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First determination of whistler wave dispersion relation in superhot (7, > SkeV) plasmas
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A whistler wave is a fundamental electromagnetic radiation. In the universe, it transmits information through
diverse mediums at audio frequencies. To know the properties of such a radio, one should determine how its
frequency (energy) changes with its wavelength (momentum). The relation between them is called the dispersion
relation, which encodes essential information on the kinetics. Although the dispersion relation governs the
majority of the whistler properties, the experimental determination of their entire dispersion is still a challenge
today. Especially in high-temperature mediums, the group velocity dispersion properties of whistlers are still un-
verified by spacecraft experiments despite their practical importance. Here, for the first time, we experimentally
determine the dispersion relation of whistler waves in superhot (7, > 5SkeV) plasmas by the magnetospheric
multiscale mission located in a magnetotail plasma sheet. Our result unmasks the characteristics of whistler
waves at elevated temperatures and exhibits the evolution of their group velocity dispersion from positive to
negative, which agrees well with kinetic theory, opening the door to controlled radio excitation and transport.
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I. INTRODUCTION

Whistler waves, also known as whistlers, are right-
hand polarized electromagnetic (radio) waves propagating
at frequencies ranging from low-hybrid frequency fi, to
electron-cyclotron frequency f.. [1,2]. The name “whistlers”
dates back 130 years to unexplained whistling sounds heard
on long telephone lines [3], and Barkhausen ef al. first clearly
described this type of radio wave in 1919 by using ground-
based radio receivers [4]. Whistlers are possibly one of
the first-observed and best-known plasma wave phenomena,
which exist widely throughout the whole universe, including
the ocean [5], atmosphere [6], radiation belts [7], planetary
magnetospheres [8—12], stellar corona [13], solar wind [14],
galaxy clusters [15], and interstellar medium [16]; also, they
can exist in laboratory experiments [17,18]. There are various
mechanisms that can lead to the emission of waves propa-
gating in the whistler branch, such as lightning strikes and
anisotropic electron distributions [19-22].

Although whistler waves have been studied for over 100
years, many interesting questions remain unsolved. Satellite
and ground-based measurements have shown that the whistler
waves can be converted into audio and transmit radio signals
[1], whose melody sounds different in different mediums,
such as lightning-generated whistlers, plasmaspheric hiss, lion
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roars, and choruses [23]. However, the intrinsic properties
of whistler waves controlled by their dispersion relation
[24], such as phase velocities, group velocities, wave vec-
tors, and energy distribution in three-dimensional wave-vector
space, remain enigmas in spacecraft experiments. On the
other hand, cold plasma theory assumes that whistler waves
have dispersive properties (group and phase velocities are
frequency-dependent) [24,25], which are formed by nonlinear
processes [26], characterized by frequency chirping—rising
or falling tones in the time-frequency spectrogram [27]—and
highly contribute to optical communication systems and mag-
netic reconnection (a crucial plasma process during which
magnetic topology changes and magnetic energy is converted
to particle energy) [28]. However, such a fundamental prop-
erty is stuck in theory [26,29-32] and is still unverified in
spacecraft experiments despite their application value in high-
temperature mediums.

To thoroughly unveil the propagation dynamics of whistler
waves, especially to understand how they are involved
in wave-particle interactions [27,33-36] (such as parti-
cle heating, acceleration, scattering, and absorption) during
high-temperature physical processes [37-39] (e.g., magnetic
reconnection and thermonuclear fusion), determining their
dispersion relations should be the first step. With advanced
multi-spacecraft missions and innovative methods, it is now
possible to independently measure frequencies and wave vec-
tors, transform them into a plasma frame, and experimentally
resolve the dispersion relation. Besides, among the entire
universe environment, within reach of satellites, the elec-
tron temperature at the Earth’s magnetotail may be one of
the highest, which can reach up to 10 keV (100 million
Kelvin) [40,41], dozens to hundreds of times higher than pre-
vious studies on whistlers [42—45]. Compared to characteristic
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temperatures in laboratory, space, and astrophysical plasmas
([46-50], see Fig. 1(a)]), Earth’s magnetotail provides an ideal
laboratory for studying whistler waves in high-temperature
plasmas [51,52]. Being satisfied with these criteria, in this
Letter we aim to provide the first experimental determination
of the dispersion relation for whistler waves in superhot plas-
mas (7, > 5keV). We utilize data from the magnetospheric
multiscale (MMS) mission [53] and employ the dispersion
relation from timing (DRAFT) technique [54]. Specifically,
the instruments used are fast plasma investigation [55] and the
flux gate magnetometer [56]; the applied technique DRAFT
is designed for analyzing space plasma waves, allowing
us to derive dispersion relations and the three-dimensional
K-spectrum of plasma waves [54].

