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ABSTRACT

The quasi-thermal motion of plasma particles produces electrostatic fluctuations, whose voltage power spectrum induced on electric
antennas reveals plasma properties. In weakly magnetised plasmas, the main feature of the spectrum is a line at the plasma frequency —
proportional to the square root of the electron density — whose global shape can reveal the electron temperature, while the fine structure
reveals the suprathermal electrons. Since it is based on electrostatic waves, quasi-thermal noise spectroscopy (QTN) provides in situ
measurements. This method has been successfully used for more than four decades in a large variety of heliosphere environments.
Very recently, it has been tentatively applied in the very local interstellar medium (VLISM) to interpret the weak line discovered on
board Voyager 1 and in the context of the proposed interstellar probe mission. The present paper shows that the line is still observed
in the Voyager Plasma Wave Science data, and concentrates on the main features that distinguish the plasma QTN in the VLISM
from that in the heliosphere. We give several tools to interpret it in this medium and highlight the errors arising when it is interpreted
without caution, as has recently been done in several publications. We show recent solar wind data, which confirm that the electric
field of the QTN line in a weakly magnetised stable plasma is not aligned with the local magnetic field. We explain why the amplitude
of the line does not depend on the concentration of suprathermal electrons, and why its observation with a short antenna does not
require a kappa electron velocity distribution. Finally, we suggest an origin for the suprathermal electrons producing the QTN and
we summarise the properties of the VLISM that could be deduced from an appropriate implementation of QTN spectroscopy on a

suitably designed instrument.
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1. Introduction

A weak continuous line close to the local plasma frequency
fo has been discovered (Ockeretal. 2021) in spectra mea-
sured by the Voyager 1 Plasma Wave Science (PWS) instrument
(Scarf & Gurnett 1977) in the very local interstellar medium
(VLISM). Such a continuous line has been detected using long
spectral averages and its weakness and stability suggest that
it might possibly be produced by plasma quasi-thermal noise
(QTN), despite the small antenna length of the PWS instrument.

The plasma QTN was discovered in the solar wind by
Meyer-Vernet (1979) with the ISEE-3 radio receiver, which
was then the most sensitive receiver ever flown (Knoll et al.
1978). This noise is due to the electrostatic field produced by
the plasma particle quasi-thermal motion (Fejer & Kan 1969),
detected by a sensitive wave receiver at the ports of an elec-
tric antenna. Since this electrostatic field is associated with the
plasma velocity distributions (Sitenko 1967), in the case of sta-
ble distribution functions one can use QTN spectroscopy to
reveal plasma properties such as the electron density and tem-
perature (Meyer-Vernet & Perche 1989). This technique has been
developed and used in a large variety of media in the helio-
sphere (Meyer-Vernet et al. 1998, 2017 and references therein),
where the quasi-thermal noise is routinely observed with wave
instruments and represents the long-wavelength limit for radioas-
tronomy measurements from space (Meyer-Vernet et al. 2000).
Because electrostatic waves are heavily damped, the QTN

measurements are local, contrary to usual spectroscopy in astron-
omy. If the plasma is magnetised, then the spectrum has a
complex structure including Bernstein waves, from which QTN
spectroscopy reveals electron properties (Meyer-Vernet et al.
1993; Moncuquet et al. 1995; Schippers et al. 2013). If the plasma
is weakly magnetised, as the interplanetary and interstellar media,
then the QTN spectrum has a much simpler structure, with a line at
the local plasma frequency f,, produced by Langmuir waves. The
density deduced from this line is recognised as a gold standard
and used as a reference for calibrating other instruments.

Gurnett et al. (2021) proposed to interpret the f, line
observed by the Voyager 1 PWS instrument in the VLISM as
the QTN associated with an electron velocity distribution com-
posed of the superposition of a cold Maxwellian at 7000 K and a
ten times hotter kappa distribution with x = 1.53; this proposed
hot kappa distribution represented 50% of the density and there-
fore contributed considerably to the pressure. These authors also
interpreted the absence of observations of the line before 2016
by arguing that the QTN electric field is oriented along the mag-
netic field B. They suggested that since the angle o between the
Voyager antenna effective direction and B exceeded about 15°,
the resulting weakening of the signal by the factor cos® & would
hinder its observation.

