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Abstract Ion-acoustic waves (IAWs) commonly occur near interplanetary (IP) shocks. These waves are
important because of their potential role in the dissipation required for collisionless shocks to exist. We study
IAW occurrence statistically at different heliocentric distances using Solar Orbiter to identify the processes
responsible for IAW generation near IP shocks. We show that close to IP shocks the occurrence rate of IAW
increases and peaks at the ramp. In the upstream region, the IAW activity is highly variable among different
shocks and increases with decreasing distance from the Sun. We show that the observed currents near IP shocks
are insufficient to reach the threshold for the current-driven instability. We argue that two-stream proton
distributions and suprathermal electrons are likely sources of the waves.

Plain Language Summary Ion-acoustic waves (IAWs) are fluctuations in the electric field that
occur at frequencies close to the ion plasma frequency. These waves are commonly found in the solar wind and
often cluster around interplanetary (IP) shock waves. In this study, we investigate and quantify how common
IAWs are in the vicinity of IP shocks. Our research revealed that IAW activity is enhanced before and after most
IP shock passages. Furthermore, IAWs are more likely to be observed preceding IP shocks that are closer to the
Sun. We find that the occurrence rate of IAWs shows no clear dependence on the IP shock parameters. We
explore the possible mechanisms that could explain the presence of these IAWs. For instance, [AW modes can
be excited by electric currents if the associated drift velocity between ions and electrons is above a certain
threshold. However, the currents alone are not strong enough to generate the IAWs found near IP shocks. We
discuss other potential generation mechanisms, such as velocity distributions of ions and electrons deviating
from thermodynamic equilibrium.

1. Introduction

Ion-acoustic waves (IAW) are electrostatic waves commonly observed in the solar wind (Briand, 2009;
Gurnett & Anderson, 1977; Gurnett & Frank, 1978). These waves are excited around the proton plasma
frequency (f,,,) and Doppler-shifted by the solar wind in the spacecraft frame. The main theories regarding
their generation involve instabilities driven by electron heat fluxes (Forslund, 1970), strong electric currents
(Fried & Gould, 1961), or two-stream protons (Gary, 1978). Solar wind IAWs are of interest as they may
play a significant role in the evolution of the ion and electron velocity distribution functions (VDFs).
Moreover, the study of IAWs near interplanetary (IP) shocks is important because collisionless shocks
require dissipation, which can be provided through wave-particle interactions (Bale et al., 2002; Fitzenreiter
et al.,, 2003). If IAWs provide dissipation, understanding their generation could provide insight into the
physics of the shock.

Enhancements in solar wind IAW activity have been demonstrated near IP shocks (Hess et al., 1998; Kurth
et al., 1979; Wilson et al., 2007). These enhancements can persist for several hours upstream and downstream of
IP shocks (Hess et al., 1998). However, it is not fully understood how far from its ramp an IP shock can influence
the excitation of IAWs. Interplanetary shocks observed by the Ulysses and WIND spacecraft, at distances >1 AU,
do not show any correlation between different shock parameters and IAW activity (Hess et al., 1998; Wilson
et al., 2007). Now, with spacecraft exploring the inner heliosphere, it is possible to extend these studies to dis-
tances closer to the Sun.
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Assuming Maxwellian proton and electron VDFs with a relative drift, IAWs are strongly damped at low electron-
to-ion temperature (7, /T;) ratios (Gary, 1978). However, solar wind IAWSs are often observed in regions with low
T,/T; (Briand, 2009). Therefore, it is necessary to investigate the effects of non-Maxwellian VDFs on the ion-
acoustic instability T,/T; threshold. Non-Maxwellian features like double-proton streams (Alterman
et al., 2018; Goldstein et al., 2000) or the electron strahl, a field-aligned electron beam (Verscharen et al., 2019),
are common in the solar wind proton and electron VDFs, respectively. Both of these features are potential sources
of ion-acoustic instabilities, through the ion-ion instability (Gary, 1993; Treumann & Baumjohann, 1997) and the
heat flux instability (Forslund, 1970; Treumann & Baumjohann, 1997), respectively.

