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ABSTRACT

Context. Electric eld measurements of the Time Domain Sampler (TERkiver, a part of the Radio and Plasma Waves (RPW)
instrument on-board Solar Orbiter, often exhibit very imte broadband wave emissions at frequencies below 20 kHe spacecraft
frame. During the rst year of the mission, the RPVIDS instrument has been operating from the rst periheliomid-June 2020
and through the rst yby of Venus in late December 2020.

Aims. In this paper, a year-long study of electrostatic uctuatiambserved in the solar wind at an interval of heliocentistathces
from 0.5 to 1 AU is shown. RPW DS observations provide us with enough data for a stagisticdy of intense waves below the local
plasma frequency that often accompany large-scale sofat structures and play a role in particle dsion due to a wave-particle
interactions.

Methods. The on-board processed properties of waveform snapshaitara continuously collected allow mapping plasma waves at
frequencies between 200 Hz and 20 kHz. For a detailed spaacitgpolarization analysis, the triggered waveform snagshnd a
Doppler-shifted solution of the dispersion relation fomeanode identi cation were used.

Results. The occurrence rate of low-frequency waves peaks arounlghien at distances of 0.5 AU and decreases with increasing
distances, with only a few waves detected per day at 0.9 AUokerdetailed analysis of more than ten thousand triggereefoanm
shapshots shows the median wave frequency at about 2.3 ldHware amplitude about 1.1 mivi. The relative phase distribution
between two components of E- eld projected in the Y-Z SpaafticReference Frame (SRF) plane shows a mostly linear wave
polarization. Electric eld uctuations are closely aligd with the directions of the ambient eld lines.

Conclusions. The observed waves are interpreted as the strongly Dophified electrostatic ion-acoustic mode. lon-acousticasa
are generated by the resonant interaction with ion beamg threbcurrent-driven instability.

arxiv:2104.03082v1 [physics.space-ph] 7 Apr 20
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1. Introduction portance of plasma waves in thermal stabilization of soladw
) . . plasmas has been widely accepted (e.g. Marschi 1991). At fre-
The solar wind as a super-sonic ow of plasma originates gliencies below plasma frequendyd, there are only two elec-

the Sun's corona and lls the entire solar system. Processesyostatic modes with wave vector parallel to the ambient-mag
this dynamic environment give rise to plasma waves thatacte

with particles and modify their velocity distributions. &im-
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netic eld line: ion-acoustic and electron-beam modes (t&tr cal RPW electric antennas with a length of about 6.5 meters ar
1991). mounted on the tip of a 1-meter rigid deployable boom. Anéenn

Early observations of the Helios | & Il spacecraft at helioce V1 is parallel with the spacecraft Z-axis, and antennas 2 an
tric distances between 0.3 and 1 AU showed broadband elec8 are placed in the Y-Z spacecraft frame (SRF) plane with an-
static waves at frequencies below the local electron pldsea gles about 125 degrees on both sides from the Z-axis (se& Fig.
quencyl(Gurnett & Anderson 1977; Gurnett & Frank 1978). ThirIMaksimovic et al. 2020).

