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Abstract. We report on quasi-parallel whistler emissions de- consistent with the observations is somewhat larger than the
tected by the near-earth satellites of the THEMIS missionmeasured one. Although the discrepancy remains within the
before, during, and after local dipolarization. These emis-instrumental error bars, this could be due to time-dependent
sions are associated with an electron temperature anisotromffects which have been neglected. The possible role of the
=T ./ Tj.>1 consistent with the linear theory of whistler whistler waves in the substorm process is discussed.

mode anisotropy instability. When the whistler mode emis- Keywords. Magnetospheric physics (Magnetotail; Plasma
sions are observed the measured electron anisotropy Vari%aves and instabilities: Storms and substorms) ’
inversely with 8. (the ratio of the electron parallel pres- '

sure to the magnetic pressure) as predicted@ayy and
Wang (1996. Narrow band whistler emissions correspond )
to the smalla existing before dipolarization whereas the 1 ntroduction

broad band emissions correspond to laxgebserved during Lo .
and after dipolarization. The energy in the whistler mode isThe THEMIS mission 1S dedlcated_ to the global study (.)f Sub-
storms and especially to determine the onset location and

leaving the current sheet and is propagating along the back- .
ground magnetic field, towards the Earth. A simple time- he way of propagation of substormngelopoulos20083.

independent description based on the Liouville's theorem in-HHowever the comprehensive set of instruments mounted on-

dicates that the electron temperature anisotropy decreas Q ard each probe allows micro-physics studies too. In the

with the distance along the magnetic field from the equator.\'?vrﬁ;zg: fespjgnvge rf;::u;on elegzzctrogagrzgtlc Qwa\ézfnm the
Once this variation ok is taken into account, the linear the- i d y range; <w<||, Q; (resp. ) 9
ory predicts an equatorial origin for the whistler mode. The the ion (resp. eleqtror}) cyclotron frequency, detected during
linear theory is also consistent with the observed bandwidthnear'earth dipolarizations.

of wave emissions. Yet, the anisotropy required to be fully Whlstl_er m.ode wave emissions have been observed for
a long time in the magnetotail but they were not related

to substorm observations. From OGO 1 observations gath-
ered in the near-earth taiR«17 Rg, Rp means earth ra-

Correspondence ta. Le Contel dius) Russell (1972 reported on brief bursts of whistler
BY (olivier.lecontel@Ipp.polytechnique.fr)  mode magnetic noise close to the neutral sheet. Later from
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IMP 8 observations from 21.1 to 46K3; in the magnetotail While the possibility of a tearing mode instability in a re-
Gurnett et al. (1979 showed that whistler mode magnetic alistic magnetotail geometry (i.e. with a normal component
bursts are nearly monochromatic tones lasting from a fewB, which closes the magnetic field lines) is still a matter of
seconds to a few tens of seconds with amplitudes of aboutiebate Pellat et al. 1991 Sitnov et al, 1998, in a purely

100 pT and frequencies from 10 to 300 Hz. They suggestednti-parallel magnetic configuration (with r#), the sensi-
that these emissions could be produced by a current-drivetivity of the tearing mode to other parameters has been stud-
plasma instability. Magnetic bursts were also observed byied. In particular the role of electron temperature anisotropy
ISEE 3 in association with plasma sheet crossingSbgrf  was investigatedarimabadi et al.2004. From a three-

et al. (1984. Kennel et al.(1986 reported intense bands dimensional (3-D) study they found that two instabilities
of whistler mode noise extending up {€,.|/2 associated with the wave vector along the current can affect the tear-
with a flux rope signature. They mentioned that the whistlering modes by modifying the saturation level, the growth rate
mode noise may require highly anisotropic pitch-angle distri-or the unstable spatial scale: (1) The Weibel instability which
butions. More recently from Geotail observations in the re-is driven by the electron anisotropy=T ./ Tj. <1 (Wheree

gion where—210<X <—10Rg Zhang et al(1999 reported  denotes electrons and the other subscripts correspond to di-
short-lived and narrow band whistler wave emissions propa+ection relative to the background magnetic fiBlg) can in-
gating in a direction quasi-parallel to the background mag-crease the single island tearing saturation amplitude up to the
netic field with an average angle of 23 Their frequen-  singular layer thickness. Such an anisotropy1) is pro-

cies range between 0.05 to (¥5| with an average value duced by the tearing mode which leads to preferential heat-
of 0.2Q,.|. Their amplitude are from few pT to 100pT ing of electrons in the parallel direction. (2) The nonlinear
with an average value of 44 pT. They suggested that whistleevolution of the lower-hybrid drift instability (LHDI) gener-
waves emissions are very likely to be excited by an energeti@ates an electron temperature anisotrapyl within the cur-
electron beam via electron cyclotron resonance. Indeed theyent sheetaughton et a).2004) which increases the growth
pointed out that an electron temperature anisotropy sourceate of the tearing mode and extends the spectrum to very
would provide a whistler emission in both parallel and anti- short wavelengthKarimabadi et al(2004, however, indi-
parallel direction to the ambient magnetic field which was cated that whistler anisotropy (WAI) and electron mirror in-
not observed. Finally from recent Cluster observations atstabilities are destabilized when-1. Thus electrons could
about X~~—18Ry Le Contel et al.(2006 reported broad be isotropized before the tearing mode grows. Fin&lary
band whistler wave emissions with very large amplitudes,and Karimabad{2006 clarified the respective properties of
(~1nT) observed during a substorm period. These intens¢hese three possible growing modes (whistler, mirror and
emissions last only a few seconds and are associated witieibel). While the WAI has a maximum growth rate for a
very thin current sheets<(p;, the proton Larmor radius). The parallel propagation and a real frequency larger than the pro-
whistler mode waves propagated in a direction quasi-paralleton cyclotron frequency, the electron mirror instability corre-
to the ambient magnetic field and they occured in conjunc-sponds to oblique propagation and zero real frequency. For
tion with accelerated electron§Vei et al.(2007) also gave  an unmagnetized plasma and the same electron anisotropy
evidence for whistler mode emissions associated with subthe third one, the Weibel instability, may be excited with a
storm activity in the magnetotail. Notably weak whistler zero real frequency and a maximum growth rate in the di-
waves were detected prior to a local southward turning of therection of the lowest temperature. The WAI was found to
magnetic field in a tailward flow. They related the observedhave a larger growth rate for a smaller anisotropy than for
enhancement of the whistler mode waves to the developmenhe electron mirror instability. Thus the minimum value of
of a collisionless (Hall) magnetic reconnection event. Indeedthe electron anisotropy for which the WAI can grow should
in the Hall magnetic reconnection model, ions are thoughtbe considered as an upper bound of the electron anisotropy
to decouple from the magnetic field (therefore from the elec-(assuming that the electron diffusion by whistler waves is
trons which remain attached to the magnetic field) due to thdaster than the tearing growth which is very likely) and there-
effect of the Hall term in the Ohm’s lavB{rn et al, 2001, fore whistler mode waves should limit the expected enhance-
which becomes important at a spatial scale smaller than thenent of the tearing growth rate associated with the electron
ion inertia length ¢/w,;, ¢ being the velocity of light and thermal anisotropy. More generally, whatever the location
wp; being the ion plasma frequency). In this ion diffusion in the magnetotail or the substorm model, whistler mode
region, the plasma dynamics is expected to be controlled byvaves could play an important role by controlling the level
whistler mode wavesMandt et al, 1994 in the case of no  of electron anisotropy which could be crucial for instabilities
guide field or by kinetic Alfien waves in presence of a guide at lower frequency (tearing, kink, ...).