These arguments have been contradicted by Meyer-
Vernet et al. (2022), who showed in a short letter that the stable
QTN electrostatic field near f, in the weakly magnetised VLISM
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should not be aligned with the static magnetic field. Therefore,
its orientation could not be responsible for the absence of the
line from Voyager 1 PWS measurements taken at locations near
the heliopause. In addition to that, Meyer-Vernet et al. (2022)
showed that a minute quantity of hot electrons with a power-
law energy distribution is sufficient to explain the observations,
since the amplitude of the line is independent of the propor-
tion of these electrons provided they dominate the distribution
at the high speeds producing the line (Chateau & Meyer-Vernet
1991; Meyer-Vernet et al. 2017). This property eliminated the
need to assume a problematic kappa distribution. Neverthe-
less, in a recent review paper on the interstellar probe mission,
Brandt et al. (2023) repeated the arguments that the detection of
the QTN line at f, with a modest length antenna requires it to
be nearly aligned with the ambient magnetic field and that the
observed line can be interpreted with a kappa distribution with
k= 1.53.

In this context, the objective of the present study is two-fold:
(i) explain how to perform QTN spectroscopy in the VLISM
in order to avoid some previous mistakes and (ii) interpret the
observed properties of the f;, line identified on Voyager 1. The
paper is structured as follows: Sect. 2 shows that the line contin-
ues to be observed in the available recent Voyager 1 PWS data,
with a frequency consistent with Kurth et al. (2023), and sum-
marises its properties; Sect. 3 presents recent solar wind mea-
surements illustrating that the electric field of the stable QTN
line in a weakly magnetised plasma is not aligned with the local
magnetic field; Sect. 4 discusses the main differences between
QTN spectroscopy in the heliosphere and in the VLISM, the
traps to be avoided, and some useful tips; Sect. 5 suggests several
explanations for the absence of the line close to the heliosheath
and proposes an origin for the suprathermal electrons producing
the observed f,, line; and finally, we summarise the properties of
the VLISM that could be derived with adequate instrumentation
and implementation of QTN spectroscopy.

2. The Voyager QTN line

Figure 1 shows the weak continuous line near the local plasma
frequency f, measured from the Voyager 1 PWS wideband data
in the VLISM from early 2018 to late 2022. The line observed
before late 2020 was published and discussed previously
(Ocker et al. 2021; Burlagaetal. 2021; Gurnettetal. 2021;
Richardson et al. 2022; Meyer-Vernet et al. 2022; Brandt et al.
2023). The two-year line continuation in 2021-2022 is consis-
tent with the observations shown by Kurth et al. (2023).

The spectrogram is built from fast Fourier transforms (FFT)
of Voyager 1 PWS waveform data. These waveform data were
designed to fit within an imaging subsystem (ISS) image frame.
This frame is made of 800 lines, each filled up with 1600
4-bit waveform data at the 28.8 kHz sampling frequency, and
is written in 48s (including small data gaps between individ-
ual lines); for details, readers can refer to Kurth et al. (2023). All
spectra used in the present analysis are the average of single FFT
power spectra computed from each individual line. Because of a
mismatch between the Deep Space Network and Voyager play-
back capabilities, only one out of every five of those 800 lines
can be transmitted to Earth, making any enhancement of the
spectral resolution by FFTing consecutive lines impossible. The
best available spectral resolution of PWS wideband data is there-
fore limited to 28 800/1600 = 18 Hz — a limit that might be easily
overcome in any future dedicated instrument. The noise equiva-
lent bandwidth (NEBW) of the measurement is increased from

A146, page 2 of 7

. A&A 679, A146 (2023)