typical wave amplitude was 1 nii at 0.3 AU and decreased as  The Time Domain Sampler (TDS) subsystem of the RPW
VR with increasing heliocentric distances. The electriad elmeasures the electromagnetic eld in the frequency range fr
strength positively correlated with the electron to ion pema- 200 Hz to 200 kHz. The instrument digitizes analog signals
ture ratiO,TezTi , and the electron heat ux (Gurnett 1991) Th¢rom the RPW antennas and the high-frequency W|nd|ng of
high-resolution spectral measurements by the Voyagerespage SCM search coil. The RPWDS waveform snapshots of
craft showed that broadband electrostatic uctuationssnezd the electric component of the electromagnetic eld are typi
by Helios were electrostatic uctuations, with peak frequg cally collected from three TDS channels at 262 or 524 kHz
changes on timescales of the order of a second (Kurth etédmpling rates. In each TDS channel, various con guratiwins
1979). . o . _ _monopole antbr dipole antenna measurements can be digitized.
These uctuations were identi ed as ion-acoustic oscillathere are two types of waveform snapshots recorded by the
tions which are strongly Doppler shifted into the frequerssyge  RPWITDS receiver. Regular survey waveform snapshots (TDS-
fpi < f < fpe, wherefy,; and fye are proton and electron plasmasURV-RSWF) are taken periodically with a ve minute cadence
frequency, respectively. Possible generation mechanigets and a typical length of 16 or 32 milliseconds. These snagshot
suggested as the ion-beam and electrostatic electroreleo-( often capture only noise, and they are not used for the pregen
tron heat ux) instabilities/(Lemons et al. 1979; Gary & Omidstudy. Second, triggered survey snapshots (TDS-SURV-TSWF
1987] Gary 1991). are on-board selected waveforms based on their intensitigs
Previous wave observations from missions such as Helioggectral properties. An on-board algorithm analyzes og@-sn
& 2 were limited to spectral measurements at heliocentise dishot with a typical length of 62 ms every second and can e
tances larger than 0.3 AU. The recent observations of theeParciently identify coherent waves, such as ion-acoustic arg-a
Solar Probe mission_(Fox et'al. 2016) provide both spectda amuir waves, which is periodically transmitted in the form of
electric eld waveforms in the region with a heliocentricsdi wave and dust counts and average values of relevant parame-
tance of 0.26 AU from the Sun. Mozer etial. (2020) presentegrs. The on-board algorithm also calculates also calestatis-
observations of very intense broadband uctuations in tiee f tics (TDS-SURV-STAT) of the observed snapshots, and these a
quency range from 100 Hz to tens of kHz in the spacecraft framgnsmitted in the form of average values. Parametersdedu
Their detailed analysis showed that these uctuations \eé&e- in statistics include peak and RMS amplitude of snapshads an
trostatic and linearly polarized. Waves were identi ed &e t jdenti ed waves, wave frequency, a number of identi ed wave
electrostatic ion-acoustic mode and are observed durigyale and dust spikes, and the amplitude and width of identi edtdus
second-long bursts with amplitudes of 15 fmV/ Wave vectors spikes. In- ight performance and a more detailed desaripti
are oriented anti-parallel to the ambient magnetic elds@# of the baseline algorithm is in Soucek et al. (in this speisial
on ion measurements, they suggested that ion-beam insébil sue). For this study, three electric channels were availaht
more likely than current-driven instabilities to produdeserved ysed. Most of the observations, so-called XLD1 mode, witth tw
ion-acoustic waves. _ . _dipoles (V1-V3 and V2-V1) and one monopole (V2) antenna,
This paper presents the rst-year observations of intemse i were set. Since the RPW antennas are oriented in the Y-Z SRF
acoustic waves at frequencies between 200 Hz and 20 kHzdwine, only two components ¢Eand E) of the real 3D E- eld
the RPWTDS receiver on-board Solar Orbiter. The observegte used. Remaining subsystems of the RPW instrument cover
waves are identi ed as the electrostatic ion-acoustic mexte the frequency range of the electric eld from DC to 16 MHz and
hibiting linear polarization and wave vector parallel ortian magnetic eld from DC up to 200 kHz. Moreover, the BIAS unit
parallel with the local magnetic eld. They are strongly QO@r-  samples the spacecraft oating potential and TNR-HFR aresy
shifted from the frequencies below the local proton plasrea f thermal noise to provide electron density estimates. THgiemh
quency €1 kHz) to frequencies above 1 kHz in the spacecrafiagnetic eld in the solar wind is measured by the MAG instru-
frame. Their occurrence rate and wave amplitude peaks drowfent (Horbury et &(. 2020). In the survey mode, MAG operates
the Solar Orbiter's perihelion at distances of 0.5 AU and det the 8 Hz cadence and collects all three magnetic compsnent

creases with increasing distances. transformed into the SRF frame. The 1-second averaged mag-
netic eld projected into the Y-Z SRF plane was used to inivest
2 Data gate the wave polarization. Solar wind bulk velocity vecpoo-