In this letter, we investigate IAWs occurring near IP shocks in the inner heliosphere. We find that the IAW
occurrence peaks at the shock ramp and can remain enhanced upstream and downstream of the shock. We discuss
the source of these waves and to what extent the enhancement in IAWS is due to the presence of the IP shocks.

2. Instrumentation and Data Analysis

We identify IAWSs using the Radio and Plasma Waves-Time Domain Sampler (RPW-TDS) instrument (Mak-
simovic et al., 2020; Soucek et al., 2021), onboard the Solar Orbiter (SolO) spacecraft (Miiller et al., 2020). We
use two data sets provided by RPW-TDS. First, onboard Triggered Snapshot Waveforms (TSWF) containing
high-resolution electric field measurements with typical cadence of 262.1 kHz. Second, statistical data products
(STAT) containing 16 s averaged quantities based on snapshots sampled every second. If a snapshot contains a
wave, its properties are stored. Every STAT packet is completed after 16 s, and its total number of waves and
average quantities are computed, including median frequency and maximum amplitude (Soucek et al., 2021).

In the solar wind, fpp ~ 0.3-1 kHz (Pisa et al., 2021; Verscharen et al., 2019). Furthermore, PiSa et al. (2021)
recently showed that the Doppler effect caused by solar wind convection can shift the frequency of IAWs in the
spacecraft frame up to 20 kHz. Below this frequency and above f,,, the only lightly damped electrostatic waves
with wavevector aligned with the magnetic field are [AWs and Langmuir waves when the density is lower than
~5cm™ (Gary, 1993). To determine if a TSWF contains an IAW we perform a fast Fourier transform. If the peak
wave power is two orders of magnitude above the background power and at a frequency below 20 kHz, then we
identify the TSWF as containing an IAW (Graham et al., 2021). Similarly, if the median frequency from the
STAT packet is below 20 kHz, we identify the waves in the STAT packet as IAWSs. To avoid including Langmuir
waves, we check that the electron plasma frequency at the times of the wave observations is well above 20 kHz.

Magnetic field (B) measurements are obtained from the Magnetometer (MAG) instrument with a cadence of 8
vectors/s (Horbury et al., 2020). The Solar Wind Analyzer (SWA) instrument suite (Owen et al., 2020) provides
VDF measurements. We use ion VDFs and moments generated by the Proton-Alphas Sensor (PAS) every 4 s and
electron pitch angle distribution and moments delivered by the Electron Analyzer System every 10 s.

We focus on IAWSs found within 200 min of IP shocks. We use this interval to ensure we capture the increase in
IAW activity near the IP shocks and determine how far this enhancement extends from the shock. We analyzed 80
IP shocks compiled through an automatic search using data from MAG and PAS (Dimmock et al., 2023). Of
these, 15 events were identified through visual inspection when PAS or MAG data were unavailable. The shock
parameters are calculated using fixed upstream and downstream intervals according to Kilpua et al. (2015). We
present two examples of IP shocks in Figure 1. The shock ramps are highlighted in red. The shock in panels (a)-(e)
was observed at 0.71 AU with Alfvén Mach number M, = 1.8 and a shock normal angle 0, = 44°. This shock has
high IAW activity in the upstream region and negligible IAWs downstream, as indicated by the TSWF and STAT
measurements in panels (d and e), respectively. The shock in panels (f—j), observed at 0.87 AU, has M, = 4.1 and
Ogn = 58°. In this case, IAWs are present on the downstream side and almost no IAWSs in the upstream region
(panels i and j). In both cases, IAWs are detected at the shock ramps.

3. Results

We begin the analysis by statistically investigating how common IAWs are in the vicinity of IP shocks. We search
for any correlation between the occurrence rate of IAWs and IP shock parameters. Then, we analyze possible
sources of these waves and their relation to shock physics.
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Figure 1. Two examples of IP shocks observed by SolO. (a, f) Magnetic field in RTN (radial, tangential, normal) coordinates. (b, g) Ion density (blue) and electron
density from RPW (Khotyaintsev et al., 2021) (black), differences in densities are due to the calibration of the different instruments. (c, h) Ion velocity in RTN
coordinates. (d, i) Electric field triggered snapshots in components parallel and perpendicular to the projection of B in the antenna plane. (e, j) Median frequency in red
asterisk and Ion-acoustic wave counts from STAT data product represented by the blue bars. One STAT packet can have at most 16 waves.