field (Rogers et a).200). Therefore in Hall reconnection Whistler waves emissions were also reported to occur
models whistler mode waves are expected to be observed im association with reconnection signatures in the dayside,
the mid-tail region (between 15-%);) where an X-line con-  close to the magnetopausBPeng and Matsumoto2001;
figuration is assumed to be created by a tearing mode likeDrake et al. 1997). More recentlyStenberg et al(2005
instability. observed broad band whistler mode emissions close to the

Ann. Geophys., 27, 2252275 2009 www.ann-geophys.net/27/2259/2009/



O. Le Contel et al.: Whistler mode waves during substorm 2261
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Fig. 1. The locations of the THEMIS probes on the different GSM planes on 29 January 2008. The starting time at 02:00 UT and their
trajectories between 02:00 and 03:50 UT are indicated by a triangle and a curve, respectively.

magnetopause, generated in an electron scale current shette electron temperature anisotropy as a possible mechanism
These emissions were found to propagate in a direction antito generate whistler waves and investigate the possible roles
parallel to the background magnetic field (away from earththese waves can play in the substorm process. We draw con-
and towards the magnetopausg8jenberg et ak2005 sug- clusions in Sect4.
gested that the propagation of whistler mode waves only in a
direction anti-parallel t®g is due to the asymmetry, with re-
spect tov;=0, observed simultaneously in the electron distri-
bution.Indeed the electron space phase densities were fourﬁj1 Global Vi
to be lower in the parallel than in perpendicular and anti- " view
parallel directions; this asym_metry produces a directionalon 29 January 2008 the THEMIS probes began to be lined
anisotropy along3o. Thus whistler mode waves propagat- \;, aong the tail axis during the period between 02:00 and
ing anti-parallel to the ambient field resonate with this direc- y3.c0 T Their locations are shown in Fiin GSM coor-
tional anisotropy, and therefore undergq gmplification, Wh"edinates. Figure displays the magnetic field from the FGM
those propagating alongo are not amplified because they jnqrment puster et al. 2008, the ion density and velocity
resonate with isotropic electrons. from ESA (McFadden et al2008 gathered during a fast sur-
The plan of the paper is as follows. Sectidrpresents vey period with a time resolution of 3s. Four dipolarizations
recent THEMIS observations of pseudo-substorm/substorntan be seen on th8, traces of the two near-earth probes
events on 29 January 2008 between 02:00 and 03:50 UT an@iHD (cyan) and THE (blue) at 02:25, 02:38, 02:52, and
focuses on whistler wave emissions. In S&dtve consider 03:06 UT while the mid-tail probes THC and THB, which are

2 Observations
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Fig. 2. From top to bottom: Three components and modulus of the magnetic field, lon density and three components of the ion velocity for
four of the THEMIS (traces from THA not displayed). Same color code as forlFig.

located far from the magnetic equator, only measure smallng of the current sheet which is associated with an earthward
magnetic field perturbations. At the beginning of the periodion velocity (V,>0). The second and third dipolarizations
THA is still located at the dayside therefore the correspond-are accompanied by a sudden decrease of the ion density
ing curves are not plotted on this figure. An increase of themeasured by THC indicating a vertical (northward) motion
ion density on THB (red) is seen just before the first dipolar- or a thinning of the current sheet closer to the Earth which is
ization indicating a vertical (southward) motion or a thicken- also associated with an earthward ion velocity; THB farther
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Fig. 3. Panelg(a, b, ¢, d)three components (128 S/s) and inclination angle (3 s) of the magnetic field in GSM coordjepi@s.energy
spectra from SST and ESA (3s),(g)ion (solid line) and electron (dotted line) densities from E@#jon density from SST(j) ion velocity

from ESA in GSM coordinates (Vx:black, Vy:green, Vz:red), ion temperatures from ESA (Txx:black,Tyy:green,Tzz:red, Tav:blue, the
averaged temperature Tav=(Txx+Tyy+Tzz)/&) electron energy spectra from SST afildESA, (m) electron temperatures from ESA
(same color code as iongh) Byx power spectral density from SCM (2 s) from 0.45 to 64 Hz in GSM coordinates. Superimposed white curve