ton density and temperature are calculated from the Pratdn a
The Solar Orbiter spacecraft (Muller ef al. 2020) was sueceg\pha Sensor (PAS), a part of the Solar Wind Analyzer (SWA)
fully launched on Feb 10, 2020. The rst mission of the ESAOwen et al! 2020). These estimates are available with a typi
Cosmic Vision programme's will explore the Sun and heliczal cadence of 4 Hz from mid-July to mid-October. Both MAG
sphere from close up and out of the ecliptic plane. The spaeg&d SWAPAS data are available through the Solar Orbiter Sci-
craft carries six remote-sensing instruments to obsemestin - ence Archive|(httgisoar.esac.esalint). Electron moments can be
and the solar corona and four in-situ instruments to meakere derived from the SWA Electron Analyzer System (EAS). Both
solar wind, energetic particles, and electromagneticseldne EAS sensors register the number of electrons per energy and
of the four in-situ experiments is the Radio and Plasma Wavedid angle, from which we can derive the solar wind plasma
(RPW) (Maksimovic et al. 2020) instrument. It is designed telectron velocity distribution function (VDF). In this sty, we
measure magnetic and electric elds, plasma wave spectta axclude measurements obtained in energiE3 eV to avoid the
polarization properties, the spacecraft oating potdrdaiad so- photo-electrons produced on the spacecraft body and aatede
lar radio emissions in the interplanetary medium. Threatide into the instrument by the spacecraft potential. Additighave
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S010 RPW/TNR 2020-10-14 between electron and proton plasma frequency estimated fro
the t of 1=R?> model on the SWAPAS data. The bottom panel
presents a daily mean wave amplitude (orange circles) with m
imal and maximal amplitudes observed for each day. Wave am-
plitudes are highly variable during the whole year and réach
els above 10 m¥m. The range of measured amplitudes follow
1e13 the distances from the Sun with higher mean and spread a&trclos
distances .
s i i —— We used the triggered waveform snapshots from June 2020
09:00 09:30 10:00 1013°UT1C11$?m61113° 12:00 12:30 13:00 to January 2021 for a more detailed wave polarization analy-
sis. We included only snapshots labeled by the on-board al-
Fig. 1. Time-frequency spectrogram with two bursts of intense waveorithm as waves or unclassi ed. Snapshots labeled as a dust
below 20 kHz captured by the RPWNR receiver on 14 Oct, 2020.  spike were excluded. Each waveform is transformed from the
antennareference frame into the Y-Z SRF frame. Then autb- an
. . cross-correlations in the form of spectral matrices areutated
exclude supra-thermal electrons, registered in energi@seV. (Saniolik et all 2003). Snapshots with an intense spectak p
Using t_he VDF estimates from b.OIh Sensors, Fhe full 3D \_/elo >10dB) and coherence greater than 0.8 are taken into the ac-
ity distribution function of solar wind electrons is constted in o0t For orientation of the polarization axis, the avedhmag-
the spacecraft frame (see Nicolaou et al. in this SpeciaBss netic eld projected into the Y-Z SRF plane was used. Usirg th
For the purpose of & wave propagation study in Section 4, Wgieria above and all TDS measurement in the triggered mode
estimate electron temperatures for observations on O@ more than fourteen thousands waveform snapshots withseten
(see FigLb). wave activity at the frequency range of 200 Hz and 20 kHz
were detected. Figufd 4 shows the results of a statistiwefbri
from more than 14000 triggered waveform snapshots. The dis-
tribution of peak frequency (Fig.4a) has a maximum of around
After the mission's start in February 2020 and early commig-kHz with 7 events below 500 Hz and 95 detected events above
sioning phase in March, the RATDS instrument started its 15 kHz. The mean and median frequencies are 3.1 and 2.3 kHz,
scienti c operation in April. Electric eld observationsfen ex- respectively. Peak amplitudes (ih 4b) range from 0.2/m\o
hibit very intense bursty emissions at frequencies belowt22d more than 10 m¥m. The algorithm threshold>(0dB above the
Figure[1 presents an example of such emissions captureabylckground) sets the peak amplitude lower limit to 0.2/mV
Thermal Noise Receiver (RPMNR) between 5 and 100 kHz onThere are 161 events with an amplitude higher than 10mV
Oct 14, 2020. On the time-frequency spectrogram, one can $égse high amplitudes can also be misidenti ed dust impacts