3.1. Statistics of Ion-Acoustic Waves Near Interplanetary Shocks

We define the occurrence rate of IAWs (OR) as

# of snapshots with IAW in interval

OR = 1

total # of snapshots in interval

We use the continuous STAT data to compute OR. To compute OR in the ramp regions, we selected intervals of
+16 s around the shock crossings. We chose this interval so that there are two STAT packets associated with each
ramp.

In Figure 2a, we show the OR of all shocks, where ¢ = 0 indicates the time of the shock ramp. The shocks are
presented such that negative (positive) times correspond to the upstream (downstream) side, for both fast-forward
and fast-reverse shocks (Kilpua et al., 2015). The gray lines on the left axis indicate the OR of each shock, while
the blue histogram on the right axis refers to the mean OR for all shocks. We compute the average OR of all [AWs
in the solar wind, which is plotted as the red-dashed line on the right axis and has a value of ~0.1%. In the +16 s
ramp interval, 84% of the shocks show enhanced OR compared to the unperturbed solar wind, indicating that
IAWSs are a common feature of most shock ramps. Moreover, the highest rates occur near the shock ramp, where
the mean OR is ~10%. Some events reach more than 50%. In the +£200 min interval from the ramp, 77% of the IP
shocks show a higher total OR than the average solar wind.

Upstream, the OR is highly variable among shocks, while downstream the OR is more uniform and decreases
rapidly with distance from the ramp. On both sides of the shock, the mean OR increases rapidly around 50 min
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Figure 2. Superposed epoch analysis of the occurrence rate of Ion-acoustic waves (IAWs) (OR) in the vicinity of IP shocks. ¢ = 0 corresponds to the time at the shock
ramp. Negative (positive) times indicate upstream (downstream) from the ramp. (a) OR across the shocks. The gray lines indicate the OR of each shock and are labeled
on the left axis. The blue line and dashed-red line correspond to the mean OR of all shocks and mean solar wind OR, respectively, and are labeled on the right axis. The
red-shaded area corresponds to an interval of 50 min, where the mean OR begins to deviate consistently from the background OR. Panels (b—k) show data from this
region. The cyan and black lines show the OR of the IP shock examples in Figures 1a—1j, respectively. (b) Frequency of IAWSs. (¢c) Maximum amplitude of IAWs. (d—k)
Scatter plots of shock parameters versus OR. Each cross represents a shock. Panels (d—g) show upstream OR with intervals starting at —50 min and ending 16 s before
the ramp passage. Panels (h—k) show downstream OR with intervals starting 16 s after the ramp passage and ending at +50 min. The red-dashed lines indicate the
unperturbed solar wind average OR. (d, h) M, versus OR (e, i) &, versus OR (f, j) Distance from the Sun versus OR, the red-dashed lines indicate unperturbed solar
wind OR as a function of heliocentric distance (g, k) T, /T; versus OR. The vertical green-dashed lines indicate 7,/T; = 1.
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from the ramp, as indicated by the red-shaded area in Figure 2a. Closer to the ramp, around +5 min, the OR in the
downstream regions is higher for most shocks than the upstream OR.

Figures 2b and 2c show that IAWSs closer to the ramp reach higher frequencies and amplitudes. The frequency of
IAWs a few minutes downstream of the ramp, typically remains high, suggesting that the downstream IAWs close
to the ramp are related to the shock itself. On the upstream side, the frequency of the waves statistically decreases
with distance from the ramp.

For most of the IAWs, the angle between the wave polarization axis and the projected B-field is near 0°, indicating
propagation predominantly along B. This is evident in the examples shown in Figures 1d and 1i where £} > E .
Such observations are consistent with earlier findings on IAWs in the solar wind (Gurnett et al., 1979; Lalti
et al., 2023; Pisa et al., 2021).

