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Abstract we report the statistics of whistler mode waves observed in relation to dipolarization fronts
(DFs) in Earth’s magnetotail using data from the four Cluster spacecraft spanning a period of 9 years,
2001-2009. We show that whistler mode waves are common in a vicinity of DFs: between 30 and 60% of all
DFs are associated with whistlers. Whistlers are about 7 times more likely to be observed near a DF than at
any random location in the magnetotail. Therefore, whistlers are a characteristic signature of DFs. We find
that whistlers are most often detected in the flux pileup region (FPR) following the DF, close to the center
of the current sheet (B, ~0) and in association with anisotropic electron distributions (T, >T,). This
suggests that we typically observe emissions in the source region where they are generated by the
anisotropic electrons produced by the betatron process inside the FPR.

1. Introduction

Dipolarization fronts, DFs, are tangential discontinuities in the magnetotail, separating the plasma sheet
and fast plasma flows, which can be created by various mechanisms such as magnetic reconnection [Sitnov
et al., 2009; Fu et al., 2012c] and kinetic interchange instability [Pritchett and Coroniti, 2011]. DFs are identi-
fied by a sharp increase of B, GSM and are associated with electron and ion acceleration [Asano et al., 2010;
Zhou et al., 2010; Fu et al., 2011] as well as various wave activities, e.g., electron holes, whistler, lower hybrid,
and electron cyclotron waves [Le Contel et al., 2009; Sergeev et al., 2009; Zhou et al., 2009; Deng et al., 2010;
Khotyaintsev et al., 2011; Hwang et al., 2011].

Whistler mode waves are right-hand circularly polarized electromagnetic waves with frequencies ranging
from above the lower hybrid frequency, f,;, to below the electron cyclotron frequency, f., and are com-
monly observed in the magnetotail. Whistlers observed in the magnetotail typically lie in a frequency range
from 0.1 to 0.6 f_, [Liang et al., 2012] and have a mean amplitude of 1% of the background magnetic field

[Zhang et al., 1999]. Bursts of whistler activities are often observed in connection with fast plasma flows
[Liang et al., 2012].

A number of case studies [Le Contel et al., 2009; Deng et al., 2010; Khotyaintsev et al., 2011; Huang et al., 2012]
reported observations of whistlers in relation to DFs. In particular, they found whistlers in the magnetic flux
pileup region (FPR), where the electron distribution has a perpendicular anisotropy, which is large enough
to drive whistlers via the whistler anisotropy instability [Le Contel et al., 2009]. Le Contel et al. [2009] also
showed that the bandwidth of the whistler signal correlated with the anisotropy, i.e., higher anisotropy is
associated with a larger bandwidth, and that the electron anisotropy decreases away from the equator so
that the waves have a higher growth rate closer to the equator. Using data from four Cluster spacecraft,
Khotyaintsev et al. [2011] show that the generation region is located at the equator. They suggested that
whistlers provide evidence of betatron heating in the FPR, which creates a temperature anisotropy T, >T.
Panov et al. [2013] showed that whistlers can efficiently scatter electrons in pitch angle (energies close to
thermal energies, i.e., 1-5 keV), making the electron distribution more isotropic.

Despite existing case studies, the statistical relation between DFs and whistlers has not been estab-
lished. If such a relation exists, it could be used as a signature of DF/transient reconnection in the
magnetosphere. Planetary missions usually do not have particle data of sufficient resolution, so
wave observations can then be used instead to infer the presence of DFs. In this letter we present
statistics of whistlers in relation to DFs observed by Cluster [Escoubet et al., 1997] during 2001-2009.
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Figure 1. Overview of a DF event observed by C1. (a) Magnetic field from FluxGate Magnetometer (FGM) [Balogh et al.,
2001], (b) electron density from PEACE [Owen et al., 2001], (c) ion velocity (X GSM) from both CIS [Réme et al., 2001] and
Vg Using Electric Fields and Waves (EFW) [Gustafsson et al., 2001], (d) electron differential energy flux, (e) pitch angle
distribution for energies of 3-10 keV, (f) power spectral density of the wave magnetic field, (g) the degree of polarization,
(h) the ellipticity, and (i) the wave angle with respect to the magnetic field. Data for Figures 1f-1i are calculated from
spectral matrices produced by onboard STAFF Spectrum Analyzer [Cornilleau-Webhrlin et al., 2003], using the PRASSADCO
program [Santolik, 2000; Santolik et al., 2003]. The black lines in Figures 1f-1i show f., and 0.5 f_,, respectively. The black
vertical lines mark the region where the strongest waves are observed.
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2, Event Study

