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Abstract

Resonant ion heating by high-frequency Alfvén waves has long been believed to be the primary dissipation
mechanism for solar coronal heating, and these high-frequency Alfvén waves are considered to be generated via
cascade from low-frequency Alfvén waves. In this study, we report an unusual harmonic Alfvén event from in situ
observations by the Van Allen Probes in the magnetosphere, having an environment similar to that in the solar
corona. The harmonic Alfvén waves, which propagate almost along the wave vector of the fundamental waves, are
considered to be generated due to the interaction between quasi-parallel Alfvén waves and plasma density
fluctuations with almost identical frequency. These high-frequency harmonic Alfvén waves can then cyclotron
resonantly heat the heavy ions. Our observations provide an important insight into solar corona heating by Alfvén

waves.
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1. Introduction

The temperature of the solar corona can be up to hundreds of
times that of the underlying photosphere. Using remote-sensing
observations, the Ultraviolet Coronagraph and Spectrograph on
the Solar and Heliospheric Observatory spacecraft have further
shown that heavy ions in coronal holes are much hotter than
protons, and their velocity distributions exhibit a strong
anisotropy with the perpendicular temperature much larger
than the parallel temperature (Kohl et al. 1997, 1998; Li et al.
1998; Cranmer et al. 1999). To resolve this long-standing
mystery, an efficient dissipation process is obligatory to heat
the solar corona.

Among the possible heating scenarios of the solar corona,
Alfvén waves, through cyclotron resonant interactions with
particles, emerge as the most promising candidates. Plenty of
theoretical models based on resonant scattering of particles by
Alfvén waves are proposed to explain the plasma heating of the
solar corona (Tu & Marsch 1997; Hollweg 1999; Cranmer
2000; Isenberg et al. 2001). The resonant condition can be
satisfied only when the wave frequency is comparable to the
ion gyrofrequency, and the generation of high-frequency
Alfvén waves via cascade becomes the critical point for
coronal heating (Isenberg & Hollweg 1983; Tu 1987; Hollweg
& Johnson 1988; Cranmer & van Ballegooijen 2003). How-
ever, theoretical studies have shown that the cascade of Alfvén
waves preferentially occurs in the perpendicular direction
(Sridhar & Goldreich 1994; Goldreich & Sridhar 1995;
Quataert 1998; Vasquez et al. 2014), and the measurements
of the parallel and perpendicular spectra of Alfvén waves down
to the ion inertial scale near 1 au have indicated that this kind of
cascade process occurs in the solar wind (Bale et al. 2005;
Sahraoui et al. 2010; He et al. 2012; Podesta & TenBarge
2012). The perpendicular cascade of Alfvén waves would lead
to the generation of kinetic Alfvén waves in the dissipation
range, where the dissipation is dominated by electron Landau
damping in the parallel direction (Leamon et al. 1999; Gary &
Nishimura 2004; Howes et al. 2008). To date, there is still a
lack of direct observations of Alfvénic cascade to high
frequency. In this study, we report an unusual harmonic

Alfvén event in the wave propagating direction from in situ
observations by the Van Allen Probes in the magnetosphere.
Here, the plasma beta is very low, which is similar to that in the
solar corona, and the heavy ions are then preferentially heated
in the perpendicular direction through cyclotron resonant
scattering. Our observations provide an insight on how high-
frequency Alfvén waves are generated in the solar corona.

The paper is organized as follows. In Section 2, we briefly
describe the analysis of the Van Allen Probes data. Observa-
tional results including the dynamic spectrum of Alfvén event
and the time history of ion flux are given in Section 3. Finally
we summarize and further discuss the principal results of the
present study in Section 4.

