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Pulsating aurora from electron scattering by

chorus waves
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Auroral substorms, dynamic phenomena that occur in the upper
atmosphere at night, are caused by global reconfiguration of the
magnetosphere, which releases stored solar wind energy"2. These
storms are characterized by auroral brightening from dusk to
midnight, followed by violent motions of distinct auroral arcs
that suddenly break up, and the subsequent emergence of diffuse,
pulsating auroral patches at dawn'>. Pulsating aurorae, which
are quasiperiodic, blinking patches of light tens to hundreds of
kilometres across, appear at altitudes of about 100 kilometres
in the high-latitude regions of both hemispheres, and multiple
patches often cover the entire sky. This auroral pulsation,
with periods of several to tens of seconds, is generated by the
intermittent precipitation of energetic electrons (several to tens of
kiloelectronvolts) arriving from the magnetosphere and colliding
with the atoms and molecules of the upper atmosphere*’.
A possible cause of this precipitation is the interaction between
magnetospheric electrons and electromagnetic waves called
whistler-mode chorus waves®!!. However, no direct observational
evidence of this interaction has been obtained so far'. Here we
report that energetic electrons are scattered by chorus waves,
resulting in their precipitation. Our observations were made in
March 2017 with a magnetospheric spacecraft equipped with a
high-angular-resolution electron sensor and electromagnetic
field instruments. The measured'>!* quasiperiodic precipitating
electron flux was sufficiently intense to generate a pulsating
aurora, which was indeed simultaneously observed by a ground
auroral imager.

Theories and computer simulations have provided a promising
explanation for the origin of electron precipitation: the interaction
between electrons and whistler-mode chorus waves near the magneto-
spheric equator”®1>16, After chorus waves are generated at the equator,
they propagate towards higher latitudes (grey wavy arrows in Fig. 1)
and interact with bouncing, counter-streaming electrons in both
hemispheres. As these electrons are scattered by the Lorentz force of
the chorus waves, some of them become nearly aligned with the field,
fall into the empty electron loss cone (blue open arrow in Fig. 1a), fill it
(blue filled arrows in Fig. 1a), and precipitate into the upper atmosphere
(top left in Fig. 1a).

Data from the THEMIS (Time History of Events and Macroscale
Interactions during Substorms) spacecraft and ground-based imagers
have shown a correlation between chorus-wave modulation and auroral
patch pulsation®!°. Geosynchronous satellite measurements have
revealed a correlation between electron flux modulation and auroral
pulsation!”. However, direct evidence of interaction between chorus
waves and precipitating electrons at the source region—the connection
needed to verify the whistler-mode chorus-electron interaction theory

of pulsating aurorae—has not been obtained. This is principally because
of the large acceptance angle of earlier space plasma instruments, which
prohibited them from distinguishing small loss cones in the equatorial
magnetosphere. Thus, it has been difficult to directly establish the asso-
ciation between precipitating electrons hidden inside loss cones and the
chorus waves. The high angular resolution of our instrumentation has
enabled us to overcome this limitation.

On 2017 March 27, auroral pulsations were observed by the ground-
based auroral All-Sky Imagers (ASIs) of the THEMIS mission'® (Fig. 2)
when a magnetic storm with auroral substorm characteristics
developed. Auroral snapshots illustrate the appearance and disap-
pearance of pulsating auroral patches. The ionospheric footprint of
the Exploration of energization and Radiation in Geospace (ERG, also
called Arase) spacecraft'>!4, which was launched in December 2016
and started observations in March 2017, was traced with an empirical
magnetic field model'® and plotted over the auroral images (red crosses
in Fig. 2). The model footprint is well within the fields of view of the
ASIs in which the auroral pulsations can be clearly detected (see also
Supplementary Video 1). Depending on the instantaneous magneto-
spheric configuration, however, the actual footprint may be displaced
from the model by a few degrees in magnetic latitude and longitude*
(fewer than several hundred kilometres in both directions). Therefore,
the model footprint should be regarded as approximately located in a
wide area where pulsating aurorae were observed (we note that the field
of view of an ASI is about 1,000 km across, larger than the mapping
uncertainties). Electrons with sufficient energy flux to cause a visible
aurora were observed near the equator, closely correlated with chorus
waves when the footprint of ERG was located in a region replete with
pulsating auroral patches.