two bursts of intense waves at frequencies below 20 kHz attabgolitary structures with similar spectra signature. Theree of
10:00 and 10:30-10:45 UT. These emissions are at frequendigear polarization calculated from spectral matrices. (Egjin
well below the plasma frequency, which was estimated fraen thaubenschuss & Santalik 2019) shows that more than 80% of
RPWTNR observation to be around 44 kHz, but remain abow@@apshots have values higher than 0.8. Using the projecgel m
the electron cyclotron frequency of 150 Hz. Examples of waveetic eld into the SRF and orientation of the semi-majorsasd
form snapshots with intense waveslfmV/m) from the same polarization ellipse (Eq. 11 in Taubenschuss & Santolik01
time interval are shown in Figuké 2. They show two electrilcl e a relative angle is calculated. The distribution of this lar(@n
components parallel (blue) and perpendicular (orangé) weit panel d) shows that more than 80% events have an angle less
spect to the magnetic eld direction projected on the Y-Z SR#han 20 degrees from the ambient magnetic eld line.
plane. On the right side, hodograms for the most intense part
of the Wavefqrm (inred cc_)lor) are pIotted._AII hlghllghte&hve 4. lon acoustic waves
packets are linearly polarized with a polarization axisafiatto
the magnetic eld. RPWTDS covers frequencies (200 Hz—100 kHz) in the range
The RPWTDS statistical data are continuously recordefilom the electron cyclotron {f) to above plasma frequencydf
with a cadence of 16 seconds and allows an overview of timeheliospheric distances of 0.5-1.0 AU. In this frequerayge,
wave activity at frequencies between 200 Hz and 200 kHz. Thisly two electrostatic wave modes with wave vector along the
rst-year statistics is shown in Figufé 3. We excluded dayiew magnetic eld line exist. Close to the local electron plasime
the instrument detected strong interference above 100 kHzgoiency, plasma oscillations or Langmuir waves can occur. Fo
BIAS sweep was in operation. The Venus yby on Dec 27, 2026ng wavelengths, the electron plasma oscillations areosim
is analyzed in more details by Hadid et al. (in this special ipurely electrostatic at the electron plasma frequency.h®s t
sue) and was also excluded from the data set. There were alsoelength decrease, approaching the Debye length, the fre
a couple of days when the receiver was switched Bhe oc- quency of the waves rise aboyg.fHowever, in this region, the
currence rate has a maximum at distances of about 0.5 AU arsttillations begin to be strongly damped by Landau damping.
reaching values of more than 10% of daily measured TDS sné#&jbectron plasma oscillations are driven via beam instigtéind
shots. The top panel shows an occurrence rate of wave srtapsbfien accompanied by the solar wind with Type 1l solar radio
with detected waves below 20 kHz and normalized to the totalirsts|(Gurnett & Andersaon 1976). These electron plasmik osc
valid snapshots recorded per day. With increasing distarthe lations are rarely observed below 20 kHz.
occurrence decreases to only a few waves detected per day inThe ion-acoustic mode can occur at frequencies below elec-
October at 0.9 AU. The distribution of wave frequencies galctron plasma frequency and they are electrostatic waves gk
lated as a daily mean (blue circles) with minimal and maximbly the resonant interaction with ion beams or by the current-
frequency for a particular day covers the range between 1 atriven instability. The waves are dispersive, with theiaph
20 kHz in the middle panel. The wave frequencies mostly occuelocity depending on both electron and proton temperature
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Fig. 2. Waveform snapshot with intense waves recorded by the RP\& receiver. The electric eld is transformed into the pleEp..ain blue
color) and perpendicular (&, in orange) directions with respect to the projected amhieagnetic eld. In the right column, hodograms of the
electric eld for the most intense parts of snapshots (ingeldr) are shown.
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Fig. 3. The rst year of wave detection by the RRWDS statistics. The panel (a) shows an occurrence ratea@isetwaves below 20 kHz (blue
bars) with overplotted distances from the Sun (orange.lid@)istribution of observed wave frequencies with theiriaton is shown in the panel
(b). Orange and yellow lines present modelled electron antbp plasma frequency, respectively. Averaged maximaafenamplitudes with