2. Van Allen Probe Data Analysis

The observations are from the Van Allen Probes mission,
which has twin satellites (probes A and B) operating in a near-
equatorial orbit with apogees of ~5.8 R (Kessel et al. 2012;
Mauk et al. 2013). Both satellites are equipped with
comprehensive suites for the monitoring of wave environment
and radiation belt particles. The DC magnetic field vector
information is provided by a triaxial fluxgate magnetometer
(MAG) from the Electric and Magnetic Field Instrument Suite
and Integrated Science (EMFISIS) on board both spacecraft
with 64 sampless ' (Kletzing et al. 2013). The 32 Hz three-
axis electric field is measured by the Electric Field and Waves
(EFW) instrument, which can also provide data on plasma
density estimated from the spacecraft potential (Wygant
et al. 2013). For waveform analysis, we first convert these
triaxial magnetic and electric field data into magnetic field-
aligned coordinates, following the method in Usanova et al.
(2016). Then, a sliding window fast Fourier transform of 4096-
points is utilized to calculate the corresponding power spectral
density.

Here we perform the ion flux measured from the Helium,
Oxygen, Proton, and Electron (HOPE) mass spectrometer
(Funsten et al. 2013) and the Radiation Belt Storm Probes Ion
Composition Experiment (RBSPICE) (Mitchell et al. 2013), all
utilizing time-of-flight technology. HOPE can measure the
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energy range of 1 eV-50keV and distinguish three major ion
species: H', He™, and O™, while RBSPICE can provide the
flux measurements in relatively higher-energy channels of H*
in 50-600 keV, He™ in 65-520keV, and O™ in 140-1130 keV.

3. Observational Results

The Alfvén wave event is captured by Van Allen Probe B at
L =~ 4.0 Rg, magnetic local time = 15 hr, and magnetic latitude
~ —1.6° during 04:40:00-04:52:00 UT, on 2013 October 9.
Figure 1 illustrates an overview of this event, including (a)—(d)
the dynamic spectrogram of fluctuating magnetic (B, and B))
and electric (E, and E)) fields, respectively, (e) “Pflag,”
representing the wave propagating direction, (f) the wave
normal angle 6, and (g) the ellipticity ¢. In all panels, the dotted
and dashed lines in black or white represent the local helium
gyrofrequency fy+ and oxygen gyrofrequency f+, respec-
tively. In Figure 1(e), Pflag denotes the propagating direction
of the waves, where Pflag=1 means that the waves are
propagating away from the magnetic equator, and propagating
toward it when Pflag= —1 (Santolik et al. 2010). Both the
wave normal angle 6 and the ellipticity ¢ are calculated from
the wave detection algorithm (Bortnik et al. 2007). In this
algorithm, € = —1 or 1 means that the waves have left-hand or
right-hand polarization, while they have linear polarization
when € = 0. We find that the amplitude of the Alfvén waves is
enhanced rapidly around 04:42:00 UT, and the fluctuations are
concentrated mainly in the perpendicular direction. The waves
exhibit a spectral structure with several bands, and detailed
analysis shows that it is composed of a fundamental wave and
several of its harmonics. The fundamental wave has a
frequency between the oxygen and helium gyrofrequency. At
almost every time, Pflag is mixed with —1 and 1, which means
that the waves are counter-propagating modes quasi-parallel to
the background magnetic field with the wave normal angle
6 < 20°. These waves are located in their source region, where
they are just excited. € =~ 0 represents that these waves have
nearly linear polarization. Besides the perpendicular component
of the electric field, we can also observe the salient existence of
the parallel electric field. It indicates that there exists a plasma
density mode accompanying this Alfvén wave event. Here, the
plasma beta is estimated to be 3}, ~ 0.025 following Equation
(4) in Yue et al. (2016), which is very small; therefore, the
conditions are similar to those in the solar corona.