II. EXPERIMENT OVERVIEW

The event of interest (low-frequency whistler waves in
superhot plasmas) was found in the Earth’s magnetotail [see
the red star in the sketch in Fig. 1(b)]. Specifically, the fluc-
tuation was detected by MMS on 19 June 2017 at about
03:57:46 UT, when the four MMS spacecraft were located
at [-16.8, -0.3, 1.6] Rg in GSM coordinates with average
separations of ~37 km. Figures 1(c)-1(h) show an overview
of this event. Before 03:57:37.5 UT, MMS observed a weak
magnetic field [Bx < 2nT, Fig. 1(c)], a high plasma density
[N, > 0.35cm™3, Fig. 1(d)], and a low electron temperature
[T. =~ 1.5keV, Fig. 1(e)], indicating that MMS was located at
the magnetotail neutral sheet. Around 07:57:37.5 UT, MMS
detected a sudden increase of magnetic field from B, ~ 5nT
to B, ~ 17nT [Fig. 1(c)], a significant drop in plasma density
from N, ~ 0.4cm™3 to N, ~ 0.05cm™ [Fig. 1(d)], a dra-
matic increase in electron temperature from 7, ~ 1.5keV to
T. ~ 5keV [Fig. 1(e)], and a fast ion flow with a local speed
approaching 400 km/s [Fig. 1(f)]. Such an abrupt change from
07:57:37.5 to 07:57:39 UT can be identified as a reconnection
front (RF, also called a dipolarization front), which is con-
sistent with typical characteristics of the RFs observed in the
plasma sheet [57-61]. RFs are sharp magnetic boundaries sep-
arating hot-tenuous plasmas (possibly from the reconnection
site) from cold-dense plasmas in the terrestrial magnetotail.
Behind the RF, the ions and electrons get heated and accel-
erated inside the traveling high B, region from 03:57:40 to
03:57:50 UT, associated with sharp changes in the particle
energy spectrum [Figs. 1(g) and 1(h)]. Such changes behind
RFs can be identified as the dipolarizing flux bundle (DFB),
a scenario widely reported in previous studies [57,61-63].
DFB and RF have both been suggested to be parts of the
reconnection outflow. Specifically, RF is the sharp boundary
leading DFB, and DFB is the associated structure of DF.

Inside the dipolarizing flux bundle, interestingly, where B,
is typically expected to stay steadily strong, MMS observed
a localized magnetic field depletion structure [see the gray
shade in Figs. 1(c)-1(f)], characterized by a dramatic decrease
of the total magnetic field from B, ~ 10nT to B ~ 5nT
[Fig. 1(c)] and an increase in plasma density from N, ~
0.1cm™3 to N. ~0.16cm™3 [Fig. 1(d)], based on which we
interpret such structure as a magnetic hole (MH) [64,65].
The magnetic hole is embedded inside a fast ion flow with
a maximum speed approaching 900 km/s [Fig. 1(f)], which is

faster than the local ion flow at the RFE. The superhot electrons
[T. ~ 5-6keV, see Fig. 1(e)] in the magnetic hole exhibit an
apparent electron temperature anisotropy, with the perpendic-
ular electron temperature relatively higher than the parallel
one, which has been suggested to be a consequence of betatron
heating. Interestingly, one can see that the magnetic hole hosts
strong low-frequency fluctuations of magnetic fields in such
high-temperature (7, > 5keV) plasmas.