During morning hours in magnetic local time, ERG captured a cor-
relation between wave activity and particle flux modulations near the
magnetospheric equator. During the 30-min duration of the observa-
tion near the equator, waves are seen intermittently in the power spectra
of the magnetic (Fig. 3a) and electric fields (Extended Data Fig. 1a)
in both the lower-band (<0.5f.) and upper-band (>0.5f.) frequency
ranges (where f is the electron gyrofrequency). Despite dynamic
chorus wave activity, northward-streaming electron fluxes outside
the loss cone (with pitch angle, the angle between the particle velocity
and the local magnetic field, from 20° to 40°) are relatively stable
and do not show any apparent correlation with the waves (Fig. 3c).
This is consistent with the absence of correlation between electron flux
and chorus waves in previous observations.

Dramatic modulations of the electron flux in concert with chorus
waves do occur in the loss cone, however. The northward loss-cone
electron flux (Fig. 3b), as measured by the Medium-Energy Particle
experiments — electron analyser (MEP-e) onboard ERG with a
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Figure 1 | Schematic of electron scattering by chorus waves, resulting (pitch-angle scattering by waves). The red arrows represent loss-cone-

in a pulsating aurora. a, The open blue arrow represents northward- filling electrons streaming southwards. The spacecraft location is denoted

streaming electrons with an empty loss cone (b) before chorus waves by a black filled circle. b-d, The evolution of the electron PAD. Because

interact with them (c). The blue filled arrows represent the same electrons chorus activity is intermittent, loss cone filling and depletion are repeated,
causing auroral pulsations.

but with a filled loss cone (d) after their interaction with chorus waves

Trapped electrons

Electron flux
Empty loss cone

of 10's (or less, although the time resolution of the loss-cone meas-

urement is 8s, and thus shorter periods cannot be resolved), within

the typical range of auroral pulsations. As expected from low-altitude
observations>'!, the flux is modulated by a factor of 2 to 3. Furthermore,
when the loss cone is filled, the measured electron energy flux in the
atmosphere is sufficient to excite visible aurorae. Specifically, it is
several times 10°keV cm~2s™! or several erg cm~2s~!—comparable
to, but above, the threshold for visible aurorae** (Extended Data Fig. 2
further illustrates the correlation between auroral patch pulsation and
the loss-cone electron flux, as well as the chorus waves).

Figure 4 also illustrates that the variability in the quasiparallel flux
outside the loss cone (shown by black dashed lines) is nearly stable
compared to the dynamic modulation of the loss-cone flux and chorus
wave power. This indicates that the observed electron flux just outside
the loss cone does not provide clear evidence of precipitation, which

explains why previous measurements did not reveal the wave-particle

correlation that causes pulsating aurorae.

3.5° field of view (full-width at half-maximum), shows repeated enhance-
ments and depletions over a broad energy range from 10keV to 30keV,
in striking correspondence with bursts of lower-band chorus
waves (Fig. 3a).

The correlation between chorus waves and loss-cone electron flux is
more clearly presented in Fig. 4, which focuses on the flux of 24.5-keV
electrons (selected because of the good loss-cone coverage) and a mag-
netic wave power spectral density of 0.38-0.64 kHz. This combination
of energy and frequency satisfies the cyclotron resonance condition®!