The banded structure in this wave event is shown more clearly
in Figure 2(a), which displays the spectrum of the perpendicular
magnetic field as a function of frequency at 04:46:00 UT. The
black arrows pointing at 0.39 Hz and 1.55 Hz denote f+ and fp+
, respectively. The blue dashed line at f; = 0.66 Hz represents the
peak frequency of the fundamental wave, while the red, gray,
orange, magenta, and green dashed lines denote the frequencies f;
at times n =2, 3, 4, 5, and 6, respectively. It is evident that the
spectrum consists of one fundamental wave and five/six harmonic
waves. The highest harmonic wave has the frequency 4.5-5 Hz,
which is about 0.75-0.83 of the proton gyrofrequency. In general,
the amplitudes of the harmonic waves decrease with the increase
of their frequencies, except for the third harmonic wave, which
damps heavily. Cyclotron resonant absorption by He™ could be a
reason, and this will be discussed later.

The fundamental wave and its second harmonic wave have
relatively high amplitudes (1-2 nT), while those of higher
harmonics are weaker and less than 0.5 nT, as displayed in
Figure 2(b). Unlike the fundamental wave, which has only one
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peak amplitude at about 04:48:10 UT, almost all the harmonics
have double peaks in amplitude at about 04:45:40 UT and
04:48:10 UT. This is consistent with the double-peak structure
in Ej| spectrum in Figure 1(d), suggesting the generation of the
harmonics may be associated with the plasma density modes.
Figures 2(c)—(e) clearly illustrate the waves are quasi-parallel
(Bavg <20°) and counter-propagating (—1 < P, < 1), with
nearly linear polarization (g, ~ 0).

We suggest that the harmonic waves are generated due to the
coupling between the fundamental waves and the accompanied
plasma density modes, which can be demonstrated by the
corresponding bicoherence index. This index has been commonly
used to measure the resonant coupling due to three-wave
interactions (van Milligen et al. 1995; Soucek et al. 2003; Nariyuki
& Hada 2006; Gao et al. 2016). Here, the waveform data of
one arbitrary perpendicular component of the electric field dE),
and the parallel electric field SE, for a 3 min interval from 04:44:00
UT are chosen to calculate the bicoherence index, leading

to be = [(6E.(fz,) SEy (fz,) SEY (fiaw)) P /16E. (f5,) SEy (fi) )

(|<5Ey>|< (firw)?) (where the bracket (...) denotes an average over the
3 min interval, and fyw =fg; + fg, is the frequency of the wave
generated due to the coupling between two pump waves). Note
that the large bicoherence (close to 1.0) indicates the three wave
modes satisfy the resonant conditions, i.e., fiw = fg; + fg» and
kuw = kg, + kg, (Lagoutte et al. 1989). We can easily find that
the bicoherence indices become large at (mfi, nfi), where
f1=0.66 Hz is the frequency of the fundamental wave, m, n are
nonzero integers, and m +n=2, 3, 4, 5, and 6 (Figure 3). Note
that the bicoherence index actually cannot provide the causal
relation. However, we find that the amplitude of the fundamental
Alfvén wave is larger than that of the higher harmonics
(Figure 2(b)). Besides, Alfvén waves are found to be easily
coupled with ion density modes in a low-beta plasma (Gao
et al. 2013; He et al. 2016). Therefore, we propose that the higher
harmonics are generated through the nonlinear coupling between
the fundamental wave and the associated density fluctuations,
which can be considered as the energy cascade of the fundamental
Alfvén wave.

To obtain the wave number of each band wave, we
utilize the Waves in Homogeneous Anisotropic Magnetized
Plasma (WHAMP) model (https://github.com/irfu/whamp,
Ronnmark 1983) to calculate the linear dispersion curves.
Here, the plasma parameters are extracted from 04:43:30 UT,
including the electron density 7, =45.9 cm ™, the magnetic
field By = 430 nT, the proton gyrofrequency f,, = 6.6 Hz, and
the properties of the fundamental Alfvén waves: the wave
normal angle 6= 10.69° and frequency f; =0.66 Hz (i.e.,
f1=0.1f,,). We assume this plasma system only consists of
cool protons and electrons with a Maxwellian velocity
distribution, and they have the same temperature, T, =T, =
27 eV. Then, the wave number of the fundamental wave can
be obtained to be kjc/w,, =0.33 (where c is the light speed
and w,, is the proton plasma frequency). Based on the
resonant conditions between the fundamental Alfvén wave
and its harmonics, we can estimate the wave numbers of the
harmonic wave modes to be k, =nk;. Also, the cyclotron
resonant condition of wave—particle interactions is given by

