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Abstract

For more than 12 hr beginning on 2021 January 18, continuous narrowband electrostatic emissions were observed
on the Parker Solar Probe near 20 solar radii. The observed <1000 Hz frequencies were well below the local ion-
plasma frequency. Surprisingly, the emissions consisted of electrostatic wave packets with shock-like envelopes,
appearing repetitively at a ~1.5 Hz rate. This repetitiveness correlated and was in phase with low-frequency
electromagnetic fluctuations. The emissions were associated with simultaneously observed ion beams and
conditions favorable for ion-acoustic wave excitation, i.e., Te/Ti~ 5. Based on this information and on their
velocity estimates of about 100 km s, these electrostatic emissions are interpreted as ion-acoustic waves. Their
observation demonstrates a new regime of instability and evolution of oblique ion-acoustic waves that have not

been reported previously in theory or experiment.

Unified Astronomy Thesaurus concepts: Solar coronal waves (1995); Solar wind (1534)

1. Introduction

Ion-acoustic waves have been observed via spectral measure-
ments on early satellites in the solar wind (Gurnett & Anderson
1977; Gurnett & Frank 1978; Kurth et al. 1979). They are
Doppler-shifted and measured at relatively high frequencies (from
about the ion-plasma frequency to the electron-plasma frequency)
in the spacecraft rest frame, due to their short wavelengths that
scale with the local Debye length. The instabilities that produce
these broadband electrostatic fluctuations might include ion-beam
instability (also known as ion—ion acoustic instability; Lemons
et al. 1979; Gary & Omidi 1987), and electrostatic electron heat
flux (electron—ion) instability (Forslund 1970), but no consensus
had been reached on the origin of these waves in the solar wind
(Gurnett 1991). Ion-acoustic waves may be associated with ion
beams that are produced by low-frequency turbulent magnetic-
field fluctuations (O’Neil 1965; Valentini & Veltri 2009; Valentini
et al. 2011, 2014). In this scenario, ion-acoustic waves provide
thermalization of the ion beams, resulting in ion heating and
termination of the turbulent cascade at short scales.

Recent data from the Parker Solar Probe has shown that
Doppler-shifted ion-acoustic fluctuations are a dominant wave
mode in the solar wind near the Sun (Mozer et al. 2020a, 2020b).
Previous time-domain burst electric-field measurements allowed
analysis of electric-field waveforms that showed the ion-acoustic
fluctuations consisted of ion-acoustic wave packets (whose
frequency changed from one packet to the next; Mozer et al.
2020a) and nonlinear electrostatic structures interpreted as ion and
electron phase-space holes (Mozer et al. 2020b). In spectral
measurements, these waves and structures are observed as
broadband wave activity above the local ion-plasma frequency.
In this Letter, we present intriguing observations of electrostatic
wave emissions whose temporal behavior is drastically different
from that observed in the earlier measurements. We argue that
these measurements demonstrate a new regime of instability and
evolution of ion-acoustic waves that has not been reported
previously in observations or theory.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

2. Data

The data presented in this paper come from magnetic and
electric-field measurements provided by the Parker Solar Probe
FIELDS instrument (Bale et al. 2016), electron and ion
moments, and velocity distributions measured by the SWEAP
instrument (Kasper et al. 2016). The electric-field experiment
consists of four cylindrical booms in the spacecraft X-Y plane
(the geometric half-length of each antenna pair is 3.5 m), which
is perpendicular to the satellite—Sun line near perihelion (see
Figure 1 of Malaspina et al. 2016). Data from the electric-field
experiment are transmitted at various rates and are presented in
the spacecraft frame. The data rate of interest in the present
work is ~2200 S s~' (samples per second). Search coil
magnetic-field measurements were available at the same rate. In
addition, electric-field measurements in the burst mode were
available for intervals of a few seconds at ~150,000 S s!
resolution. The background magnetic field near perihelion was
typically directed toward or away from the Sun, so the electric-
field components EX and EY measured by the Parker Solar
Probe were typically components perpendicular to the back-
ground magnetic field.