their variations are in the bottom panel (c).

The ion-acoustic mode is strongly damped by Landau dan(fgq. 4.141 in Swansbh (2003)),
ing unless the temperature ratig=T; > 1, where T and T, are K2C2 " 3T,

the electron and proton proton temparature, and for wageéhesn | 2, = - 1+ —(1+K 3 1)
shorter than the Debye length. A dispersion relation for-nero 1+ De Te

electron and proton temperatures can be expressed as Sollgyq q o is a wave frequency in the rest frame, € pm
is the ion sound speed pe is the electron Debye length, and
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Fig. 4. Spectral and polarization analysis of ion-acoustic wavaained from the RPWDS triggered snapshots. (a) Distribution of the peak
frequency. (b) Distribution of peak amplitudes. (c) Degaédinear polarization. (d) Angle between wave polarizatexis and the projected
magnetic eld line.

k is the wave vector. Doppler-shifted frequency observetthén with a cadence of 16 seconds, waves need to be identi ed by the

spacecraft frame can be calculated as follows, on-board algorithm to be stored. There are also two dusespik
between 20:00 and 22:00 with amplitudekd mV/m. Wave fre-
Pse=!p+k Vsw (2) quencies cover the range of 1-10 kHz (blue circles) and t be-

. . , tween the plasma frequencies derived from the RBIAS ob-
where,! i is the wave frequency in the plasma frarkeis the  geryations (yellow line) and proton plasma frequencidenesed
wave vector an/s, is the solar wind velocity vector. __from the SWAPAS data (violet line) in the panel (b). Using the

A dispersion relation for the lon-acoustic mode followingne_minute average of solar wind plasma parameters, magnet
Eq.[0 with Te=20 eV, Ti=5 eV, and w15cm ®is plotted in Fig- g|q and the dispersion relation from Hg. 1, the wave fregue
ure[5 as a yellow line. The upper limit of the Doppler-shifte, {he plasma rest frame was estimated (open orange circles)
frequencies (Ed.]2) is calculated for a wave vector parédiel The gispersion relation gives us up to three possible wage ve
the extremely fast solar wind ow with a speed of 1000/&m 45 depending on their orientation (parallel or anti-pafato
(Lietalll2016). The grey region delimits all possible freqaies  {hq golar wind ow and wave frequency in the spacecraft frame
for ion-acoustic mode. The region of strong damping 1)  The solution of the dispersion relation with the lowest wage-
is indicated by darker grey. The gure shows that a wide rangg \yas preferred due to the expected lower attenuationraste
of wave-vectors can be shifted to higher frequencies (1-+#) k frame wave frequency almost ts between electron cyclofren
and above the proton plasma frequency due to the Dopplér sfa ency (green line) and proton plasma frequency (viole)lin
The mean proton plasma frequency estimated from all B8 The magnitude (blue line) and projection on the solar wimedi
proton density observations is 960 Hz. _ tion of the magnetic eld observations are shown in the péciel