27Tfn - k,,||vi|| = :|:27de, (1)

where i represents the particle species, Ht, Het, OF, vy is the
parallel velocity for different particle species i, and f.; is the
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Figure 1. One harmonic Alfvén event observed by Van Allen Probe B on 2013 October 9 showing: (a)-(d) The dynamic spectrogram of fluctuating magnetic (B, and
By) and electric (E, and E))) fields, respectively, which are obtained by fast Fourier analysis; () a flag, i.e., “Pflag,” representing the wave propagating direction; (f) the
wave normal angle 0; and (g) the ellipticity . In all panels, the dotted and dashed lines in black or white represent the local helium gyrofrequency fy+ and oxygen
gyrofrequency fu+ , respectively.

gyrofrequency for different particle species i. In the right-hand waves have nearly linear-polarization, and a linear-polarized
term of Equation (1), “4/—" is chosen when the waves have wave can be considered to the superposition of a left-hand and
left-hand /right-hand polarization. In our observations, the right-hand wave with the same frequency. Once we know the
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Figure 2. (a) Magnetic power as a function of frequency at 04:46:00 UT. The black arrows pointing at 0.39 Hz and 1.55 Hz denote fu+ and fy+, respectively. The
blue dashed line at f; = 0.66 Hz represents the peak frequency of fundamental wave, while the red, gray, orange, magenta, and green dashed lines denote the
frequencies f; at times n = 2, 3, 4, 5 and 6, respectively. Also shown are the time evolutions of (b) the amplitude 6B, in different wave bands, the averaged (c) wave
normal angle 6,,, (d) ellipticity ,,, and (e) Pflag P,,, which are all power-weighted mean values over each band at every time segment. The black dashed line in
Figures 2(d) and (e) represent €,yy = 0 and P, = 0. Since the higher harmonics have low amplitude, we only perform the averaged properties of the fundamental

wave (blue) and second harmonic wave (red) in panels (c)—(e).
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Figure 3. Distribution of bicoherence index in the fg. — fz, domain for the
time interval 04:44:00-04:47:00 UT, which is defined as bc = |(0E.(fz,)

SEy(fiy)SE; fi)) P JIOE- (S ) SEy (fi, ) P) (I6ES ) P)- The large bicoher-
ence index (close to 1) suggests the three wave modes satisfy the resonant
condition, i.e., firw =fg: + fr» and kyw = kg, + kg, (Lagoutte et al. 1989).

frequencies and wave numbers of the waves, and gyrofrequencies
of the different particles, we can calculate the resonant parallel
velocities for the particles. Then, we can estimate the minimum
resonant energies for different wave modes, as shown in the
Table 1.

The H' differential flux as a function of pitch angle (PA) and
universal time in four lower-energy (a) 0.8—44.4 keV and four

Table 1
Minimum Resonant Energies of Different Wave Modes*
I I I v v VI
Ey+m) (keV) 76.53 15.10 5.13 2.12 0.94 0.42
Enem) (keV) 8.47 0.23 0.11 0.54 0.96 1.30
Eo+m) (keV) 2.17 7.23 9.57 10.86 11.68 12.24

Note.
? Selected time 2013/10/09-04:43:30 UT.

higher-energy channels (b) 81.6-488.9keV is illustrated in
Figure 4. The fundamental Alfvén waves can cyclotron resonantly
interact with the protons when the energy of the protons is larger
than about 76.53 keV. From Figure 4(b), we see that in the energy
channel 81.6 keV, the energetic proton flux around the PA around
90° tends to decrease, while the flux around PA around 0° and
180° increases. This is consistent with the results of Alfvén waves
excited by the proton temperature anisotropy (Lu & Wang 2006).
Therefore, the source energy of the observed fundamental Alfvén
waves should be provided by energetic protons with energy above
76.53 keV. The harmonic waves can cyclotron resonantly scatter
the protons with energy below 76.53 keV, where the energetic
proton flux around the PA around 90° increases, clearly exhibited
in Figure 4(a).