Figure 1 presents spectra of electric and magnetic fields
measured at 2200 S s ' and obtained near the Parker Solar
Probe’s 20 solar radius perihelion at a time when the spacecraft
was near to but not in the heliospheric current sheet. Panels 1(B)
and 1(C) illustrate the spectra of the 500-1000 Hz electric-field
wave that existed for about 12 hr. This wave activity has no
counterpart in the magnetic-field spectra of the bottom three
panels of the figure. The cross spectrum of Figure 1(A) shows that
the phase difference between EX and EY was sometimes 180°
(the black or red parts of the curve) and sometimes 0° (the green
parts of the curve). These differences are due to the presence of
more than a single wave and they show that all such waves were
linearly polarized. The absence of a wave magnetic field and the
linear polarization of the electric field require that this was
electrostatic wave activity. The background magnetic field of
about 200 nT was directed predominantly along the Z axis and
toward the Sun, while measurements of the EZ electric field were
not made. Therefore, we cannot directly determine the angle
between the background magnetic field and the wave electric
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Figure 1. A 12 hour period of continuous 600—1000 Hz waves seen in the electric field of panels 1(A), 1(B), and 1(C) but not in the magnetic field of panels 1(D),
1(E), and 1(F). Also, note a continuous ~200 Hz electrostatic wave during the latter half of the interval.

field, which is equivalent to the wavevector for electrostatic
waves. However, the X—Y components of the wavevector electric
field and the background magnetic field were measured to be not
aligned, which is a strong indication that the electrostatic waves
propagated obliquely to the local magnetic field.

To determine the nature of the electrostatic waves, their
phase velocity is estimated from the data in Figure 2. This
figure presents the interferometry analysis of the electrostatic
waves measured at 150,000 S s_l, which frequency is

sufficiently high to resolve the phase velocity of the waves.
The top panel in Figure 2 presents EX and EY during a 20 ms
interval. The quantities dV1, dV2, dV3, and dV4 in the two
bottom panels of Figure 2 are defined as follows. Let small
letters, such as in v1, v2, v3, v4, or vsc, define the potential of
the given antenna or the spacecraft body with respect to
infinity. The potentials that are actually measured are V1 =v1-
vsc, V2 =v2-vsc, V3 =v3-vsc, and V4 = v4-vsc. To remove
the dependence of V1 through V4 on the potential of the
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Figure 2. Electric-field components (top panel) during a 20 ms interval along with potentials of the individual antennas (bottom panels), where the plotted quantities
are defined in the main text. The ~0.1 ms differences between the individual antennas show that the wave speed was the order of an ion, not an electron, thermal

speed.

spacecraft with respect to infinity, form

dVl = V1 — (V3 + V4)/2 = (vl — vsc)
— (V3 —vsc)/2 — (v4d —vse) /2 =vl — (v3 +v4)/2

Because (v3-+v4)/2 is approximately the potential at the center of
the spacecraft with respect to infinity, dV1 through dV4 represent
the potentials of the antennas with respect to the center of the
spacecraft. They do not depend on the potential of the spacecraft
with respect to infinity, so they are the best measures of the
desired quantities.

dVl and —dV2, bandpass-filtered at 500-1100 Hz, are
presented in the middle panel of Figure 2 and dV3 and —dV4
are given in the bottom panel. In each case, one of the potentials
leads the other by about 0.1 ms (a fraction of a data point), which
is the time for the wave to travel the ~2 m distance from the
antenna to the spacecraft. This results in a wave-speed estimate of
tens of km s~ for the component of the wave speed in the X-Y
plane. This is the minor component of the wave speed (because
the wave largely moves along B, which is in the Z direction), so
the total wave speed is ~100km s~ . This is the order of an ion

speed and not an electron speed. This is strong evidence that the
wave is an ion-acoustic wave. The frequency variation of the
wave, exhibited in Figures 1(A), (B), and (C), is due to the
Doppler shift of the wave being proportional to the Debye length
actually measured during this time interval.

Figure 3 presents the ion-velocity distributions and the
bump-on-tail spectrum that was typical through the entire
event. The temporal resolution of the ion distributions is 1 s.
These distributions have not been corrected for the 0.6 volt
potential of the spacecraft with respect to infinity, which results
in an underestimate of the ion density that depends on the ion
spectrum but that is only a few percent. This distribution can be
fit to core and beam Maxwellian populations with the following
properties: core and beam densities of 1220 cm ™ and 31 cm™~;
drift velocity between core and beam of —180 km s~ (with the
beam propagating anti-sunward faster than the core); perpend-
icular temperature of the core and beam of Tc~ 10eV and
Tb ~ 17 eV; and temperature anisotropies Tperp/ Toar Of core
and beam of about 1.3 and 0.8. These conditions are favorable
for the existence of ion-acoustic waves because the electron
temperature of 50 eV was about five times greater than that of
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Figure 3. The ion velocity distribution functions, in panels (a) and (b), observed at 00:16:49 on 2021 January 19, and the spectra, in panel (c), which demonstrate the

presence of ion beams and a bump-on-the-tail distribution.