corresponds t0.Q|Q2.|/(2r).
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from the Earth does not detect any strong density perturbaaccelerated as the flux of energetic particles around 100 keV
tions. For the fourth dipolarization both THC and THB mea- measured by SST increases (panels e, f, k and I). lons and
sure a sudden increase of the ion density but without largeslectrons are also heated from 5 to 6 keV and from 500 eV
ion velocity. to 1 keV respectively (panels j and m). lon and electron den-
There are no large changes of the solar wind pressure ogities measured by ESA decrease suddenly at 02:26:20 UT
velocity during the 01:00-03:00 UT time period (according (panel g) but seem to be compensated by the increase of the
to ACE data from CDAWeb, not shown). The ground baseddensity of energetic particles measured from SST (panel h).
observations indicate a substorm activity between 02:30 andet, soon after the densities measured from both experiments
04:00 UT as the AE index reaches 400 nT (according to thedecrease. At the same time the y-component of the ion ve-
quicklook Kyoto AE monitor, not shown). A strong decrease locity reaches-700 km/s whereas the x-component is about
of the H component of the magnetic field is recorded at abou##00 km/s toward the Earth. Such a negatiteis difficult to
03:00 UT by the Rankin Inlet station (RANK; corrected ge- reconcile with the positive y-component of the cross tail cur-
omagnetic cordinates 72.3 N, 335.8 E), from the CARISMA rent. It implies that electrons also have a negatiyglarger
array fvww.carisma.cpof the North-America ground based in absolute value and are therefore the main current carriers
network of magnetometers which covers a sector from 17:00n the spacecraft frame. It has been shown theoretically that
to 21:00 MLT. Finally a dipolarization is also detected at athin current sheet with a spatial scale of the order of the ion
about 02:57 UT by the geosynchronous spacecraft GOES-12.armor radius may have this propertgi{nov et al, 200Q
Thus the first two dipolarizations are likely to be pseudo- Schindler and Birn2002 and has been already observed
substorm breakups while the third and fourth would be twoby Geotail Asano et al. 2004 and by Cluster Baumjo-

intensifications of the same major substorm event. hann et al.2007) farther in the magnetotail. Note that the
increases of the density and the fluxes of energetic ions mea-
2.2 Near-earth tail observations sured by SST imply that the ESA velocities are likely to be

underestimated during this perioMi¢Fadden et al.2008.
During fast survey periods the THEMIS mission has the ca-Finally an increase in the magnetic component of the waves
pability of capturing bursts of higher time resolution field and is also measured up to the upper limit of 64 Hz and around
particle data. In the magnetotail these burst mode periods are.1/2, | (plotted as a white curve on panel n) by SCRb(x
triggered onboard by the fast variations of the z-componentt al, 2008 Le Contel et al.2008 with broad band and nar-
of the magnetic field, associated with local dipolarizationsrow emissions in the whistler frequency range (panel n).
(Angelopoulos 20083. We now focus on the first dipolar-  Thus the increase, in average, of tecomponent during
ization detected by THD thanks to the onboard burst modenhe time period between 02:22 and 02:28 UT is associated
triggering. This dipolarization occurs while the magnetotail with an increase of the electron and ion temperatures and a
is quiet therefore the signatures associated with the dipolardecrease of the electron and ion densities. This dipolarization
ization are clearer. However most of the following obser- is also accompanied by an higher frequency magnetic wave
vations are also detected by THE for this first event and byactivity.
THD and THE for the three other events, including the major A strong magnetic activity is also present below 10 Hz

substorm. between the ion cyclotron frequency (or also the electron
Figure 3 displays an overview of THD observations be- bounce frequency) and the lower-hybrid frequenplgert

tween 02:20 and 02:32UT, when the probe was locateckt al, 1984 Perraut et a).1993 Shinohara et al1998 Sigs-

at X>~—9.5Rg. Until ~02:25:40UT, the{B(| component  bee et al. 2003 Shiokawa et a).2005. Low-frequency

tends to increase while some small oscillations of the curren{<Q;) electromagnetic waves are also detecRduix et al,

sheet are present (panel a) indicating a thinning of the current991; Erickson et al.2000. In the following sections, how-

sheet. Note that at the beginning of the event THD is locateckver, we focus on the higher frequency range namely the

very close to the magnetic equator as the moduluB,ofs  whistler frequency ranges(; <w<|2.|) which are detected

smaller than 5nT. Then large amplitude magnetic field vari-before, during and after the local dipolarization.

ations are detected together with an increase, in average, of

B from less than 5nT to 10 nT around 02:27 UT (panels a,2.3 Polarization analysis

b and c). A second train of magnetic field variations occurs

around 02:30 UT but without changing the background mag-Using the method developed I8amson and Olso(1980

netic field; the bipolar signature aB, suggests a flux-rope we analyze the polarization characteristics of magnetic fluc-

like structure moving tailward though the x-component of tuations recorded by the near-earth probes (THD and THE)

the ion velocity changes from positive to negative at the samaluring the burst period. Figuré shows again the mag-

time. The inclination angle is plotted on panel d to emphasizenetic field observations from FGM (panels a, b, ¢, and d)

the dipolarization process; its value goes from 60-80L0° and displays the results of the wave polarization analysis be-

at the end of the substorm growth phase then increases agaiween 02:20 and 02:32 UT. Panels (e) and (f) show the power

up to 80. During the dipolarization ions and electrons are spectral densities of the magnetic fluctuations obtained from

Ann. Geophys., 27, 2252275 2009 www.ann-geophys.net/27/2259/2009/


www.carisma.ca

O. Le Contel et al.: Whistler mode waves during substorm 2265

ot ]

Bz (gsm)By (gsm)Bx (gsm)

B

N "u*.""i"I"‘.\h'.ﬂw.""‘.l\'r"'Hll(!"ihl'\""“.Il'l."'l"""‘l'.f'r." "f.*lwnl"'#."b"lw"fn'"|‘!."W.Hw“.'lh"l'w' A P o T
E ] i 1 I | / 1 A"J\M "L
= =%
N
= S
=, &
- =)
w A
¥ ®
= <
w
< -
- 3
~ 7
< g 9
o T E
= 9
- E 3
< T 2
n <
w = =
2 100.0F 2 ]
< Ry Lot WA ,/ A e [
& of (®) RVA WSV \’/f%s
53
. g K
. A A "Nj H\ q
O S N AT A \ A\ c
MW—A "\/“\/N i ""'\_/\/_\_, g
hhmm 0220 0225 0230