Figures 2d-2k shows the relationship between OR and different shock parameters for the upstream and down-
stream regions. For these plots, we selected, according to Figure 2a, the interval where the mean OR significantly
deviates from the unperturbed solar wind OR, indicated by the red-shaded region. The upstream (downstream)
regions correspond to the times before (after) the shock passage, excluding the +16 s of the ramp. In panels (d-g)
the upstream OR is plotted for each shock versus M, Oy, heliocentric distance (R), and T,/T;. The downstream
plots are shown in panels (h—k). For the temperature ratios in panels (g, k), we took an empirical value of
T, = 13.5 eV (Newbury et al., 1998) because electron moments are not yet available for all shocks. This
assumption is reasonable as the variations of 7,/7; are mainly governed by the ion temperature (Briand, 2009).

For the range of IP shock parameters available, no clear dependence of OR on any shock parameter was found,
consistent with previous studies at >1 AU (Hess et al., 1998; Wilson et al., 2007). We observe a slight correlation
between upstream OR and R, with OR tending to increase as R decreases (Figure 2f). This is likely because [AWs
are more common closer to the Sun, regardless of the presence of IP shocks (PiSa et al., 2021).

In several events, a significant OR enhancement above the background is observed when T,/T; < 1, where strong
IAW damping is expected (Gary, 1978). The enhancement is clearer in the downstream region, where about half
of the events have increased OR at 7, /T; < 1 compared to the background OR (Figure 2k). Moreover, T,/T; > 1 is
not sufficient to increase IAW activity, as some shocks with high T, /T; do not show any clear enhancement in OR.
Other parameters such as upstream plasma f, shock speed, compression ratio, and upstream solar wind speed
show no correlation with OR (not shown). Furthermore, no clear dependence of OR on shock parameters was
found in the ramp intervals.

3.2. Analysis of Current-Driven Instability

A common instability that leads to [AWs is the current-driven instability, produced by the relative drift between
ions and electrons (Christoffersen et al., 1974; Fried & Gould, 1961). At high T, /T, the current-driven instability
can lead to wave growth if the drift velocity (v,) exceeds the ion-sound speed (c;,). At lower T,/T;, the instability
threshold is increased to larger v, /c;, (Treumann & Baumjohann, 1997). We estimate v, through the current
density J using (Graham et al., 2021):

L ABy 1 AB;
Ho szAl’ N Ho VSWAI’

T=

2

where B and By, are the tangential and normal components of the magnetic field in the RTN frame, respectively,
At is the time step of the MAG measurements, p, is the permeability of free space, and V,,, is the solar wind
velocity from PAS interpolated to MAG's resolution. Then, v, is determined from J = env, where e is the
elementary charge. We assume the convection of the current structures by V,,, and J; = 0. If the direction normal
to the current sheet is not in the radial direction, J will be underestimated.

We calculate v,/c;, and T,/T; within £200 min from the shock ramp and compare with the current-driven
instability threshold (Figure 3a). For Maxwelian distributions, the v,/c;, threshold for wave growth y can be
expressed as (Gurnett & Bhattacharjee, 2017; Treumann & Baumjohann, 1997)
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where m,/m, is the proton-to-electron mass ratio, k is the wave number, and 4, is the Debye length. This threshold

is indicated with the yellow curve for the long-wavelength limit (k1;, < 1) in Figure 3a. The blue (red) dots in

Figure 3a indicate the values of v,;/c;, and T,/T; at the times of STAT packets without (with) IAWs. Since we used

STAT data, we took the highest value of v,/c;, and the mean 7,/T; in the 16 s STAT packet time interval.

Except for a few exceptional points, the currents are not large enough to reach the instability threshold, even for
the largest values of T,/T;. We show the histogram of v,/c;, in Figure 3b. The histogram of STAT packets with
IAW is slightly shifted toward higher v,,/c;, compared to the one with no IAWSs. Although the estimated currents
alone may not lead to IAW instability near IP shocks, on average IAWs are observed in regions of higher v,.

We note that MAG may under-resolve the thinnest, and likely strongest, proton-scale current sheets. However,
previous studies on current sheets in the solar wind showed that v, is statistically lower than the local Alfvén speed
v, (Lotekar et al., 2022; Vasko et al., 2022). Replacing v, with the local v, the ratio v,/c,, is on average around an
order of magnitude larger than our values of v,/c;,, but v,/c;, is typically below the threshold of current-driven
instability. Thus, we do not expect the currents to be strong enough to trigger IAWs for Maxwellian proton and
electron VDFs.