the dominant ion-core population, i.e., Te/Ti~5. This
temperature ratio is not surprising because, in this time interval,
the solar wind was very slow (200 km sfl), which is known to
correspond to electrons much hotter than ions (Salem et al.
2021 and references therein). The expected ion-acoustic speed
is about Ciaw((Te+3Tc)/mi)1/2~ 120 km s~'. Because the
beam velocity is about 180 km s, it is expected that the most
unstable waves in this situation propagate obliquely. The exact
angle between the wave electric field and background magnetic
field is not known because EZ was not measured. However, the
angle between E and B in the X-Y plane was measured to vary
between 0° and 90° with a typical value of 45°. This is proof
that the wave was oblique. The facts that the waves were
observed to have velocities of about 100 km/s and to propagate
obliquely to the magnetic field (in the X-Y plane) proves that
the observed electrostatic emissions are ion-acoustic waves,
produced most likely by the ion—ion beam instability. The
observed parameters of the ion distribution function are around
the marginal stability limit of the ion-acoustic instability (Gary
& Omidi 1987), provided the electron distribution function in
the resonance regions (below a few eV, where the plasma
instrument cannot measure electron distributions) does not
cause strong damping.

It is desired to determine the properties of these waves in the
plasma rest frame. The plasma density during the considered
interval was about 2000 cm >, so the jon-plasma frequency was
about fpi ~9kHz. The electron-cyclotron frequency was about
fce ~ 6kHz. In the spacecraft rest frame, the electrostatic waves
had frequencies of f~ 500-1000 Hz, which is between 0.1 and
0.2 fce and below 0.1 fpi. The anti-sunward beam indicates that, in
the plasma rest frame, the ion-acoustic waves should propagate
anti-sunward. Therefore, the observed Doppler-shifted frequency,
f, and the plasma rest-frame frequency, f,, are related as
211f = 2I1fy+kVwcos, where 6 is essentially the wave-normal
angle because the solar wind flow is thought to be parallel to the
magnetic field within a few degrees. Because f; << fpi, the ion-
acoustic waves are almost dispersionless, so 2I1f; ~ kCscosf and
the frequency of the waves in the plasma rest frame is f~ fj
¢s/(cs+Viy). Because Vsw~200km s, the plasma rest-frame
frequencies of the observed waves were f ~ 200400 Hz, which is
well below f. and f,;, and way above the ion-cyclotron frequency
of a few Hz. Because cosf should be between 0.5 and 1 (the
expected propagation angle is around 45°), the waves have
wavelengths ~100—400 m, which is 100400 Debye lengths or a
few thermal electron gyroradii.

Figure 4 presents snapshots of EX and EY over time
intervals of 30 minutes to 50 ms. The top panel gives a 30
minute example of the fact that the waves lasted several hours.
Because EX was much larger than EY, the waves were
predominately confined to the ecliptic plane. In addition, the
wave amplitude had a spiky structure during all time intervals
in the figure as well as over much of its 12 hr observation. In
successive panels of Figure 4, it is seen that the wave activity
consisted of wave packets appearing repetitively at a frequency
of about 1.5 Hz (fourth panel) and the two components have a
phase difference of 180° (bottom panel). Each wave packet has
an unusual shock-like envelope with a duration of about
300 ms. Because ion-acoustic waves with kA\p << 1 are weakly
dispersive, the group velocity should be the same order as the
phase velocity and, hence, the envelopes have spatial scales of
about 100 km.

To investigate the possible relationship of the wave
repetition rate at 1.5 Hz and low-frequency turbulence, the
0-5 Hz power spectra of the electric and magnetic fields are
presented in Figure 5 during the time interval of Figure 1. That
there were ~1.5Hz electromagnetic waves throughout the
interval suggests a possible relationship between the low-
frequency electromagnetic turbulence and the 500-1000 Hz
ion-acoustic wave repetition rate. This correlation is shown in
Figure 6, which presents a five-second plot of EX that is high-
pass-filtered at 0.5 Hz. The ~1.5 Hz waveform is seen as the
low-frequency sine wave in the figure while the 500-1000 Hz
ion-acoustic wave appears as the heavy black regions during
the descending portion of each low-frequency cycle. Thus, the
high-frequency ion-acoustic wave repetition is phase-correlated
with the low-frequency electromagnetic wave.