2008 Jan 29

Fig. 4. Panelqa, b, c, d} three components and modulus of the magnetic field (128 S/s) in GSM coordietgower spectral densities

from onboard FFT an¢f) from SCM waveform capture (one spectrum every 1s), White curve on panel (e) (resp. on panel f) correspond to
||/ (27) (resp. 012, |/(27)). Note that the frequency scale is logarithmic on panel (e) and linear on panel (f).(§edisplays the angle
between the wave vector and the background magnetic field (1s avergginglipticity, (i) electron pitch-angle anisotropy spectrogram
(ESA), (j) perpendicular (black and green lines) and parallel (red line) electron temperatures (ES&gctron paralle, and(l) «—1

anisotropy parameter.

onboard FFTCully et al, 2008 up to 4 kHz and from wave- tained from the cross product of thevector and the GSM
form capture between 1 and 64 Hz. Spurious noise on the-direction and the last one is the cross product of the first
SCM waveforms has been reduced thanks to a noise redudwo. This waveform expressed in the MFA frame is used
tion processl(e Contel et al.2008. The waveform has been to compute the spectral matrix and the polarization charac-
converted from the spacecraft frame (DSL) to a magneticteristics Gamson and Olseri980. The time resolution of
field aligned (MFA) frame. This MFA frame is computed the spectra is 1s. Broad and narrow band emissions are de-
using a 1s averaged magnetic field. The z-component cortected in the whistler frequency range between 1 and 300 Hz.
responds to the magnetic field direction, y-direction is ob-These emissions correspond to a degree of polarization close

www.ann-geophys.net/27/2259/2009/ Ann. Geophys., 27, 22585-2009
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to 1 (not shown), a wave angle (the angle between the wavérequency range are identified as right-hand circularly po-
vector and the background magnetic field) close to O (blue inarized waves propagating in a direction quasi-parallel to
panel g) and an ellipticity close to 1 (red in panel h). Pan-the ambient magnetic field. However waves detected be-
els (i), (j), (k), and (I) will be described in Se@&. The ellip- low 20 Hz around 02:26 UT and just before 02:29 UT during

ticity is equal to the ratio between the major and the minorlarge amplitude low-frequency magnetic fluctuations do not
axes of the ellipse of polarization. Itis equal to +1 (resfh) display any clear polarization signature.

for a wave which is right-hand (resp. left-hand) circularly po- Note that weak whistler emissions below 15Hz are de-

larized. Thus most of the emissions detected in the WhiStIe'Eected at the beginning of the period@2:22, 02:23:20, and

Ann. Geophys., 27, 2252275 2009 www.ann-geophys.net/27/2259/2009/
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Fig. 6. Panel(a) displays theB, component (128 S/s) in GSM coordinates, then same legend a& Fig.

Whistler mode waves during substorm
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02:23:40) before the local onset. The frequency band of the This wave polarization analysis provides the direction of
emissions is relatively narrow and increases as the modulupropagation with an ambiguity of 180 In the next section
of B increases. These emissions are recorded wheBthe we use the electric field measurement to compute the Poynt-
component of the magnetic field is small indicating that theiring vector associated with the whistler emissions in order to
source is close to the magnetic equator. Broad band emisdistinguish between parallel and anti-parallel wave propaga-
sions without frequency dispersion are detected at higher fretions.
quencies (up to 300 Hz) during and after the dipolarization
suggesting again that the sources are very close to the probg.4 Poynting vector calculations
Finally the second low-frequency wave train is also asso-
ciated with broad band whistler emissions without diSper-m this section we Compute the Poynting vector of the emis-
sion while the last whistler emissions between 02:30:10 anq;ions in the whistler frequency range. We use two compo-
02:30:30 UT present a small dispersion; emissions arounghents of the electric field provided by the spin plane double

30 Hz being detected before emissions around 50 Hz.
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computed from the assumpti@Bo=0 (as long as the angle For a purely parallel or anti-parallel propagation the associ-
between the spin axis and the magnetic field is smaller than ated electromagnetic fluctuations are transverse, right-hand
maximum value here fixed at 80 This assumption is valid circularly polarized, and have their phase velocity and Poynt-
for such quasi-parallel whistler waves. Electric field as well ing vector directions aligned. All these properties are satis-
as magnetic field waveforms are filtered to remove waves befied by most of the electromagnetic fluctuations detected in
low 10Hz in order to focus on intense wave emissions inthe whistler frequency rang&f <w<|<2,|) by the near-earth
the whistler frequency range. FiguseshowsB, from FGM THEMIS satellites (THD and THE) before, during and after
(panel a), the electric (panel b) and magnetic (panel c) fieldhe local dipolarization (Figd). Panel (j) on Fig4 shows
waveforms filtered between 10Hz and 64 Hz in GSM co- that whistler emissions are detected when the perpendicu-
ordinates. Poynting vector calculations in GSM and MFA lar temperatures (black and green lines) are larger than the
coordinates are plotted in panels (d) and (e). Large amparallel one (red line). As predicted by the relatid) the
plitude electric and magnetic field fluctuations are recordedupper frequency of the whistler emission (panels e and f) in-
around 02:26 UT but their polarization characteristics arecreases with the anisotropy (panel |).Furthermore as pointed
not well determined probably due to the fast variations of out by Gary and Wang1996 theory predicts that the thresh-
the background magnetic field (see F. The whistler  old electron anisotropy varies inversely wih).. Using
waves detected between 02:26:40 and 02:27:00 UT with @wo-dimensional particle-in-cell simulatiofzary and Wang
clear polarization seen on Fig.correspond to an electric (1996 showed that an electron anisotropy upper bound is
(resp. magnetic) field amplitude of about 0.5 mV/m (resp.imposed by wave-particle scattering which takes the general
0.5nT) leading to a rough estimate of the phase velocityform:
of 1000km/s. The corresponding Poynting vector calcula-7 , S,
tions S=8E x 8B/ o (Whereug is the magnetic permeability = g 2
of the vacuum) indicate that the wave energy moves mostly le lle
along thex and —z GSM directions (panel d), anti-parallel where S, and«, are fitting parameters and depend on the
(Sj=—2x10"7 W/m?) to the magnetic field (panel e). THD choice of the ratig, /|S2| (v being the maximum growth
being located slightly southward of the magnetic equator ofrate). Note that the, fitting parameter used b§ary and
the current sheet®,~—2.5nT andB,~8 nT) it means that Wang (1996 is not to be confused with the electron tem-
the whistler mode waves are propagating towards the eartiperature anisotropy. The parameggr is plotted on panel (k)
The same signatures are observed on THE data just befori@ Fig. 4. From 02:20 to 02:25 UTB,~210 corresponding
local dipolarization between 02:25:00 and 02:25:30 UT andto the period when the satellite is very close to the magnetic
also between 02:26:10 and 02:26:45UT (not shown). Theequator. Such a highy. value allows the growth of the WAL,
parallel component of the Poynting vector is positive andeven with a small anisotropy. Indeed narrow band whistler
reaches 10’ W/m?, THE being located northward of the emissions detected below 20 Hz before 02:25 UT correspond
magnetic equator it corresponds again to a whistler moddo «~1.05. After 02:25UTp. decreases to values around
propagating earthward. Thus the Poynting vector calcula-l due to the increase @&, component of the magnetic field
tions indicate that the whistler mode waves detected by theand to the decrease of the pressure associated with the lo-
near-earth probes (THD and THE) of the THEMIS mission cal dipolarization. During this period whistler emissions are
propagates along the magnetic field towards the earth. In thassociated with larger anisotropies. Thus as shown theoreti-
next section we consider the electron temperature anisotropgally by Gary and Wang1996 fast wave-particle scattering
as a possible mechanism to generate these broad and narrdy enhanced whistler fluctuations for higfp. limits the elec-
band quasi-parallel whistler waves. tron anisotropyr while low g, values let larger anisotropies
to develop. Note also that the largest frequency is reached
) ) around 02:27 UT corresponding to the smallgstalue and
3 Discussion to the largestr value.
i In order to compare observations with the theory of the
In a hot plasma the temperature anisotropyT 1./ Tje>1  \yhistler mode instability, we solve the dispersion relation
is the source of whistler anisotropy instabilit{gnnel and ¢, jinear waves using the WHAMP codBgnnmark 1982.
Petschek1966 Roux and Solomorl971 Gary, 1993 Gary 10 different plasma models are considered in order to
and Wang1999. A necessary condition for the growth of 56 into account the evolution of the near-earth tail be-