18 Hz to about 24 Hz because of the apodisation (Hamming
window).

The measured line width is nearly 27 Hz, which is not
significantly larger than the instrumental NEBW given the uncer-
tainties. It follows that the line is not resolved, having a mea-
sured width close to the frequency resolution. This absence of
resolution can be checked by comparing the observed line to the
2.4 kHz interference line, whose measured width appears similar
despite its presumably quasi-Dirac shape (Fig. 2). So the intrin-
sic width of the f;, line is expected to be smaller than (or equal
to) 24 Hz. The figures were obtained using averages over a part
(about 10 s) of the recorded 48 second data snapshots, spaced by
2.2 days or 7days, depending on the available telemetry, with-
out any detectable change in line width over the instrumental
value.

With a 7 days temporal resolution, the only notable event is
a strong density increase of roughly 36% in 2020, with a rapid
variation around May 2020 associated with a similar increase
in magnetic field strength (Burlaga et al. 2021). This event took
place unfortunately just after a data gap of about one month.

Over the 5 yr shown in Fig. 1 (from early 2018 to late 2022),
the contribution of the QTN line amounts to about 20% of the
background on average. This contribution is roughly two times
higher than its mean value from September 2017 to late 2020
(Ocker et al. 2021; Meyer-Vernet et al. 2022), suggesting that
the amplitude of the line increased, as shown in Fig. 3, where
the line intensity is displayed as a function of its frequency. This
increase, associated with the increase in density (n o fpz), can
be entirely attributed to the variation in the line intensity in pro-
portion of £ in Eq. (6) (see Sect. 5). However, we note that
the use of the automatic gain controlled (AGC) receiver and no
telemetered information on the gain as well as in some cases
extreme noise due to a low signal-to-noise ratio in the telemetry
link makes this comparison somewhat uncertain.

3. QTN f; line and magnetic field direction

As we noted in Sect. 1, Gurnett et al. (2021) and Brandt et al.
(2023) have argued that the electric field of the QTN f, line is
aligned with the ambient static magnetic field, in order to explain
why the line was not detected on Voyager near the heliopause.

This argument is not expected to be correct in weakly mag-
netised stable plasmas, where the electron gyrofrequency fz =
eB/(2nm) is negligible with respect to the plasma frequency.
In the interstellar medium where the line is detected, fp/f, ~
4 x 1073 (e.g., Burlaga et al. 2021). It follows that, with the val-
ues of the wave number k contributing to the line, the fp term
is negligible in the equation of the generalised Langmuir mode
(Willes & Cairns 2000) f*(k,0) = fp2 + f7 sin® 0 + (kvg,/27)2,
with 6 being the angle between B and the longitudinal elec-
tric field (Meyer-Vernet et al. 2022). No variation in the QTN
with the angle between the antenna direction and the mag-
netic field has ever been observed in weakly stable plasmas
(Meyer-Vernet & Moncuquet 2020) during four decades of QTN
observations, except a small variation due to the anisotropy of
the electron temperature (Meyer-Vernet 1994).

Figure 4 shows a counter example of the claimed neces-
sity for the antenna direction to be aligned with the local static
magnetic field for measuring the QTN f, line in weakly magne-
tised plasmas. The top panel shows a spectrogram measured by
the FIELDS instrument (Bale et al. 2016; Pulupa et al. 2017) in
the solar wind during the 14th perihelion of Parker Solar Probe
(PSP). In the bottom part of Fig. 4, panel a shows the spectral
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Fig. 1. Frequency—time spectrogram showing a portion of the weak continuous line previously published and its continuation from late 2020 until
late 2022. The linear intensity scale is relative to the background level. The data from Voyager are available at https://pds.nasa.gov/.
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Fig. 2. Observed f, line (in black, linear scale) superimposed on the
supply interference line (in red) scaled in amplitude and shifted in fre-
quency. The f, line profile was obtained by averaging 45300 good-
quality spectra which were shifted to a common central frequency, fitted
to a Gaussian profile, and acquired within the period shown in Fig. 1.
The total power exceeds the background by about 20%, which means
that the contribution of the line amounts to roughly 20% of the back-
ground.