3. Discussion

Observations are presented of electrostatic wave emissions
observed continuously for about 12 h in the solar wind aboard the
Parker Solar Probe. These waves are interpreted as ion-acoustic
waves because they are electrostatic and have phase velocities
about equal to the local ion-acoustic speed of 120 km/s. Another
strong argument in favor of this interpretation is that, during this
wave activity, an ion beam and electrons five times hotter than
the core ions and about three times hotter than the beam ions
were observed. Inspection of the Gary & Omidi (1987) stability
analysis shows that this system is at the marginal stability
threshold of the ion—ion-acoustic instability. The observed waves
had quite low frequencies and long wavelengths; they had
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Figure 4. EX and EY waveforms, high-pass-filtered at 100 Hz, plotted over time intervals from 30 minutes to 50 ms. As shown in the top panel, the pulsating wave
existed for several hours. Because EX >> EY, the wave was largely confined to the ecliptic plane. The wave had a burst repetition rate of about 1.5 Hz and its two

components were out of phase, which shows that the wave was linearly polarized.

frequencies less than 0.05 f,; in the plasma rest frame and
wavelengths of 100400 Debye lengths or a few electron thermal
gyroradii.

There are several unusual features of these ion-acoustic waves.
The narrowband spectrum is the first intriguing feature. Ion-beam
instabilities produce quasi-monochromatic waves in the linear

stage, but ion and electron trapping by the electrostatic waves
makes them nonlinear and leads to a mixture of wave packets and
isolated solitary structures like electron and ion holes (e.g., Bgrve
et al. 2001; Muschietti & Roth 2008). In the nonlinear stage,
the spectrum finally becomes rather broadband as was earlier
observed for ion-acoustic waves (Mozer et al. 2020a, 2020b). The
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Figure 6. The EX electric field, high-pass-filtered above 0.5 Hz, which shows that the sine wave low-frequency electromagnetic wave signature and the ~600 Hz

electrostatic wave (the dark black regions) were phase-correlated.

The frequency range of 0.1-0.2 fce and wavenumbers on the
order of the thermal electron gyroradius are similar to those
expected for oblique Whistler waves driven by strahl electrons
(Vasko et al. 2019; Verscharen et al. 2019). Moreover, similarly,
the waves are oblique. Therefore, these waves can efficiently
scatter electrons in the pitch angle via anomalous and normal
cyclotron resonances (Vasko et al. 2019; Verscharen et al. 2019).
The most efficiently scattered electrons will have energies of
50-500 eV, which is the strahl energy range. Thus, these ion-
acoustic waves might contribute to the electron heat flux
regulation. Therefore, understanding their origin and effects is
crucially important and is being addressed in follow-up studies.
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ORCID iDs
F. S. Mozer @ https: //orcid.org/0000-0002-2011-8140
I. Y. Vasko @ https: /orcid.org/0000-0002-4974-4786
J. L. Verniero © https: //orcid.org/0000-0003-1138-652X

References

Bale, S. D., Goetz, K., Harvey, P. R., et al. 2016, SSRv, 204, 49

Boarve, S., Pécseli, H. L., & Trulsen, J. 2001, JPIPh, 65, 107

Forslund, D. W. 1970, JGR, 75, 17

Gary, S. P., & Omidi, N. 1987, JPIPh, 37, 45

Gurnett, D. A. 1991, Physics of the Inner Heliosphere II. Particles, Waves and
Turbulence, XI, Vol. 352 (Berlin: Springer), 152

Gurnett, D. A., & Anderson, R. R. 1977, JGR, 82, 632

Gurnett, D. A., & Frank, L. A. 1978, JGR, 83, 1

Kasper, J. C., Abiad, R., Austin, G., et al. 2016, SSRv, 204, 131

Kurth, W. S., Gumett, D. A., & Scarf, F. L. 1979, JGR, 84, 3413

Lemons, D. S., Asbridge, J. R., Bame, S. J., et al. 1979, JGR, 84, 2135

Malaspina, D. M., Ergun, R. E., Bolton, M., et al. 2016, JGRA, 121, 5088

Mozer, F. S., Bonnell, J. W., Bowen, T. A., Schumm, G., & Vasko, L. Y.
2020a, Apl, 901, 107

Mozer, F. S., Bonnell, J. W., Hanson, E. L. M., Gasque, L. C., & Vasko, L. Y.
2020b, Apl, 911, 89