III. DETERMINATION OF THE DISPERSION RELATION

Figure 2 presents detailed magnetic signals of the peri-
odic magnetic fluctuations, which are indications of plasma
waves. It is noticed that such waves were observed at the
interior of the magnetic hole during 03:57:44.5-03:57:46 UT.
As can be seen, four MMS satellites measured quite similar
wavefronts, applicable for multi-spacecraft wave analyses. We
employ the DRAFT method to determine the nature of this
wave [54]. Such a method, calculating the phase velocity of a
single-frequency wave by using the timing analysis, dividing
the wave frequency by the phase velocity to obtain the wave
vector, and solving the dispersion relation (w-k relation) by
considering all frequency channels, provides comprehensive
analyses of waves [including the spectrum of wave power,
wave normal angle, wave vector, wave phase velocity, and
the three-dimensional (3D) K-spectrum]. We have quantita-
tively defined three error parameters—namely the match of
amplitude (MOA), the ratio of half-wavelength to spacecraft
separation (A/2Rsc), and the correlation coefficient (CC)—to
judge the reliability of the DRAFT technique. These three
criteria could be applied to the current study because they
could guarantee that the four spacecraft detect the same wave-
fronts, and guarantee that the time shift is accurate enough.
Generally speaking, the larger these parameters, the more
accurate the results. Empirically, we set the threshold of the
three parameters as “MOA > 0.5, A/2Rsc > 1, CC > 0.8” to
guarantee that the results derived from the DRAFT method
are accurate (see the validation by Zhang et al. [54]).

Figure 3 shows the results of wave propagation analy-
ses. Concretely, we present the spectrum of the wave power,
wave phase velocity, wave vector, and wave normal angle in
Figs. 3(a)-3(d). Furthermore, we compare the results of wave
normal angles obtained by DRAFT and the previously used
SVD [66] method in Figs. 3(d) and 3(e). Finally, we provide
the quantitative error parameters in Figs. 3(f)-3(h). As can
be seen, there are strong wave emissions roughly between
0.1 fee (black lines) and 0.3 f. (red lines) during 03:57:45—
03:57:45.7 UT [Fig. 3(a)]. These electromagnetic waves (the
electric field fluctuation is not shown here) possess a phase-
velocity magnitude around 9000 km s~! [Fig. 3(b)], a wave
number near 0.02 km™~! [Fig. 3(c)], and a wave normal angle
smaller than 20 ° [Fig. 3(d)]. These properties should be de-
rived accurately because the three parameters we defined are
considerably large in the frequency range 0.1-0.3 f..: A/2Rsc
> 3 [see Fig. 3(f)], CC > 0.8 [see Fig. 3(g)], MOA > 0.7
[see Fig. 3(h)]. Also, our results are well consistent with SVD
results in solving wave normal angles [see Figs. 3(d) and 3(e)],
validating the results of DRAFT. We can ignore the uniform
Doppler-shift effect in this event: wpi, = wc — Vi - k, which
generally converts the wave frequency from the spacecraft
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FIG. 1. Overview of the experiment. (a) Plasma temperature vs number density diagram. (b) Sketch of the Earth’s magnetosphere.
(c)—(f) MMS1 observations of the Earth’s magnetotail plasma sheet on June 19, 2017. (c) Magnetic field. (d) Plasma density. (e) The electron
temperature in parallel and perpendicular directions. (f) Ion bulk flow velocities. (g) The differential energy fluxes of electrons. (h) The
differential energy fluxes of ions. The gray shade between the two black dotted lines highlights the low-frequency whistler waves inside a
magnetic hole behind the reconnection front.
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FIG. 2. Four MMS measurements of magnetic fields Bt, Bz, Bx, By. MMS1-MMS4 data are shown in black, red, green, and blue,

respectively.

frame to the ion rest frame, because here the wave velocity
(~9000 km/s) is much faster than the local ion velocity
(~700 km/s), meaning that the wave frequencies can be re-
garded as in the plasma coordinate system. Combing these
wave propagation properties (some results of SVD not shown
here), these electromagnetic waves inside the magnetic hole
have large positive ellipticities (~1), small propagation an-
gles (#<20°) with respect to the ambient magnetic field,
large planarization (~1), as well as fast wave phase-velocity
(~9000 km/s). Therefore, these waves should correspond to
right-handed polarized and paralleling-propagating whistlers.
In fact, this wave has been identified as electron-scale
whistlers coupled with sub-ion-scale magnetic field dissipa-
tion [67].