power at the f, peak, which is used on PSP to estimate the
temperature of the suprathermal component of the electron
velocity distribution (Moncuquet et al. 2020), panel b shows the
electron density deduced from the spectra, panel ¢ shows the
ratio of the antenna length to the Debye length deduced as
described in the paper cited above, and panel d shows the angle &
between the antenna direction and the static magnetic field. With
the ratio fp/f, ~ (1-3) X 1072, the angle between the antenna
direction and the magnetic field varies between 45 and 90° with-
out affecting the amplitude of the QTN line, with a ratio between
the antenna length L and the Debye length Lp between 0.6
and 2.

0.30 = 1 1 1 1 1 1 1 1 1 | 1 |0 1 | 1 1 1 -

C 8o ]

025 C o 3 ]
[ . [ ]
N 8 ]
[=4 — —
5 C ]
> 0.20 — —
3 C o .
¢ 2 ]
o = Od) -
5 0.15 — —
g E ¢ -
£ ¢ % .
E - -
7 0.10 — —
> C ° i
g C K] ]
] - °o -
€ 0.05 ° ]
C ° ]

0.00 [—7— 1 Or— T o T
2.8 3.2 3.4 3.6 3.8

frequency (kHz)

Fig. 3. Intensity of the line relative to the background as a function
of its frequency, for the spectra acquired within the period shown in
Fig. 1. The average power of the line of 14 + 6% near 3 kHz increases
to 20 + 4% near 3.5 kHz, which is in agreement with Eq. (6).

4. Tips and traps for QTN spectroscopy in the
interstellar medium

QTN measurements in the VLISM differ from those made cur-
rently in the heliosphere (Moncuquet et al. 2020) by several
major aspects. First, the spatial scales are generally much larger
in the VLISM (e.g., Fraternale et al. 2022; Richardson et al.
2023). So, the properties of the interstellar medium are gen-
erally much more constant in space and time (as seen from
a spacecraft) than in the heliosphere. Furthermore, the high-
frequency compressible turbulence has a much smaller ampli-
tude (Ocker et al. 2021 and references therein). The resulting
quasi-constancy of the electron density enables the spectra to
be averaged for much longer times, so very weak features can
be detected. For example, the Voyager interstellar line shown
in Figs. 1 and 2 was detected by sampling the data over
times that could be separated by one week, whereas the solar
wind line shown in Fig. 4 was measured with an acquisition
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Fig. 4. Top panel: spectrogram acquired during the 14th PSP solar perihelion (closest solar distance 13.28 solar radii) with the FIELDS antenna,
showing the plasma QTN, on which the f, line clearly emerges (cyan line varying between 90 kHz and 1 MHz). The heliocentric distance in solar
radii is indicated at the top. Bottom panel: (a) spectral power at the peak, (b) total electron density, (c) ratio of the antenna length to the plasma
Debye length, and (d) angle between the antenna direction and the magnetic field, showing a 180° variation at the heliospheric current sheet
crossing (courtesy of FIELDS MAG). The superimposed black lines in panels ¢ and d are one-hour rolling averages. The vertical dotted red line
indicates the time of perihelion. The PSP spectrogram is available athttps://research.ssl.berkeley.edu/data/psp/data/sci/fields/

12/rfs_1£fr/2022/12/.

time ~2s by the Low Frequency Receiver of the FIELDS
instrument on PSP (Pulupaetal. 2017). The QTN noise is
indeed rarely integrated for more than a few seconds in the
interplanetary medium because of the short-wavelength den-
sity fluctuations (Celnikier et al. 1987), which widen the f, line
(Chateau & Meyer-Vernet 1991). This property enables one to
detect the QTN line far below the instrumental noise of Voyager
PWS, since the averaging increases the level of the signal to be
detected compared to the fluctuations of the instrumental noise.
The line measured in the interstellar medium does indeed have
an average power of 10-20% of the receiver noise (Ocker et al.
2021; Meyer-Vernet et al. 2022). In contrast, the power spectral
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density in the PSP line shown in Fig. 4 is of the order of mag-
nitude of 10~ V2 Hz™!, which is higher than the instrumental
noise (about 2.2 X 107'7 V2 Hz™!) by more than two orders of
magnitude.