the WAI was given bykennel and Petschet 969 as: fore (from 02:20 to 02:25UT) and after (from 02:25 to
1 02:32 UT) the local dipolarization. As described in S&cg
a—-1> uljar —1° (1)  THD is located close to the magnetic equator from 02:20
e r

to 02:25 UT. Particle densities are quite larged(75 p/cn?)

This instability grows at real frequencies between the protorwhereas the electron (resp. ion) temperature is about 400 eV
and electron cyclotron frequencies. Its maximum growth rate(resp. 5keV). We choosBp=4 nT as an average value of

is obtained for strictly parallel or anti-parallel propagation. the background magnetic field during this period. Taking

Ann. Geophys., 27, 2252275 2009 www.ann-geophys.net/27/2259/2009/



O. Le Contel et al.: Whistler mode waves during substorm

0.06 —

0.05

o

=3

e
T

o

o

@
T

Re(m) for various Z

0.02

0.00

= 0.0016

0.0012

0.0008

0.0004

0.0000

-0.0004

-0.0008

-0.1

Im(w) for varlous Z

o o
=) o
T T

o
o
®

T

Re(w) for various Z

0.06 —

0.00 T

E

0.006

0.004

0.002

0.000

-0.002

-0.1

0.0

0.7

™ -0.004

Im(e) for various Z

Fig. 7. Results for model 1: Real frequende(w)/ 2. (blue
line) and damping/growth ratds: (w)/ 2. (red line) of the whistler
anisotropy instability as function of the modulus of the wave num-
ber P=kp, and for different wave angle (Z) between 0 arid 5

Fig. 8. Results for model 2. Same legend as Fig.

Table 1. Plasma model 1 corresponding to the period between
02:20 and 02:25 UT wittBo=4 nT.

into account the chosen electron temperature, this gives a Species Density (cm®) Ty (eV) « B

large B, ~7.5 (see Tablel for a summary of the param-

eters). Figure7 displays the results from WHAMP, for H+ 0.75 5000 1 94
e— 0.75 400 1.06 7.5

the first plasma model; it shows that for a small electron
anisotropy ¢=1.06) we obtain a maximum growth rate
¥m>0.0014 |22, | for a real frequency,~0.044 |2.|. The
bandwidth (from~0.025 to ~0.055 |2,| or from ~2.8 to
~6.2 Hz with |2, |/(27)~113 Hz) corresponding tp>0is  to a smallerg,~2.2. We obtain nowy,,~0.006<2,| for
consistent with the observed bandwidth on Fg. Fig-  «-~0.13/2.|. This value is consistent with the Fig. 1 of
ure 8 displays WHAMP results for the second plasma modelGary and Wang(1999 showing the electron temperature
corresponding to the period after the local dipolarization anisotropy, as a function ¢f). if we extrapolate the curve
(from 02:25 to 02:32UT), when THD is farther from the for y,,2~0.006<2,.|. The parallel phase velocity at the maxi-
equator. In particular we have taken the plasma paramemum growth rate is about ®4v,~1880 km/s; this is of the
ters corresponding to the period during which the Poynt-order of magnitude as the estimate obtained from the obser-
ing vector is clearly directed earthward (between 02:26:40vations presented in Se@4. The bandwidth corresponding
and 02:27 UT). In order to better illustrate the relation be-to y >0 is now from=~0.07 to Q17|2.| which is equivalent
tween the key parameterg, and )., we have expanded to a bandwidth fron~16 to 38 Hz not fully consistent with
Fig. 4 between 02:24 and 02:28 UT on Fig. Particle den-  the broad band signature of the whistler waves detected up
sities are smaller¥0.5 p/cn?), the electron parallel temper- to 64 Hz (-0.3|$2|) during this period (see Fig). Further-
ature is larger (700 eV) while the ion temperature is takenmore whistler mode waves are expected to propagate in both
unchanged (5keV) in order to focus on the effect of thethe parallel and the anti-parallel directions.