Figures 4(a) and 4(b) display a scatter plot of determined
frequencies and wave numbers reorganized from the data in
Figs. 3(a)-3(d), with the colored data points denoting the
wave power [Fig. 4(a)] and the wave phase speed [Fig. 4(b)],
respectively. Such reorganizations of data in the plasma coor-
dinate system constitute the experimental dispersion relation
of targeted waves at the frequency range 10-100 Hz during
03:57:45-03:57:45.7 UT. In particular, to guarantee that the
results belong to wave activities, we only consider those sam-
pling counts above limited wave power (> 8 x 107> nT?/Hz);
to guarantee that the results are accurate enough, we have re-
moved sampling counts with small MOA (MOA < 0.5), small
M2Rsc (AM2Rsc < 1), and small CC (CC < 0.8) [Figs. 3(f)—
3(h)]. It should also be mentioned that we only consider
waves having propagation angles 0 <6 <30° [Fig. 3(d)],

because considering the above criteria, sampling counts
with 60° <6 <90° are in small quantity and neglectable.
Frequencies and wave numbers are normalized to local plasma
scales: the electron gyrofrequency w.. and electron gyrora-
dius p.. Apparently, the scatter points [Fig. 4(a)] directly
reveal that these waves at frequencies around 0.1 — 0.3wc
are dispersive: wave speed changes with frequency. Also, the
scatter points [Fig. 4(b)] indicate that the wave phase velocity
becomes faster when the frequency rises and the wave number
decreases, which is intelligible. When such waves with dif-
ferent frequency components are superimposed, we are more
concerned about their group velocity, which describes the
velocity at which energy and information in a pulse or signal
travel.

To investigate the group velocity dispersion and identify
the wave mode exactly, experimental data were compared
to the numerical solution computed using a kinetic disper-
sion relation solver: Waves in Homogeneous Anisotropic
Multicomponent Plasmas (WHAMP) [68]. Here, we set
N. =0.15cm ™3, By = 5nT, T, = 5500eV, and temperature
anisotropy 7., /T,;, = 1.2 to match the superhot local plasma
conditions in association with the observed wave inside the
magnetic hole. Within this model, the only wave mode pre-
dicted to propagate at the observed frequencies is the whistler
wave. The numerical solution of dispersion relations under the
above conditions is drawn by black solid lines in Figs. 4(a)
and 4(b). Clearly, the theory solution from WHAMP exhibits
the evolution of group velocity dispersion from 82k/9%w > 0
at ~0.1we to 3%k/3’w < 0 at 0.2w,., indicating a nonlinear
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FIG. 3. Propagation dynamics of the whistler wave. (a) The average wave power density of the magnetic field from four spacecraft. (b)
The wave phase velocity. (c) The wave vector. (d),(e) The wave normal angle by the DRAFT and the SVD method, respectively. (f)—(h)
Error parameters. (f) The ratio of half-wavelength to spacecraft separation (A/2Rsc). (k) CC. (1) MOA. Here the obtained phase velocity and
wave vector are essentially three-dimensional vectors (v, k), but for simplicity we only show their modulus, i.e., the phase-velocity magnitude
(v, = |v]) and the wave number (k = |k|). The red and black lines in all panels, respectively, show 0.3f.. and 0.1 fe..
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FIG. 4. Experimental determination of dispersion relation for whistler waves. (a) The dispersion relation with points colored by the wave
power. (b) The dispersion relation with points colored by the wave phase velocity. (c) 3D K-spectrum of the wave sliced from the k, direction,
with color denoting the accumulation of wave power continuously reconstructed by the DRAFT technique from 03:57:44.5-03:57:46 UT. Note
that the black dashed line shows the dispersion relation for parallel whistler waves [24], and the black solid line shows the theory of whistler
wave dispersion relation with T, = 5.5keV, T¢, /T;;, = 1.2, N, = 0.15 cm~3, and By = 5nT.