(thus enabling considerable electron scattering) if we assume an elec-
tron density of 3cm ™2, which is typical of this region?®, and it is also
consistent with the observed frequency of the faint signature of an upper
hybrid resonance wave (Extended Data Fig. 1a). The excellent correla-
tion between loss-cone electrons (black solid lines in Fig. 4) and chorus
waves (blue dash-dotted lines in Fig. 4) indicates that wave—particle

interaction is indeed taking place. Upon close examination of Fig. 4,

we see that the loss-cone flux is strongly modulated on a timescale

2017 March 27 10:48:57

The Pas /
2017 March 27 10:48:39 2017 March 27 10:48:48
Figure 2 | Auroral snapshots around the footprint of ERG. Successive The red crosses show the nominal spacecraft footprint. The dotted lines
clear-sky images (10:48:39 t010:48:57 uT) from a ground station illustrate magnetic coordinates every 5° in latitude and 15° in longitude,
respectively. Supplementary Video 1 shows the full motion of the pulsating
auroral patches in a 3-s cadence. MLAT, magnetic latitude.

(the Pas). Distinct pulsating patches in the field of view of the Pas are
indicated by yellow arrows. The filled and open arrows correspond to
pulsations that are ‘on’ (bright aurora) or ‘oft” (no aurora), respectively.
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1.0f., respectively, relative to the local magnetic field. b, ¢, Energy-time
spectrograms for differential fluxes of electrons (expressed in electrons
per (cm? keV sr s)) in the loss cone (pitch angles PA < 2°) (b) and outside

The interpretation of this observation is illustrated in Fig. 1
(bottom left box). The spacecraft was in the Southern Hemisphere
but quite close to the magnetospheric equator. The loss cone of the
northward-streaming electrons, which is empty during quiet periods,
fills with scattered electrons as southward-propagating chorus waves
emerge. The evolution of the pitch-angle distribution (PAD) of the
northward-streaming electron flux is schematically shown in the right
panels of Fig. 1b—d. On the other hand, the electron flux in the
southward-streaming loss cone (red arrows) is also seen in the observa-
tion (Extended Data Fig. 1d). Although this flux is also modulated (that is,
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electron flux (PA < 2°); the black dashed line indicates the nearly stable
electron flux outside the loss cone (PA = 20°-40°). The blue dashed-dotted
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In b, white areas indicate absence of loss-cone measurements owing to
the instrument’s limited field of view. MLT, magnetic local time of the
spacecraft; L, distance (in Earth radii) where a magnetic field line passing
through the spacecraft crosses the magnetospheric equator.

varies with time), the correlation with the chorus waves is appar-
ently weaker than that of the northward loss-cone flux (Fig. 3b and
Extended Data Fig. 1c). For example, chorus waves were absent from
10:56 to 11:00 universal time (UT), while the southward-streaming loss
cone continued to be filled. This can be expected because southward-
streaming electrons must interact with northward-propagating chorus
waves (presumably present in the Northern Hemisphere), which are
not necessarily symmetrical with southward-propagating chorus waves.

We determined the location and physical mechanism of electron
scattering into the loss cone and subsequent precipitation of energetic
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energy is 24.5keV. The frequencies of the power spectral density are
0.64kHz for a—c and 0.38 kHz for d, selected according to the resonance
condition. The correlation coefficients (CC) between the loss-cone
differential flux and the logarithmic power spectral density are shown.