electron temperature. However the local dipolarization pro- In order to go further in the comparaison between the
cess increases the ion temperature too (up to 6keV). Dug@resent observations and the linear theory, we assume, as a
to the very larges;~100 value the results cannot be as- first step, that the electron anisotropy is constant along the
sumed to be independent of tHg/T; ratio but we have magnetic field line around the location of THD. Whistler
checked that it has little effect on the results. A larger av-mode waves emitted farther from the equator than the lo-
erage value of the background magnetic fi8g=8nT is cation of THD (but along the same field line) will have
taken during this period, in order to account for the effecthigher frequencies; around a frequency that corresponds

of the dipolarization (see Tabl®. These parameters lead
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Table 2. Plasma model 2 corresponding to the period betweenTable 3. Plasma model 3 corresponding to the period between

02:25 and 02:32 UT witlBg=8 nT. 02:25 and 02:32 UT closer to the equator wii=4 nT.
Species Density (M) Ty (eV) o Species Density (cM?®) Tj(eV) o B
H+ 0.5 5000 1 16 H+ 0.5 5000 1 64
e— 0.5 700 1.2 2.2 e— 0.5 700 25 8.8

(the scale of the magnetic field gradient is assumed to be
larger than the particle Larmor radius). Then the electron
distribution function must depend only on the constants of
the motion, namely the kinetic energy/&m (vZ +v? )/2)

ll.s

and the magnetic momentu(zmvis/(ZB(s))) where

s is the coordinate that measures the arc length of the
field line from the equator. From the Liouville’s the-
orem we can write thatf(v),eq, V1 eq)=f(V),s, V1s)
where the subscriptg denotes the equatorial location
(s=0), if the points (v} cq, V1 eq,eq) and (vys, v1,s)

are connected by a dynamical trajectory in phase space.
Assuming that the equatorial distribution function writes as

f(v\l,eq» UJ_,eq)O( exmm(vﬁeq/T\I,eq"'vJZ_,eq/TJ_,eq)/z) we

0.6 —

05—

=
a
— T

Re(w) for various Z
T
Im(w) for various Z

o
o
T

get:
01 T (s) = cst, 3
H B(s)
I B.. Yeq
a(s) = 5 (4)