Figure 1 shows an example of a whistler
wave event behind a DF. In this event,
the spacecraft (SC) are located at
(—13,8,—-0.2)R; GSM. The DF is clearly
seen as a sharp increase of B, (Figure 1a).
The electron density (Figure 1b)
decreases at the DF. Figure 1c shows
the x component of the ion velocities,
using both data from the Cluster lon
Spectrometry-Hot lon Analyzer instru-
ment (blue) and the calculated v g

60 velocity, low pass filtered between 0 and

10 Hz (black). We see that v, increases in

Figure 2. Superposed epoch of all DF events observed by the Cluster the FPR up to a maximum of 450 km/s.
spacecraft. The red line shows the median B,, and the two green lines  The velocity peak is located behind the
the 25th and 75th percentiles. The median jump in B, is about 6.1 nT, DF, so in this case we are observing a

and the median duration of the DF is about 1.8 s.

growing flux pileup region [Fu et al.,
2011]. The plasma flow velocity is not

high enough to cause significant Doppler shift of the measured frequency (maximum frequency shift is 5%).

Figure 1d shows the electron differential energy flux (DEF) from Plasma Electron and Current Experiment
(PEACE), averaged over pitch angle. In the FPR, the temperature of the electron population increases from
about 3 keV to 5 keV. After this, the temperature drops to the same value as before. The pitch angle distribu-
tion is displayed in Figure 1e for energies between 3 and 10 keV. As can be seen, the distribution is mostly
isotropic up until the DF, where the perpendicular flux increases, corresponding to T, >T,. This is consistent
with betatron heating of electrons in the FPR due to the increase of the magnetic field.

In the FPR, where the electron distribution has high perpendicular anisotropy, we observe an increase of
the power spectral density of the wave magnetic field (Figure 1f). The wave maximum activity is localized

100 — T T T

~10 12 —14 _16 18

X GSM [R]
Figure 3. Distribution of waves and whistlers in X (GSM). The
height of the bar shows the ratio between the number of wave
or whistler events, divided by the number of DF events, for
each X bin. The blue bars show the occurrence of any emission
identified as a wave by our algorithm. The black bars show the
occurrence of those emissions that were classified as whistlers.
About 30% of the DFs are associated with whistlers, and about
60% with general waves. Since our algorithm probably rejects
many whistlers, but accepts them as waves, the true whistler
distribution would lie somewhere between the blue and black
bars.
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between f_, and 0.5 f_, (marked by black lines).
The duration of the wave burst is about 8 s.
The time resolution of Spatio Temporal Anal-
ysis of Field Fluctuations (STAFF) Spectrum
Analyzer (SA) is either 1 s (high bit rate) or

4 s (normal bit rate), both of which are much
shorter than the typical duration of the FPRs.
The median degree of polarization is ~0.7,
and the median ellipticity is close to +1 for
the whole burst (Figures 1g and 1h). Such
properties indicate that the wave belongs

to the whistler mode. Figure 1i shows the
wave angle with respect to the magnetic
field. The median angle is 17° for the whistler
emission, showing that the wave propagates
quasi-parallel to the magnetic field. Although
we present only data from C1 in Figure 1, the
same wave structure was observed by all four
SC in this specific event; the characteristic
spacecraft separation was 1100 km in GSM-X.
The spectra in Figures 1f-1i are obtained
from the STAFF SA instrument and are calcu-
lated onboard Cluster using the PRASSADCO
algorithm [Santolik, 2000; Santolik

et al., 2003].
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3. Data Selection and Wave
Identification

We perform a statistical analysis of whistlers
at DFs. Our study is done in two steps: first,
we search for DFs in the magnetotail and
then, from the events obtained from step
one, identify whistlers.

3.1. DF Observations
We use the DF search algorithm by Fu
et al. [2012a] but extend the search to
all four SC, for the tail periods from 2001
-10 -12 -14 -16 -18 -20 to 2009; the tail box is defined as having

X [Rg GSM] —20 < X < =10 R, —12<Y <12 R, and
—5 < Z <5 R (GSM). For all times where
Cluster lon Spectrometry (CIS) data are avail-
able, the criterion p > 0.5 is used to narrow
the search. The DFs were identified by fitting
a hyperbolic tangent function to B,