15 FEBRUARY 2018 | VOL 554 | NATURE | 339

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER

electrons, which results in a pulsating aurora. Whether these results
can be generalized across radial distances from Earth, different local
times and geomagnetic activity conditions is yet to be determined.
Comparing loss-cone fluxes with other potential scattering mecha-
nisms, such as electrostatic electron cyclotron harmonic waves’ and
large-amplitude parallel electric fields'?, for which the correlated
energy range is typically lower than that discussed here, would help
to determine whether other wave types make a similar contribu-
tion to scattering. The physical process presented here should apply
to the aurorae of Jupiter and Saturn, where chorus waves have been
detected’*?*, and may also operate at other magnetized astrophysical
objects.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Electron analyser. The key observation in our dataset is the electron measurement
made by the MEP-e sensor onboard the ERG spacecraft. The sensor comprises
an electrostatic analyser (ESA) specifically designed for energetic particles?® and
avalanche photodiodes®” (APDs). The ESA is an energy filter covering 7-87keV
with an energy resolution of 8%. The angular resolution is determined by
combining the focusing property of the ESA with the size of the detector (or
the APD). The ESA has a disk-like, 2x-rad field of view divided into 16 narrow
elements, each of which corresponds to an APD. Using the spacecraft’s spin motion,
a full solid angle is swept (with certain dead angles due to gaps between detectors).
Depending on the geometry (more specifically, the angle between the spacecraft’s
spin axis and the magnetic field), MEP-e may see the magnetic field direction (and
thus observe the loss cone) once or twice in one spacecraft spin, as in the presented
case. The sensor may also miss the magnetic field directions (the magnetic field
direction drops at the gaps) or the loss cone may be observed for a longer time
(if the spin axis is along the magnetic field direction). Neither of these scenarios
occurred in the time period reported here.

Angular resolution. The most important property of the MEP-e sensor for
this study—the angular resolution in two orthogonal directions—is shown in
Extended Data Fig. 3. These calibration data were obtained by pre-flight laboratory
experiments. Profiles are essentially the same for all 16 channels. Here the data are
modelled with a Gaussian shape and a full-width at half-maximum of 3.5° for use
in the evaluation of the loss-cone determination discussed below.

Loss cone determination. In Figs 3b and 4, as well as in Extended Data
Fig. 1c and d, we have plotted the loss-cone electron flux. In these analyses, we used
the following criterion for loss-cone measurements: when the angle between the
centre of the field of view of the MEP-e and the magnetic field is smaller than 2°,
the detected electrons are inside the loss cone. This approach needs caution

LETTER

regarding contamination from electrons outside the loss cone, because a fraction of
the field of view can extend outside the loss cone. We carefully evaluated this effect
(Extended Data Fig. 4) and found it to be insignificant (although not negligible),
confirming the robustness of our analyses.

Estimation of precipitating electron energy flux. The downward electron
energy flux F at the ionosphere, which contributes to the auroral illumination,
is estimated as F~ (By/Beg) E Joq Af2 AE, where the parameters are the magnetic
field strength at the ionosphere (B;~ 55,000 nT) and at the equator (B,), the
electrons’ characteristic energy (E), the differential flux at the equator (J.q), the
solid angle of the loss cone (A(2) and the energy range of the precipitating electrons
(AE). On the basis of our in situ observation, we take B.q~ 100 nT, Ex20keV,
Jeq~ 4% 10°keV cm ™ ?sr 's 'keV ! (here we take the peak value), A2~
6x1073 srand AE~220keV to obtain a downward electron energy flux of about
5x10°keV cm 25~} or 8 ergem 2571,
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Extended Data Figure 1 | In situ observations by ERG with an additional ~ (PA =20°-40°) and quasiantiparallel (PA = 140°-160°) electrons
dataset. a, b, Frequency-time spectrograms of the power spectral densities  show essentially the same trend as that of the perpendicular
of the electric (a) and magnetic field (b), showing chorus waves. The flux. f, Flux(PA < 2°)/flux(PA = 20°-40°); g, flux(PA > 178°)/
magenta and white lines indicate 0.5/, and 1.0fc,, respectively, based on flux(PA =140°-160°). The graphs in b and c are the same as those in
local magnetic field observations. c-e, Energy-time spectrograms for Fig. 3a and b, respectively (but replotted here for comparison with a
differential fluxes of loss-cone electrons parallel (pitch angles PA < 2°) and d). The faint signature of an upper hybrid resonance wave at
(c) and anti-parallel (PA > 178°) (d) to the magnetic field and electrons 12-16 kHz in a at about 11:10 UT is consistent with the assumed
perpendicular to the magnetic field (PA =80°-100°) (e). Quasiparallel density of approximately 3 cm 3.
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Extended Data Figure 2 | Correlation coefficients for auroral intensity.
a, The colours (red, yellow, cyan and magenta) show the correlation
coefficients between the auroral intensity and the loss-cone electron flux.
b, Time series data of the loss-cone electron flux and the auroral intensity
at a pixel at which electrons and chorus waves have nearly the highest
correlation. The auroral intensity is plotted at the same time resolution as
the electrons (about 8 s). ¢, d, The same as a and b, but for the chorus wave
intensity. The wave intensity in d is plotted at the same time resolution