Beg Qeg — (aeq -1

This relation has been also demonstrated using a fluid ap-
proach byPassot et al(2006§. Note that to avoid treat-
Fig. 9. Results for model 3. Same legend as Fig. ing the parallel electric fieldW does not contain the term
of the electrostatic energy) we have implicitly assumed
that electrons and ions have the same anisotrdpsrs-
typically to 0.1|2.|, for Bo=16 nT. Note, however, that their son 1966. From the relation4) and the measured elec-
growth rates will be smaller due to the decreasgpf As tron anisotropy of 1.2 aBo=8nT , we get that the elec-
they reach the location of THDBp=8nT) these frequen- tron temperature anisotropy at the equator, whgre4 nT,
cies will correspond ta-0.1|22,(16 nT)|~0.2|Q.(8nT)| and  is 1.5 instead of 1.2. For this plasma modek(.5 and
will be strongly damped (see Fig). On the other hand, By=4nT), WHAMP results (not shown) indicate that the
whistler mode waves emitted closer to the magnetic equabandwidth corresponding tg >0 is now from ~0.05 to
tor at frequencies-0.1/2, (4 nT)|~0.05/22. (8 nT)| will cor-  0.34/Q,.(4nT)|. This bandwidth is still not fully consis-
respond to slightly positive growth rates (see RBj. Thus  tent with the observations which correspond to an upper fre-
at the location of THD whistler mode waves propagating quency~0.6|2,(4 nT)|~0.3|Q.(8 nT)|. From relation {),
away from the magnetic equator will be dominant whereaswe know thata~2.5 (at the equator) is needed to get
whistler mode waves propagating toward the equator will be,»)~0.6|<2,| and Fig.9 displays the WHAMP results for the
damped. This simple description accounts for the whistlercorresponding plasma model 3 (see TaB)le The band-
mode wave propagation towards the Earth, but it fails to ac-width with y>0 (up to 0.66|2.|) is now from ~0.14 to
count for the high frequency part of the whistler emissions 0.6/, (4 nT)| or ~0.07 to 03|, (8 nT)| which is consistent
(~0.3|2.(8nT)]). with the observations. It is a realistic value for the near-
Now, let us consider that the electron temperatureearth tail region during substormiremser et al.1986, and
anisotropy is no longer constant along the field line. Follow- it is smaller than the anisotropies~3—7 used in numeri-
ing an approach based on the Liouville’s theorem developedtal simulations Devine et al. 1995 Gary and Wang1996
by Chiu and Schulz1978, we assume the system to be Katoh and Omura2006 Sydora et al.2007). Using rela-
time-independent at the time scale of the whistler modetion (4) such a large electron temperature anisotropy would
wave generation and the particle dynamics to be adiabaticorrespond te=1.42 at the location of THDEy=8 nT) and
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to =1.18 at Bo=16 nT. WHAMP results (not shown) for Thus the results from these plasma models seem to con-
a=1.42 with Bp=8 nT and fore=1.18 with Bo=16 nT indi- firm that the whistler mode wave emissions detected by THD
cate that the whistler mode waves emitted at the equator witlare consistent with the dependence of the threshold of the
w>~0.6|2.(4nT)| still have a slightly positive growth rate at linear WAI on theg;, parameter. A smalleg. requires a
Bo=8nT (with «=1.42) whereas the whistler mode waves larger electron anisotropy. The bandwidth of the whistler
emitted atBp=16 nT (witha=1.18) for w>~0.15/2,(16 nT)| emissions is related to the anisotropy, being broader for a
have a very small positive growth rate not larger thanlarger anisotropy. This behaviour is expected as the upper
2x107°|Q,(16nT)|. Therefore the results from the linear limit given by Eq. () increases withw. A change ofg,
theory witha~~2.5 at the equator (corresponding to 1.42 at from 7.5 to 2.2 for a constant anisotropy=1.2) does not
the location of THD from the relatiod) are consistent with  strongly modify the bandwidth.
the bandwidth and the earthward propagation of the whistler These whistler emissions detected by the near-earth probes
mode waves observed by THD. The discrepancy between thare consistent with the predictions of the linear theory of WAI
measured electron temperature anisotropy (1.2) and the estif we assume that a large electron temperature anisotropy
mate from Liouville’s theorem (1.42) can be due to the as-(x~2.5) exists near the equator. However, the non uniformity
sumption of stationarity which is not adapted during sub-of the magnetic field and the associated non linear effects
storm periods. Indeed panel (i) of Fi§.shows that the should be taken into account in order to fully describe the
electron temperature anisotropy increases from 1.2 to 1.4 beamplification and the frequency range of the whistler mode
tween 02:26:40 and 02:27:00 UT. Also, the assumption of thewave emissions. Indeed, the nature of their generation mech-
same temperature anisotropies for ions and electrons (whichnism seems to be very similar to that of the chorus emis-
implies that there is no parallel electric field) may be not ap-sions observed also near the equator of regions closer to the
propriate. Finally, recent self-consistent numerical simula-earth and related to electron anisotropy though loss cone in-
tions with a nonuniform magnetic field (dipole) showed that stability can be also invokedP@rrot et al. 2003 Santolk
whistler mode waves are generated from the equator througbt al, 2004 Li et al., 2008.Finally, recent developments by
the WAl and that nonlinear effects (interaction of the whistler Sydora et al(2007 showed that the non linear effects can
mode waves with the bouncing electrons) can produce an inalso be present with a uniform magnetic field leading to co-
crease of the frequency in the region close to the equister ( herent structures and modifying the frequency range of the
toh and Omura2006 2007 Omura et al.2008. The authors  whistler mode wave emissions.
concluded that the nonuniformity of the magnetic field near The role of whistler emissions in the mid-tail during sub-
the equator plays a key role in the amplification process ofstorm process is still unclear. In the Hall reconnection
whistler mode wave emissions formed at the equator. Whilemodel, the electron temperature anisotropy could increase
these studies are initialized with parameters corresponding tthe growth rate of the tearing instability and would allow
the Chorus emission regiopX(|~4 Rg), one can expect that smaller scale reconnection. This anisotropy could be pro-
these effects are also present in the near-earth tail region. Irduced by the nonlinear development of LHODgughton
deed here the ratio between the wave amplitude and the baclet al, 2004. WAI having large growth rate and low threshold
ground magnetic field is about®x10~2 (Fig. 5) whereas  especially at larggs, . values, the WAI threshold anisotropy
this ratio is~10~* in the region of the Chorus emissions. should be considered as an upper limit of the electron tem-
Stenberg et al(2005 suggested that the direction of perature anisotropyGary and Karimabadi2006§. On the
whistler mode wave propagation was related to the asymmeether hand, the electron acceleration by the whistler wave,
try of the electron distribution function with regard #p=0. invoked in the Hall reconnection model, can only happen
In their case, the electron space density being smaller in théor large frequencies, typically wheo> |Q2.|/2 (Kennel and
direction parallel to the magnetic field than anti-parallel and Petschek1966. Otherwise only isotropization via pitch-
perpendicular, the whistler mode waves should propagate imngle scattering occurs with little acceleration. For the four
the direction anti-parallel as observed close to the magneevents considered here the mid-tail probes were located far
topause. However, we have not found any evidences for sucfrom the magnetic equator and were never in burst mode,
an asymmetry in THEMIS particle data. preventing detailed studies in the highest frequency part of
We verify a posteriori from these WHAMP calculations the whistler frequency range in these regions. Yet, obser-
that the assumptioB-Bg = 0 used to compute the Poynting vations from filter bank data (not shown) indicate that there
vector is satisfied by these whistler waves generated by eleovas no magnetic activity in the whistler frequency range in
tron temperature anisotropy. All models except the model 3the mid-tail when the probes are far from the equatem-
give small parallel electric fields from>8L0~4 to 0.1E |, gelopoulos et al2008h has recently published a case study
(E 1 being the perpendicular component of the wave electricfor which mid-tail probes are located closer to the magnetic
field) for the propagation angles under consideration (fromequator and particle burst mode are triggered too. For this
0.01 to B8). The parallel electric field obtained from the event mid-tail THEMIS probes (THB and THC) observations
model 3 can reach 04, for a propagation angle of5 show the same quasi-parallel whistler wave emissions, asso-
ciated with current sheet oscillations, as those observed by
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Cluster (e Contel et al.2006 Wei et al, 2007) or by the  in other words that small current sheetgd,. <H <c/w);)
THEMIS near-earth probes in the present paper. Howeveare unstable to tearing mode wili ~1 in the whistler fre-
the relation between these emissions and the electron tenguency rangek( being the wave vector). Therefore at this
perature anisotropy is not clear as the current sheet oscillatetage one cannot rule out the possibility of small scale tear-
very quickly; the relation with small scale current sheets ising mode developing in the whistler mode range in the near-
difficult to investigate from single spacecraft measurementsearth tail region. However, it would be only one element of
The detailed study of the quasi-parallel whistler wave emis-the chain of processes as a larger scale instability is needed
sion observed by THEMIS in the mid-tail region will be ad- in order to produce a dipolarization at the larger scale. Fi-
dressed in a future paper. nally whistler mode waves could be only a by product of the
As in the case of Cluster mid-tail observations describedcurrent sheet oscillations without any fundamental role in the
by Le Contel et al.(2006; Wei et al. (2007, we observe  substorm process. All these questions have to be further ad-
quasi-parallel whistler emissions before, during and after thedressed in the future.
local dipolarization occuring in the near-earth region. The
source of these emissions is related to the electron temper-
ature anisotropya(>1). The origin of this anisotropy could 4 Conclusions
be the nonlinear development of LHDI as electromagnetic
fluctuations are also detected in this frequency range. Al-\We have presented data from four near-earth dipolarization
though, as mentioned early k§ennel and Petschal 966, events captured by the THEMIS probes on 29 January 2008
any mechanism that increases the particle pitch-angle such detween 02:00 and 03:50 UT. We have only described in de-
magnetic field compression can make the electron distributail the first event corresponding to a pseudo-substorm event
tion unstable to the whistler mode. To our knowledge the de-but most of the results are valid for the other events as well
pendence of current driven instabilities on the electron tem-as for already published substorm events analyzed by the
perature anisotropy has not been studied. Notably it wouldTHEMIS team Angelopoulos et al2008h Lui et al, 2008
be interesting to know whether the instability conditions of Runov et al. 2008. We show from a polarization analysis
the kink instability are modified. The role of whistler mode that quasi-parallel whistler mode waves are detected before,
waves in the near-earth region could also be to control theduring and after the local dipolarization by the near-earth
threshold of a lower frequency instability which would be probes (THD and THE). We observe locally an electron tem-
sensitive to the electron temperature anisotropy. Yet fromperature anisotropyl{ .>T7j.). The measured anisotropy is