Bg = %tanh (%) + (c+ g) M

where At = t — t is the time interval
from 60 s before to 15 s after the DF. The fit-
ting coefficients g, b, and ¢ are obtained for
each event and represent the jump in B,, the
duration of the DF, and the magnitude of B,
1 min before the DF, respectively. The crite-
ria on the coefficientsarea > 4 nT, b < 85,
Figure 4. (a) Occurrence probability for finding whistlers anywhere ~ and ¢ < 2.5nT, where ¢ is the standard error
in the tail box during the period from 2001 to 2009. We limit the of the fitting. For the period 2001-2009, we

search to the plasma sheet by using the criterion § > 0.5. We do not  found 1272 DF events, out of which 873 are
use C2, since there is no CIS data available for that SC. The average unique, meaning that the 2 min DF intervals

?robabflity is ab.out 4%. This is a significantly lower pljobability than from different spacecraft do not overlap. A
or finding a whistler at a DF. (b) Occurrence probability versus B,. .
The distribution is centered around B, ~ 0 (black line), with 50% superposed plot of all DFs for the tail epoch

(red lines) of the cases lying within +5 nT, meaning the whistlers are  is shown in Figure 2. The red line shows the

mostly observed near the magnetic equator. median B,, and the two green lines show the

25th and 75th percentiles. We get a median

jump of 6.1 nT and a median duration of 1.8 s. Our median flow velocity is 200 km s~'. The ion inertial length
of each DF is calculated from ion moments where CIS data are available. We get a median ion inertial length
of about 565 km, which gives a median DF thickness of 0.64 ion inertial lengths. These results are consistent
with Fu et al. [2012a].

Occurence probability [%]

Occurence of whistlers [%]

-20 -10 0 10 20
B, [nT]

3.2. Whistler Wave Identification

We search through the identified DF events for signs of whistlers by gradually filtering out nonwave signals,
in a way similar to Bortnik et al. [2007]. We call a point in the spectra of Figure 1f-1h a “pixel,” defined as
having a certain time duration (1 s or 4 s, depending on the STAFF SA operation mode) and a certain width
in frequency. For all recognized DF events, defined as the period +60 s from the DF, we first remove any
pixel in the magnetic field spectrum that is less than 10 times the median at that specific frequency. We
then look, for each time step, for local maxima in frequency in the remaining data and keep the strongest
maxima and two pixels, one directly above and one directly below. The next step is to keep the pixels that
are continuous in time, with the requirement that a signal must be at least two pixels wide in time. The final
step is to look at each group of pixels and keep only those that have a median degree of polarization greater
than 0.5 and a median ellipticity greater than 0.7. The reason we use the median, rather than the mean, is
that a noisy whistler signal is more likely to be accepted than if the mean had been used. The noisy nature

VIBERG ET AL.
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of the ellipticity is clearly seen in Figure 1h.
After all this is done, we have a list of iden-
tified 2 min DF events that contain whistler
wave observations. We also keep a list

of those events that exhibited general
wave emissions, i.e., was sufficiently above
median amplitude and had a distinct peak
in the spectra but did not necessarily have
the required length or contiguity.

a)

Occurence probability [%]

The method most likely misses some
whistlers due to the search criteria. For
example, a wave identified as having the

-60 -40 -20 0 20 40 60 . .
Duration [s] strong.est I?cal maximum in frequency at
30 : : a specific time may turn out to not have
b) Eg:;s\:ﬁ;re the desired ellipticity and is then discarded.
25t ~ E The second strongest peak of that event

might have been a whistler wave. Using

a certain number of pixels rather than a
certain time to identify continuous wave
signals is also likely to decrease the number
of approved whistler events. Events lasting
just a bit shorter than 8 s may be interpreted
as only one data point in normal bit rate
(time resolution 4 s). Eighty-five percent of
whistlers were observed in normal bit rate.

Occurence [%)]

-1 —05 0 0.5 1 Also, whistler emissions may be fragmented
Anisotropy into many pieces, each shorter than two pix-
. els, not fulfilling our criteria. Thus, we get a
Figure 5. (a) Histogram of the time between the DF observation . .g 9
and the whistler emission. The plot is centered around the time lower limit estimate of the occurrence rate
of the DF observation. The whistlers are clearly more common at of whistlers versus waves at DFs.

and after the DF than before. The probability begins to increase a
few seconds before the DF. (b) Electron anisotropy during whistler 4, Statistical Results

emissions plotted against the anisotropy at the rest of each 2 min

interval. The anisotropy is mostly >0 for whistlers, and it is also Out of 1272 DF events, 859 were found to
larger than elsewhere during the same event. This suggests that the  have wave emissions, and 394 events ful-
whistlers are caused by the electron anisotropy. The vertical scale is

filled the whistler criteria. The percentage
the occurrence percentage for each group.