as the auroral intensity (3 s). In a and ¢, the background auroral images
are magnified around the centre of the field of view of the Pas station.
Highest-correlation pixels are consistently located near the centre of both
panels, suggesting the spacecraft footprint. The dashed lines in a and ¢
illustrate magnetic coordinates every 2° in latitude and 5° in longitude.
The displacement of the model footprint from the high-correlation pixels
is approximately —0.5° and —5° in latitude and longitude, respectively,
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consistent with typical modelling errors®. Cross-correlations were
calculated for the period 10:54:00-10:58:00 uT. In other time periods,
high-correlation pixels were not commonly obtained, perhaps because
of the fine structures of pulsating patches and the equatorial modulation
regions near the spacecraft. For example, if the spacecraft leaves the
localized modulation region as a result of magnetospheric configuration
change, chorus waves and associated electron precipitation disappear at
its location, but pulsating patches can continue to be ‘on’ if the equatorial
modulation region still exists. In other words, although the spacecraft’s
footprint in the ionosphere can leave an illuminated patch owing to spatial
reconfiguration of magnetic field line structures or plasma phenomena,
the auroral intensity remains high at some pixels. Other reasons that
make the above correlations difficult to identify, such as the contribution
of soft electron (<10keV) precipitation to higher-altitude (>100km)
illumination, may be studied in future work.
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Extended Data Figure 3 | The angular response of MEP-e in two
orthogonal directions. a, Sensor response as a function of elevation angle
with respect to the sensor’s mounting plane. b, Response in the sensor’s
azimuthal direction, which is orthogonal to the elevation angle.
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Blue circles, laboratory data; black line, Gaussian model. The model curves
were used to obtain the analysis results shown in Extended Data Fig. 4.
Profiles for one detector are shown here; similar profiles were obtained for
the other 15 detectors.
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Extended Data Figure 4 | Results of PAD model taking the sensor’s
angular resolution into account. Because of the finite angular resolution,
contamination from outside the loss cone cannot be completely negligible.
The blue line indicates the model input PAD, which is isotropic except for
the step-function drop at the loss-cone angle of 2.5° (the nominal loss-
cone angle in the event presented in this paper, based on a local magnetic
field of about 100 nT). The red curve shows how the electron PAD is
modulated by the effect of the sensor’s finite angular resolution. The grey
dashed line indicates the threshold, 2°, for loss-cone selection (that is,

if the angle between the centre of the field of view and the magnetic field
is smaller than the threshold, the measured flux is considered to be the

flux inside the loss cone). For this calculation, the sensor’s field of view is
modelled by a Gaussian cone (full-width at half-maximum, 3.5°), based
on the ground calibration. For example, even when the middle of the
sensor’s field-of-view is centred along the magnetic field line and the
actual electron PAD has an ideally empty loss cone, the instrument can
inadvertently record about a few tens per cent of the flux from outside the
loss cone. In our observations, however, the electron flux in the loss cone
most often exhibits a filling ratio larger than 0.5, sometimes about 1, when
the precipitation is ‘on’ (Fig. 4 and Extended Data Fig. 1f and g), too large
to be explained by contamination alone. Also, synchronization with chorus
waves cannot be produced by this instrumental effect.
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