Second, the electron density is very small in the interstellar
medium, which has two important consequences. The particle-
free paths are very large. The Debye length is relatively large,
exceeding the equivalent length of the Voyager antenna L
7.1 m (Gurnett et al. 2021). It is well known that in that case,
the QTN f;, line is minute in a Maxwellian plasma and still diffi-
cult to detect in the presence of a hot suprathermal Maxwellian
component (Meyer-Vernet & Perche 1989). The Debye length
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Lp = [eoksT-2/(ne*)]"?, (1
where
kgT_o/m = 1/(v™?) with (W ™2) = f o v f(), )

with f(v) being the electron 3D velocity distribution normalised
to the electron density, is determined by the coldest electrons.
Hence, when the distribution is composed of the superposi-
tion of a cold Maxwellian and a small proportion of suprather-
mal electrons, Lp is determined by the temperature of the cold
Maxwellian.

Third, although the shot noise is often a nuisance in the
interplanetary medium, requiring the antennas to be very thin
(Meyer-Vernet et al. 2017), the shot noise is expected to be very
small in the interstellar medium because the photoelectron emis-
sion by the antenna is much smaller than the plasma electron cur-
rent. This produces a negative antenna potential of a few times
the electron energy, which strongly reduces the flux of incoming
plasma electrons (Whipple 1981), and therefore the shot noise
(Meyer-Vernet et al. 2017).

In general, a few theoretical properties of the QTN
enable a simple measurement in weakly magnetised plasmas
(Meyer-Vernet & Perche 1989; Meyer-Vernet et al. 2017), as the
interplanetary and interstellar media. First, the plasma frequency
reveals the electron density, provided the line emerges from the
rest of the spectrum. And since the Langmuir wavelength tends
to infinity at f;,, the QTN measurement is equivalent to a detec-
tor of a large cross-section and is relatively immune to spacecraft
perturbations (Meyer-Vernet et al. 1998).

Second, below the plasma frequency, the electron QTN
spectrum is determined by electrons crossing a Debye length
around the antenna. Each such electron induces a potential
pulse of duration ~1/(2rf;,), producing a plateau below f,
with an amplitude mainly depending on the cold component
of the electron distribution. Although the level of this plateau
can be calculated numerically (Meyer-Vernet & Perche 1989;
Meyer-Vernet et al. 2017), an approximate measurement can be
easily made via the following analytic formulas: L/Lp < 1:
V2 ~ [(2kgTm)'?/(3n%%&)|(L/Lp)*[1 + In(Lp/L)] = 3.4 x
107TY2(L/Lp)*[1 + In(Lp/L)], 2 < L/Lp < 7: V? =~
(kgTm)'?/(n?€y) =~ 4.1 x 1077TV2 and L/Lp > 1: V? =~
(/) kg T [(€wpL) =~ 3.5 x 1074T/(n'/?L). Here, T is the
electron temperature, m is the electron mass, and w, = 2nf,.
When the electron velocity distribution is the superposition of
a cold Maxwellian and a hot dilute halo, the temperature in
these formulas is roughly that of the cold component, as for
the expression of the Debye length. For more complex distribu-
tions, detailed values are given by Meyer-Vernet et al. (2017).
The above expressions neglect the contribution of the ions
(Issautier et al. 1999).

Third, the high-frequency spectrum for (f/f,)(L/Lp) >
1 is proportional to the electron total pressure: V2 =
[k T /(meoLf?).