3.3. Analysis of Velocity Distribution Functions

Since the estimated currents alone are not strong enough to excite waves due to drifts between proton and electron
Maxwellian distributions, more complex particle distributions are required to generate IAWs. We examine the
proton and electron VDFs of two IP shocks, presented in Figure 4. In both cases, the plots are centered on the
shock. We show the 1D reduced ion VDF along the radial direction Vj in panels (b, j). For electrons, we show
PAD:s for energies E > 70 eV in panels (c, k). We observe a strong asymmetry between electrons parallel and anti-
parallel to B for the shock in the left panels, likely due to the strahl. For the shock in the right panels, the density of
suprathermal electrons upstream of the shock is lower, with only a small dependence on the pitch angle. Panels (d,
1) show the electric fields from the TSWF containing IAWs and the maximum amplitudes in the STAT packets
containing IAWs. In both events, the waves are predominantly field-aligned, with the largest amplitude waves
reaching ~5 mV/m. We observe IAWs clustered at the ramp of both IP shocks, with amplitudes decreasing with
increasing distance from the ramp in both directions. In panel (d), the upstream IAW activity is enhanced and is
reduced in the downstream region. In panel (1), the upstream IAW activity is significantly lower than downstream.
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Figure 4. Overview and distribution functions of two different IP shocks. The overview plots are centered on the IP shock. (a, i) Magnetic field RTN components and
magnitude. (b, j) Ion velocity distribution function (VDF) along the radial direction. (c, k) Electron pitch angle distribution. (d, 1) Electric field snapshots in B-field-
aligned components and maximum amplitude from STAT packets containing Ion-acoustic waves. (e, m) Electron VDF at = 0° and € = 180° at upstream times
indicated by the blue vertical lines. Electrons with velocities below the green-dashed line are affected by spacecraft potential effects. (f, n) 1D reduced ion VDF along B
at upstream times indicated by the blue vertical lines. a-particles have been removed from these distributions. (g, o) Electron VDF at 6 = 0° and 6 = 180° at near-ramp/
downstream times indicated by the red vertical lines. (h, p) 1D reduced ion VDF along B at near-ramp/downstream times indicated by the red vertical lines. a-particles
are not removed from these distributions. Maxwellian distributions are plotted with dashed lines on panels (e-h) and (m—p) for comparison.

Since heat fluxes are generally carried by electrons (Treumann & Baumjohann, 1997), any asymmetry between
the electron VDFs at pitch angles € = 0° and 180° indicates a heat flux that can potentially trigger [AWs. We
analyze the distributions at pitch angles of € = 0° and 180° at different times (shown in Figures 4e, 4g, 4m, and
40). The green-dashed line marks the energy at which the measurements become unreliable due to photoelectron
contamination. We focus only on energies above this value, corresponding to the suprathermal electrons.

The largest deviation from a symmetric distribution is in the distribution in Figure 4e, where the average ratio

between the anti-parallel and parallel VDFs above 70 eV (v_;/v|) ~ 4. We interpret this enhancement in

>70eV
anti-parallel VDF as the strahl population. In addition, we observe high IAW activity in the same region. Closer to

the shock (Figure 4g), the asymmetry in the electron distribution is reduced to (v_/v)), ..., < 2, decreasing the

electron heat flux. In the case without upstream IAW activity, in Figure 4m, there are no signs of a strahl. From
these observations, the presence of upstream IAWs correlates to electron heat fluxes. Whether these heat fluxes
are large enough to excite IAW remains to be investigated. In the ramp and downstream regions, there are some
IAWs, but no clear strahl (panel o).
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We also look for evidence of ion-acoustic instability drivers in the proton distributions. We show the one-
dimensional reduced distributions along B in Figures 4f, 4h, 4n, and 4p. For the upstream distributions in
panels (f, n), we removed the a-particles, as they have well-separated energies from the protons, as seen in panels
(b, j). For the distributions closer to the ramp (panels h, p), we could not isolate and remove the a-particles.