of DFs that are associated with whistlers

is thus somewhere between 31% to 67%;
see Figure 3. We note, however, that our DF detection algorithm is likely to miss many weaker or complex
DFs. Since our algorithm has rather stringent conditions on what is deemed a whistler wave, we argue that
the true percentage of DF events that exhibit whistler emissions is somewhere in between the ratios for
whistlers and waves. The occurrence of both whistlers and DFs is lower closer to Earth, but the probability
of observing a whistler once a DF is observed is approximately independent of distance along X¢g. This is
consistent with the results of Fu et al. [2012b], who did not find a particular dependence of the anisotropy
of energetic electron flux on the location of the DF. Also, the amplitude of observed whistlers shows no dis-
cernible dependence on distance (not shown). Most of the whistlers have small wave normal angles with
respect to B (angles below 35° span 75% of the cases). Whistlers are mainly observed close to the magnetic
equator, as can be seen in Figure 4b. The distribution of whistlers is centered around B, ~ 0, with half of the
observations lying within &5 nT. This tells us that the whistlers are mostly observed in the neutral sheet.

A histogram of the time difference from the DF to the whistler signal, Figure 5, shows that whistler observa-
tions are much more common after the DF than before, consistent with the waves being generated in the
FPR, where the betatron acceleration is expected to create anisotropic temperature anisotropy [Khotyaintsev
et al,, 2011]. To study the electron anisotropy, we define factorsa =T, /T = 1forT, <Tjanda =1-T,/T,
for T, > T, which have values between —1 and +1, where negative a« means more parallel than perpendic-
ular flux, and vice versa. In Figure 5b we plot distributions of « for two groups of events, one for the intervals
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when there are whistler emissions and one for when there are not. Clearly, almost all whistlers are associ-
ated with @ > 0. For nonwhistler times, a is centered around 0. Thus, we conclude that whistler emissions are
caused by perpendicular electron temperature anisotropy resulting from betatron acceleration.

For comparison with DF-related whistlers, we searched for whistler in all 2 min intervals that Cluster spends
in the tail box, with the criterion g > 0.5 to limit the search to the plasma sheet. We found that the proba-
bility of detecting a whistler wave at a random position in the tail box is on average about 4%; see Figure 4.
The probability of finding a whistler wave at a DF is thus about 7 times higher than for a random location in
the magnetotail. The ratio of the total number of whistlers at DFs and the total number of whistlers in the
tail box is about 8.4%, so an observation of a whistler is not a definite indication of a DF. The minimum at
around —12 R, is not statistically significant, as there are few DF events observed in this region giving large
statistical error.

Almost all observed waves had a frequency less than 0.5 ... The median frequency was about 0.16 f.,, with
25th and 75th percentiles lying at 0.09 f_, and 0.29 f_, respectively (not shown). This is consistent with the
results presented by Zhang et al. [1999], who analyzed Geotail data consisting of approximately 1300 wave
observations, though recorded throughout the magnetotail and not in any specific region or at any specific
structure. The whistler wave in the event shown in Figure 1 is between 0.5 f, and f,,, so it is not a whistler
with typical frequency. Rather, we chose this particular event because it was observed by all four SC and had

high resolution.

5. Conclusions

We present statistics of whistlers at dipolarization fronts, covering nine tail seasons of data from four Cluster
spacecraft. The probability of finding a whistler in the vicinity of a DF is at least 7 times higher than that of
finding it at any random location in the tail box. We find that about 60% of the 2 min intervals containing a
DF were associated with electromagnetic emissions in the whistler frequency range (f ,; — f..), out of these,
at least half had the right-hand polarization consistent with the whistler mode. Therefore, whistlers are a
characteristic signature of DFs, suggesting that observation of whistlers together with the characteristic B,
signature can be used to identify DFs when no plasma data are available.

We find that whistlers are most often detected in the flux pileup region (FPR) following the DF, close to

the center of the current sheet (B, ~0) and in association with electron temperature anisotropy (T, >T)).
Most of the whistlers have small wave normal angles with respect to the background magnetic field. All
this suggests that we observe the source region of the emissions and that whistlers are generated by the
anisotropic electrons produced by the betatron process inside the FPR. Earlier case studies have shown that
whistlers scatter electrons in pitch angle and therefore make a nonadiabatic contribution to otherwise adi-
abatic (dominated by betatron and Fermi processes) electron dynamics in the FPR. Our statistical results
suggest that this scenario could apply to most of the DFs and therefore is of general importance for electron
dynamics in the FPR.
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