A one day statistics of glectrlc and magnetic _eIds m_easurqqi]e bottom panel (d) shows a one-minute average of proton den
on Oct 14 2020, along with the particle data, is in Figle iy (blue line) and temperature (orange line) calculatethithe
The statistics of peak and root mean square amplitudes fr@'%IA/PAS observations. The orange dashed line represents the
TDS snapshots (blue and red lines) and identi ed waves (Y@lactron temperature calculated from the SYAS measure-

low and green crosses) show higher wave activity betwee008ants, Wave activity is associated with signi cant changes
and 14:00 in panel (a). While snapshot statistics is contisu
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backs|(Dudok de Wit et al. 2020; Laker etlal. 2020). Mozer et al
e (2020) suggested that ion acoustic waves are generateceby th
ion-beam instability and are a general feature of switckbac
that occur frequently near the Sun. Our observations inreigu
shows wave observation during the time period when the mag-
netic eld direction is highly disturbed. However, a stéitisl
study of magnetic eld directions during these wave evests i
needed.
The ion-acoustic mode may also grow from a current-driven
103 . or heat ux instability (e.g._Forslund 1970; Lemons et al79.
The threshold for this instability is rather high for the ra-
tio Te=T; 1 2 that is typical of the solar wind at 1 AU
(Wilson et al! 2018, and references therein). Electront de-
locity with respect to ion velocity should be about the alect
102 ‘ thermal velocity for the wave growth to occur. Our rst estitas
1072 10! 10° 10! of electron and proton temperature observed on Oct 14, 2020,
K\ show a higherratio &T; 4, corresponding to a minimum drift
d velocity of  0:3C;, where G is the electron sound velocity (Fig.
Fig. 5. Dispersion relation (yellow line) of ion-acoustic mode ford-32 in LGurnett & Bhattacharjee 2017). The higher tempeeatu
Te=20 eV, T.=T;=4 and n= 15cm? in the plasma rest frame. Theatio (Te=Ti 2 6) was also presented in observations from
red line shows the upper limit of Doppler-shifted frequescof ion- ACE (Skoug et al. 2000) or Helios (Marsch etlal. 1982) space-
acoustic waves in the spacecraft frame for the waves préipggaaral- craft. This higher temperature ratio is more favorable aad d
lel or anti-parallel with the solar wind direction wij¥s,j = 1000 kn¥s.  creases the threshold for current-driven instability. @halysis
The grey area presents typical frequencies of ion-acousties ob- of the associated currents observed by Solar Orbiter diag
Served.in the Spacecraft frame. Darker grey delimits a regim?re ion- currentsheet Cross|ngs by Graham et al. (|n this |Ssue)snm
acoustic waves start to be strongly damped(k 1). The local proton  the current-driven instability is unlikely to provide wageowth.
plasma frequency is shown by the green dashed line. The calculated threshold currents would still be well abamg
observed currents. They conclude that although the wawes ar

the magnetic eld line con guration. These abrupt changes amore Ii_kely to _be found in enhanced current regions, thestur
also evident in proton observations driven instability cannot generate the waves.

Frequency (Hz)

. . 6. Conclusions
5. Discussion o )
Electrostatic ion-acoustic waves are often captured by the

Electric eld measurements of the REVDS receiver often cap- RPWITDS receiver as intense bursts with amplitudes up to tens
tures very intense broadband uctuations at frequenciésibe of mv/m. The number of observed waves and wave amplitude
20 kHz in the spacecraft frame. Using the RAWYS statistical s increasing with decreasing distances from the Sun. Waves
data that continuously captures on-board processed fife®erare strongly Doppler-shifted from the frequencies belowtqm
of the waveform snapshots, plasma waves at frequencie® befflasma frequency<(l kHz) to frequencies up to 10 kHz in the
20 kHz and covering an interval of heliocentric distances bgpacecraft frame. Our observations of ion-acoustic waugs s
tween 0.5 AU and 1 AU were studied. The wave occurrence rajgst that they are common phenomenon at heliocentric dissan
peaks close to the rst perihelion at distances of about 06 Apetween 0.5 and 1 AU. lon-acoustic waves often accompany
and reaching more than 10% of all downlinked triggered snagrge-scale solar wind structures and may play a role iniond
shots. With increasing distances, the occurrence rateedses sjon due to wave-particle interactions. They are genetatede
to only a few waves detected per day. The distribution of pepésonant interaction with ion beams or by the current-drive
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instrument. (d) Proton density (blue line), proton tempa® (orange solid line), and electron temperature (orataghed line) estimated from
the SWAIPAS and SWAEAS data.
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