We now consider the f, peak. The Langmuir wave num-
ber at frequency f = f, + Af with Af/f, < 11is kp =
(wp/vm)[2Af/f,]'/2, where vy, is the electron root-mean-square
speed defined as
i =) = f d*v v’ f(v) = 3kgT/m, 3)

0
which also defines the temperature for velocity distributions that
are not necessarily Maxwellian. The speed of the electrons pro-
ducing the QTN at f = f, + Af (with Af/f, < 1) is therefore

opn = wp/kL = vl fy/ 2812, “
From Egs. (3) and (4) with the assumed temperature 7' =
7000 °K (McComas et al. 2015), we deduce that the QTN at fre-
quencies in the range f, < f < f, + ¢f, where f, ~ 3.5kHz
and 6f = 12 Hz is the maximum half-width of the line (Sect. 2),
is produced by electrons with a speed faster than vy, ~ 6.8 X
10%ms~!, which corresponds to energies above about 100 eV.

The QTN at frequency f, +Af, where Af/f, < 1, measured
with an antenna of length L, is given by (Meyer-Vernet et al.
2017)

V2= 8mupn F(wpL/vph) [fvph dvo f(v)] )

! " S (Wph)

TeyUy,
where vy, is given by Eq. (4) and F(x) is the antenna
response. Since wpL/vpy < 1, we have F(x) = X224
(Meyer-Vernet & Perche 1989).

The width of the line observed on Voyager is too
small to be produced by a hot suprathermal Maxwellian
(Meyer-Vernet et al. 2022), contrary to the QTN line generally
observed in heliospheric plasmas. Such a thin line can be pro-
duced by a minute amount of hot electrons with a power-law
energy distribution. Superimposing on a Maxwellian at tem-
perature 7, such a distribution f,(v) o 1/v® with s > 2 at
energies exceeding ~100eV yields a distribution whose ther-
mal speed vy, is determined by the Maxwellian and whose value
at v > vpy nearly equals f,(v). Therefore, the square bracket in
Eq. (5) is determined by f;,(v) and independent of the concentra-
tion of these electrons, and the QTN at frequency f, + Af (with
Af/f, < 1)is given by

,_ 2Pmmpr? (£ )“2 ©®
b 3(s - 2eum \Af)

The power associated with frequencies closer to f, than Af
should be larger than this value in the absence of widening of the
line by density fluctuations, but it cannot be measured at frequen-
cies closer to f, than the frequency resolution, characterised by
the instrumental NEBW. Hence the measured line width should
be of the order of the frequency resolution, as observed. (We note
that if the instrumental NEBW were much smaller, the speed of
the electrons producing the peak would become relativistic.)
Approximating the peak level by the average of Eq. (6)
between f, and f, + 0f/2, corresponding to the half-width,
and substituting f, ~ 3.5kHz, L =~ 10/2'? ~ 7.1m, T =~
7000°K, and s = 5, we obtain VZ =~ 4 x 107" VZHz .
Adding the remaining QTN noise of the order of the plateau
=107 VZHz"! from the expressions written above, we get V7 =

5 x 10715 V2 Hz"'. With the published receiver noise of about
1013 V2 Hz! (Kurth et al. 1979; Gurnett et al. 2021), the mea-
sured line shown in Fig. 2 has an average intrinsic level of the
order of 2 x 107 V2Hz™!, which is a few times larger than
our theoretical estimate. However, the published receiver noise
is based on the spectral density noise threshold of the spectrum
analyser channels, whereas for the present work we used the
waveform receiver, which could detect line emissions below this
level with sufficient signal averaging, so the values of the theoret-
ical and observed line levels are marginally compatible. We note
that Eq. (6) shows that the intensity of the line would decrease if
T or the instrumental NEBW were larger. We shall return to this
point in Sect. 5.
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We now evoke some traps into which one may fall when try-
ing to apply QTN spectroscopy in the VLISM. The QTN calcula-
tions published by Gurnett et al. (2021) and Brandt et al. (2023)
constitute interesting examples of these traps. We note that in
Figs. 4 and 5 of the former paper, the plotted shot noise, which
represents the main noise contribution below f,, is too large by
factors of 10 and 20 for f < f,, respectively, even with a posi-
tive antenna potential as in the model by Meyer-Vernet & Perche
(1989) cited in the caption of these figures. These errors may
have arisen in particular because the antenna impedance should
be calculated correctly in this frequency range (Zouganelis et al.
2009). A further little known trap is that the slope of the shot
noise changes for f > f,, with a decrease much faster than