The proton distribution in Figure 4f consists of a core population and a shoulder population streaming anti-parallel
to B. At the same time, many IAWSs are observed. The proton distribution in Figure 4n, is approximately
Maxwellian along B, and no IAWs are observed. Proton beams are known sources of ion-acoustic instabilities
(Gary, 1978). However, there are no clear signs of an unstable distribution in Figure 4f, namely a positive slope in
the VDF. Since PAS delivers one distribution every 4 s, the minimum between two population peaks is probably
not resolved if the distribution fluctuates at shorter time scales.

4. Discussion

From the ion VDF analysis presented above, we see a correlation between upstream IAW activity and two-stream
proton distribution. Ion distributions consisting of a proton core and a field-aligned shoulder, like in Figure 4f, are
frequently observed in the solar wind, irrespective of the presence of shocks. Moreover, they are often found near
high IAW activity regions (Gurnett & Frank, 1978), suggesting that the waves found upstream of the shock in
panel (d) correlate with solar wind two-stream protons, rather than the physics of the IP shock. Although the
presence of IP shocks is correlated with increased OR, as shown in Figure 2, we conclude that the IP shocks are
not responsible for the enhancement in the upstream region. Instead, the solar wind proton and electron VDFs
dictate the IAW activity, and the shock has a minor effect on the upstream OR. This explains the poor correlation
between shock parameters and upstream OR. Furthermore, the correlation of upstream OR with heliocentric
distance can be explained by a general increase of solar wind IAW OR with decreasing distance to the Sun (PiSa
et al., 2021). The high variability in upstream OR between IP shocks is more likely due to the variable solar wind
conditions with two-stream protons and the electron strahl VDFs (Owen et al., 2022; Verscharen et al., 2019).

In the ramp and near-ramp downstream regions, we cannot explain ion-acoustic instability through heat fluxes.
Nevertheless, in these regions, we often observe large current density spikes. Although these currents are not large
enough to produce the required drifts by themselves, the multi-proton distributions may influence the instability
thresholds. For a given temperature ratio of electrons and core protons, the threshold for the ion-acoustic
instability associated with a proton beam is increased as the temperature ratio between the beam and the pro-
ton core increases (Gary, 1993; Gary & Omidi, 1987). If the shock heats the drifting proton population more than
the core, the threshold for ion-acoustic instability will increase. This may explain why the IAW activity is
mitigated after the shock ramp in the case of Figures 4a—4h). However, a conclusion cannot be drawn from the
available ion distribution measurements in the ramp and downstream regions as the different proton components
and a-particles are not well distinguishable.

Additionally, some waves in the downstream region close to the ramp may be IAWs generated at the ramp and
convected downstream. This could explain the enhancement of downstream average OR close to the ramp, and is
supported by the downstream waves close to the ramp having similar properties to those at the ramp, such as
frequency and amplitude (Figures 2b and 2c).

5. Conclusion

We have investigated statistically the occurrence rate of IAWs in the vicinity of 80 IP shocks observed by SolO
between 0.3 and 1.1 AU. Our main results are:

» lon-acoustic waves are a common feature of IP shocks. We observe enhanced IAW activity at the ramp of 84%
of the IP shocks. The occurrence rate of IAWs is statistically highest at the shock ramp, where it can reach
values almost three orders of magnitude larger than the background solar wind.

o The occurrence rate in the upstream region of IP shocks increases with decreasing distance from the Sun. In
this region, the occurrence rate is variable between shocks and can be higher than the background more than
200 min before the shock, however, IP shocks are not the main drivers of IAWs in this region. In the
downstream region, the occurrence rate decreases more rapidly and closer to the ramp.

o TAW activity tends to be associated with enhanced currents, although the currents are not strong enough to
trigger IAW growth assuming Maxwellian electron and proton distributions. We observe two-streaming
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protons and the electron strahl together with [AWs in the upstream region of the analyzed IP shock. These
observations suggest a relationship between IAWs and non-Maxwellian proton and electron distributions.
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(Maksimovic, 2020). For ion and electron data, we use SWA data sets (Owen, 2020). For magnetic field mea-
surements, we used normal mode MAG data sets (Horbury, 2020). The list of IP shocks is available at https://
zenodo.org/records/11091062 (Dimmock, 2024).
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