Muschietti, L., & Roth, I. 2008, JGRA, 113, A08201

O’Neil, T. M. 1965, PhFl, 8, 2255

Salem, C. S., Pulupa, M., Bale, S. D., & Verscharen, D. 2021, arXiv:2107.
08125

Valentini, F., Perrone, D., & Veltri, P. 2011, ApJ, 739, 54

Valentini, F., Vecchio, A., Donato, S., et al. 2014, ApJL, 788, L16

Valentini, F., & Veltri, P. 2009, PhRvL, 102, 225001

Vasko, I. Y., Krasnoselskikh, V., Tong, Y., et al. 2019, ApJL, 871, L29

Verscharen, D., Chandran, B. D. G., Jeong, S.-Y., et al. 2019, ApJ, 886, 136


http://fields.ssl.berkeley.edu/data
https://orcid.org/0000-0002-2011-8140
https://orcid.org/0000-0002-2011-8140
https://orcid.org/0000-0002-2011-8140
https://orcid.org/0000-0002-2011-8140
https://orcid.org/0000-0002-2011-8140
https://orcid.org/0000-0002-2011-8140
https://orcid.org/0000-0002-2011-8140
https://orcid.org/0000-0002-2011-8140
https://orcid.org/0000-0002-4974-4786
https://orcid.org/0000-0002-4974-4786
https://orcid.org/0000-0002-4974-4786
https://orcid.org/0000-0002-4974-4786
https://orcid.org/0000-0002-4974-4786
https://orcid.org/0000-0002-4974-4786
https://orcid.org/0000-0002-4974-4786
https://orcid.org/0000-0002-4974-4786
https://orcid.org/0000-0003-1138-652X
https://orcid.org/0000-0003-1138-652X
https://orcid.org/0000-0003-1138-652X
https://orcid.org/0000-0003-1138-652X
https://orcid.org/0000-0003-1138-652X
https://orcid.org/0000-0003-1138-652X
https://orcid.org/0000-0003-1138-652X
https://orcid.org/0000-0003-1138-652X
https://doi.org/10.1007/s11214-016-0244-5
https://ui.adsabs.harvard.edu/abs/2016SSRv..204...49B/abstract
https://doi.org/10.1017/S0022377801008947
https://ui.adsabs.harvard.edu/abs/2001JPlPh..65..107B/abstract
https://doi.org/10.1029/JA075i001p00017
https://ui.adsabs.harvard.edu/abs/1970JGR....75...17F/abstract
https://doi.org/10.1017/S0022377800011983
https://ui.adsabs.harvard.edu/abs/1987JPlPh..37...45G/abstract
https://doi.org/10.1029/JA082i004p00632
https://ui.adsabs.harvard.edu/abs/1977JGR....82..632G/abstract
https://doi.org/10.1029/JA083iA01p00001
https://ui.adsabs.harvard.edu/abs/1978JGR....83....1M/abstract
https://doi.org/10.1007/s11214-015-0206-3
https://ui.adsabs.harvard.edu/abs/2016SSRv..204..131K/abstract
https://doi.org/10.1029/JA084iA07p03413
https://ui.adsabs.harvard.edu/abs/1979JGR....84.3413K/abstract
https://doi.org/10.1029/JA084iA05p02135
https://ui.adsabs.harvard.edu/abs/1979JGR....84.2135L/abstract
https://doi.org/10.1002/2016JA022344
https://ui.adsabs.harvard.edu/abs/2016JGRA..121.5088M/abstract
https://doi.org/10.3847/1538-4357/abafb4
https://ui.adsabs.harvard.edu/abs/2020ApJ...901..107M/abstract
https://doi.org/10.3847/1538-4357/abed52
https://ui.adsabs.harvard.edu/abs/2021ApJ...911...89M/abstract
https://doi.org/10.1029/2007JA013005
https://ui.adsabs.harvard.edu/abs/2008JGRA..113.8201M/abstract
https://doi.org/10.1063/1.1761193
https://ui.adsabs.harvard.edu/abs/1965PhFl....8.2255O/abstract
http://arxiv.org/abs/2107.08125
http://arxiv.org/abs/2107.08125
https://doi.org/10.1088/0004-637X/739/1/54
https://ui.adsabs.harvard.edu/abs/2011ApJ...739...54V/abstract
https://doi.org/10.1088/2041-8205/788/1/L16
https://ui.adsabs.harvard.edu/abs/2014ApJ...788L..16V/abstract
https://doi.org/10.1103/PhysRevLett.102.225001
https://ui.adsabs.harvard.edu/abs/2009PhRvL.102v5001V/abstract
https://doi.org/10.3847/2041-8213/ab01bd
https://ui.adsabs.harvard.edu/abs/2019ApJ...871L..29V/abstract
https://doi.org/10.3847/1538-4357/ab4c30
https://ui.adsabs.harvard.edu/abs/2019ApJ...886..136V/abstract

	1. Introduction
	2. Data
	3. Discussion
	References