the energetic point of view, Pellat’s conclusioRe(lat et al, sufficient to drive the whistler mode unstable. In agreement
1991 about the absence of tearing mode growth should rewith the linear theory, we also found that the observed elec-
main valid whatever the low-frequencwws ) instabil-  tron temperature anisotropy associated with whistler mode

ity considered. Electron pitch-angle scattering by whistlerwaves varies inversely with the electron parafigl. Nar-
waves will not change the number of electrons in the fluxrow band emissions are recorded for a small electron tem-
tube; therefore this process will not modify the energy prin- perature anisotropy (and hence a lagyg) whereas broad
ciple. Indeed, in the tail, the loss cone is extremely small,band emissions correspond to large anisotropy values (and
hence the minimum precipitation lifetime is so long that par- smallergj.). Poynting vector calculations demonstrate that
ticle losses from a flux tube are negligible. the energy in the whistler mode leaves the current sheet and
On the other hand, as already mentioned, Cluster observgropagates along the background magnetic field, towards
tions in the mid-tail and close to the magnetopause suggeshe Earth. A simple time-independent description based
that such whistler mode emissions can be associated witlon Liouville’s theorem shows that the electron temperature
small scale € p; or <c/wp;) current sheets. Single satellite anisotropy decreases with the distance along the field line
measurements do not allow to disentangle temporal and spdrom the equator. Therefore whistler mode waves will be
tial variations. Yet the fast variations of the low-frequency hardly generated between the earth and the spacecraft due to
magnetic field associated with the local dipolarization do notsmall anisotropies. Conversely whistler mode waves gener-
rule out the possible existence of such small scale currenated near the magnetic equator, where the anisotropy is max-
sheets embedded in the near-earth tail. In that case the hamum, have very large growth rates and propagate towards
mogenous linear theory would no longer be applicable. Thethe Earth. This asymmetry explains why the Poynting vec-
development of a theory, valid for a nonuniform magnetic tor is directed earthward, while the local growth rate predicts
field, is out of the scope of this paper but it is worthwile amplification in both directions. Yet, the required anisotropy
mentioning thatBulanov et al.(1992 has already studied is larger than the one measured by ESA suggesting that time-
this problem using the electron magnetohydrodynamics apdependent effects could be important. On the other hand this
proach. More recentlyttico et al. (2002 used a full ki-  discrepancy of about 20% can be due to the upper limit to
netic approach for modelling laboratory experiments. Thesghe ESAs energy range which can be a source of error in
studies showed that small-scale/(v,. </ <c/wp;) magnetic  the moment calculation as soon as energetic particle fluxes
reconnection can occur in the whistler frequency range orare not negligible NicFadden et a).2008. Furthermore
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recent self-consistent numerical studies about chorus emisAuster, H. U., Glassmeier, K. H., Magnes, W., Aydogar, O.,
sions showed that the nonuniformity of the magnetic field Baumjohann, W., Constantinescu, D., Fischer, D., Fornacon,
near the equator plays a key role in the amplification process K. H., Georgescu, E., Harvey, P., Hillenmaier, O., Kroth, R.,
(Katoh and Omura2007 Omura et al. 2009 of whistler Ludlgm, M., Narita, Y., Nakamura, R., Okrafka, K., Plaschke,
mode wave emissions formed at the equator and that non- F- Richter, I, Schwarzl, H., Stoll, B., Valavanoglou, A., and
linear effects can increase the frequency of the emissions. “/€démann, M.. The THEMIS fluxgate magnetometer, Space

As a last comment: Cluster observations in the mid-tail and,_ 0 ReV» 141, 135, doi:10.1007/s11214-008-9365-9, 2008.
) Baumjohann, W., Roux, A., Le Contel, O., Nakamura, R., Birn, J.,

close to the magnetopause indicate that whistler _emissions Hoshino, M., Lui, A. T. Y., Owen, C. J., Sauvaud, J.-A., Vaivads,
can be related to small scale current sheets. While present a_ rontaine, D., and Runov, A.: Dynamics of thin current sheets:
THEMIS observations indicate that the whistler mode wave  cluster observations, Ann. Geophys., 25, 13651389, 2007,
emissions during relatively steady magnetic field (02:26:40—  http://www.ann-geophys.net/25/1365/2007/
02:27:00UT) are consistent with the linear theory of WAI, Birn, J., Drake, J. F., Shay, M. A., Rogers, B. N., Denton, R. E.,
some of the whistler emissions during very fast magnetic Hesse, M., Kuznetsova, M., Ma, Z. W., Battacharjee, A., Otto,
field variations (02:26:00-02:26:40 UT) could be associated A.. and Pritchett, P. L.: Geospace Environmental Modeling
with very thin current sheets. Therefore the whistler mode (GEM) magnetic reconnection challenge, J. Geophys. Res., 106,
waves observed in the mid-tail as well as in the near-earth 3715-3719, 2001.
tail during substorms cannot be interpreted as the unambigu2°"ell: J- W., Mozer, F. S., Delory, G. T., Hull, A. J., Ergun,
ous signature of the Hall reconnection process. Thus the role R. E., Cully, C. M., and Angelopoulos, V.: The Electric Field

. L . . . Instrument (EFI) for THEMIS, Space Sci. Rev., 141, 303-341,
of these WhISt|ell’ emissions in the dlpolan;atlon Process or - ,i10.1007/s11214-008-9469-2, 2008.
more generally in the substorm process still deserves futurgyjanoy, s. V., Pegoraro, F., and Sakharov, A. S.: Magnetic re-
studies. connection in electron dynamics, Phys. Fluids B, 4, 2499-2508,
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