process; at the same time, the experiment data points deter-
mined by DRAFT at 0.1-0.3 w,. follow the same trend and
are clustered around the theoretical curve of whistler wave
dispersion relations. Now, considering the good agreement
between the experimental dispersion relation and kinetic the-
ory in Figs. 4(a) and 4(b), and the wave propagation dynamics
in Fig. 3, we can confidently determine the fluctuations in
Fig. 2 as whistler waves with phase and group velocity disper-
sion. In addition, we compare obtained wave characteristics
with the cold plasma dispersion relation [24] for parallel
whistler waves [see the black dashed lines in Figs. 4(a)
and 4(b)]. As can be seen, for the same frequency, whistler
waves in superhot plasmas generally have smaller wave num-
bers, faster phase velocities, and slower group velocities than
whistler waves in cold plasmas. Moreover, the wave refrac-
tive index (N = kc/w ~ 30) derived from observations is
well consistent with that predicted by hot plasma theory [69]
(Nhot ~ 20), and is much smaller than that predicted by cold
plasma theory [24] (Noia ~ 70).

Certainly, we also can reorganize the data in Figs. 3(a)-3(d)
in a different format, i.e., showing the dispersion relations P

(f, k) [Fig. 4(a)] as functions of k,, k,, k, to obtain the three-
dimensional K-spectrum of these whistler waves. Such a type
of data reorganization is shown in Fig. 4(c), as an estimation
of magnetic field energy distribution in the wave-vector space.
As can be seen, the wave power is highest around the pos-
itive Z-direction and lowest around the negative Z-direction.
Thus, we can estimate that the waves are primarily along the
positive Z-direction, which is consistent with the background
magnetic field [Fig. 1(c)] and indicated that the wave energy
is guided approximately along the magnetic field. Such a 3D
K-spectrum could help us study the energy distribution of
cross-scale wave-particle interactions and turbulence structure
[70].

IV. WAVE GENERATION MECHANISM

Then we focus on the discussion about the excitation of
these whistler waves. It is widely reported that, inside the
dipolarizing flux bundles behind the reconnection fronts, elec-
trons are preferentially heated in the directions perpendicular
to the magnetic field by the betatron mechanism, leading to
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high electron temperature and strong perpendicular temper-
ature anisotropy therein [71-74]. Such electron temperature
anisotropy is physically unstable and theoretically can pro-
duce a whistler mode branch [42,75]. Using WHAMP, we
calculate the wave growth rate under the electron tempera-
ture anisotropy condition 7, /T,;, ~ 1.2 and find a positive
wave growth rate at the frequency o ~ 0.1-0.2 w... The max-
imum growth rate y/we ~ 0.05 occurs at w/we = 0.14,
which is consistent with the observations. Interestingly, such
perpendicular temperature anisotropy still holds inside the
magnetic hole where the magnetic field magnitude dramat-
ically drops, but right behind the magnetic hole, it clearly
abates [Fig. 1(e)]. To further verify the wave generation
mechanisms, we estimate the resonant energy during the prop-
agation of these whistler waves. Based on the quasilinear
cyclotron resonance condition [76], the electron resonance ve-
locity is estimated as v;jres = (f—fee)A/y = 5.8 x 10* km/s,
or equivalently 9.7 keV. The electron distribution shows a
transverse anisotropy (field-aligned flux much weaker than
transverse flux, not shown here) for this resonant energy
range, suggesting that the resonance energy estimated from
wave measurements corresponds well with the anisotropic
electron population from plasma measurements. Therefore,
we conclude that these whistler waves are locally generated by
the electron temperature anisotropy inside the magnetic hole.

V. CONCLUSIONS

In this Letter, we observed a whistler radio wave in a
high-temperature magnetotail and constructed an experiment
to determine its dispersion relation and 3D K-spectrum by
the MMS mission. Although some previous studies have fo-
cused on the propagation properties of whistlers in the solar
wind and magnetopause (low-temperature areas), we believe
this is the first determination of the dispersion relation for
whistler waves in superhot (7, > SkeV) plasmas. Our ex-
perimental results align well with kinetic theory, by which
we gain direct insight into the intricate interplay between
whistler frequency and group velocity. We also find that these
whistler waves are locally generated by the electron temper-
ature anisotropy developed inside the magnetic hole. These
findings unveil the nature of whistler waves and can be help-
ful in controlled radio excitation and transport, particularly
within mediums of superhot plasmas in the laboratory and
space.
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