Moreover, we further present the PA distribution of (a) He™"
and (b) O" as a function of universal time for six different
energy channels in Figure 5. The fundamental Alfvén waves
and their harmonics can cyclotron resonantly interact with the
heavy ions (such as He™, O") with much lower energy (see
Table 1) than that of protons. Note that the third harmonic can
resonantly scatter He™ ions even when their energy is very low
(~0.11keV), and this should be the reason that the amplitude
of the third harmonic is even smaller than that of the fourth
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Figure 4. Pitch angle distributions of H' in four lower-energy channels (a) 0.8-44.4 keV measured by HOPE, and four higher-energy channels (b) 81.6-488.9 keV
measured by RBSPICE as a function of universal time.
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Figure 5. Pitch angle distributions of (a) He™ and (b) O™ as a function of universal time for six different energy channels. The top four panels are from HOPE, and the
bottom two panels are from RBSPICE.
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harmonic. Also, the flux of both He™ and O™ around the PA
90° increases at all levels of the measured energies (Figure 5),
and it means that the waves can preferentially heat the heavy
ions in the perpendicular direction. The results are similar to
remote-sensing observations of the coronal hole in the solar
corona (Kohl et al. 1997, 1998).

4. Conclusions and Discussion

In summary, we have presented an unusual harmonic Alfvén
event on 2013 October 9 measured by the Van Allen Probes in
the magnetosphere. In this event, we identify two quasi-parallel
counter-propagating Alfvén waves (fundamental waves) with
almost identical frequency, which are accompanied by a plasma
density mode. The fundamental Alfvén waves could be excited
by the anisotropic protons with energy greater than about
76.53 keV. Besides the fundamental Alfvén waves, several
harmonic Alfvén waves, which propagate almost along the
wave vector of the fundamental waves, are also identified in the
observations. The bicoherence index demonstrates strong
wave-wave coupling processes among the Alfvén waves,
which may indicate an energy cascade from the fundamental to
the harmonic Alfvén waves. The latter can modulate the ion PA
distribution efficiently through cyclotron resonant interactions,
and then preferentially heat heavy ions in the perpendicular
direction.

In fact, the observed quasi-parallel propagating Alfvén
waves with unexpected linear polarization are not rare events,
and they have been reported in many previous works
(Anderson et al. 1996; Meredith et al. 2003; Yu et al. 2015).
However, there is still no consensus about their generation
mechanism. They may be excited through some unknown
nonlinear processes, or just due to the superposition between
two constituent waves (Denton et al. 1996). This is also
an interesting topic, but is beyond the scope of this paper and
left to a future study.

Because the plasma environment here is similar to that of the
solar corona, our observations can potentially shed light on the
generation of the high-frequency Alfvén waves through
cascade, which is obligatory for heating ions in the solar
corona via cyclotron resonant scattering, and may be produced
due to the coupling between the low-frequency Alfvén waves
and the accompanied plasma density modes. These high-
frequency waves will heat ions primarily in the perpendicular
direction, which is consistent with remote-sensing observations
of the solar corona (Kohl et al. 1997, 1998; Li et al. 1998;
Cranmer et al. 1999). Moreover, the Solar Probe Plus mission,
which is intended to present in situ observations of the low
solar corona and determine the exact mechanism how the solar
corona and wind are heated and accelerated (Fox et al. 2016),
could provide a more comprehensive understanding of
Alfvénic cascade. Therefore, our observations may provide a
new insight into ion heating in the solar corona.
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