ruled out the electrorpisms result in BGK type electron phase space holes and
electron two stream instability as the generation mechanisng¢lectron density enhancements and decreases which would
because the two-stream generated ESWs are expected kg represented in AC electric field waveforms as pulses (the
propagate at about half the beam speed whereas the ESW vESWS). Itis beyond the scope of this paper to test the various
locity is substantially smaller than the beam speed. Furthergeneration methods discussed above. Based purely on the
more, the conditions for the classical Buneman instability toobservational considerations, particularly the electron-scale
develop are not present because at least 90% of the electroitigne durations of the ESWs, however, electron-type instabili-
are at rest with respect to the ions (the beam density is lesies are considered the most probable generation mechanisms
than 10% of the background density). Since the results ofluring the time of the 24 August 2005 super-substorm. Gen-
these experiments are still being analyzed, it is not possiblgration mechanisms involving the observed two ion species
at present to conclude which generation mechanism is mogtre considered less probable since the velocity and inertia
likely active in the LAPD. differences between the two species is irrelevant from the
point of view of the electrons and the ESWs have time scales
more consistent with those of electrons.
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