1/£2, because the rise time of the voltage pulses producing the
shot noise is roughly the time for an electron to travel a Debye
length. It follows that the squared Fourier transform decreases
much more steeply than 1/f2 for f > f, (Meyer-Vernet 1985).
Furthermore, with the expected small photoelectron emission
from the antenna in the VLISM, the shot noise should become
much smaller because of the expected negative antenna poten-
tial. In addition, the ion QTN (Issautier et al. 1999) is not neg-
ligible below f,, with the parameters considered in the figure by
Gurnett et al. (2021) reproduced by Brandt et al. (2023).

We now consider the proposed interpretation of the f; line
by the superposition in equal proportions of a Maxwellian and
a ten times hotter kappa distribution with « = 1.53 (Fig. 7 by
Gurnett et al. 2021, reproduced in Fig. 14 by Brandt et al. 2023).
This highly publicised figure exhibits further traps.

As we already noted, the f, peak is determined by the
suprathermal electrons, independently of their concentration.
More precisely, the noise at frequencies between f, and f, + Af
is determined by the shape of the electron distribution at speeds
exceeding the value given in Eq. (4). At such speeds, the contri-
bution of the Maxwellian has considerably decreased, so the dis-
tribution assumed in these papers reduces to the kappa function,
which itself reduces to a power law oc1/v* with s =2 X (k+ 1) =
5. Therefore, the QTN at frequency f = f, + Af with the dis-
tribution assumed in these papers should be roughly equal to
the value given in Eq. (6). However, as we already noted, the
smaller the value of Af, the higner the intensity, and the theoret-
ical QTN should not be plotted closer to f, than the frequency
resolution in order to compare it to the data. We note, finally,
that such a figure showing a QTN peak level close to the receiver
noise contradicts the observations, which show a much smaller
value.

The caption of this figure is interesting, too, since it reveals
a frequent misunderstanding of the QTN. The caption attributes
the large level of the peak to the smallness of the Debye length
of the kappa distribution. The origin of such a misunderstanding
is that increasing the thermal speed vy, indeed decreases the peak
level and that the Debye length is proportional to vy, if the plasma
is Maxwellian. However, the small Debye length of a kappa dis-
tribution with a value of kappa close to 1.5 is produced by the
small value of T_, given by Eq. (2), which has no effect on the
peak, independently of the problems raised by such a distribution
(Meyer-Vernet et al. 2022).

5. Discussion and conclusion

If the absence of the stable f, line close to the heliopause does
not come from the angle between the Voyager antenna direction
and the magnetic field, we must find an alternative explanation.
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Meyer-Vernet et al. (2022) suggested that the density fluctua-
tions, which do not prevent the detection of the line farther out,
may increase close to the heliopause, where compressive fluc-
tuations in the heliosheath are transmitted (Burlaga et al. 2015,
2018), without reaching large distances farther out (Zank et al.
2019). This may broaden the peak and therefore decrease its
amplitude. This suggestion should be studied in detail, which
is outside the scope of the present paper. Other possible expla-
nations should be examined as well. First, the electron density
is much smaller close to the heliopause, especially before 2015
(Kurth et al. 2023), which would decrease the intensity of the
line according to Eq. (6). Second, this equation shows that the
line intensity should decrease close to the heliopause if the elec-
tron temperature increases (e.g., Fraternale & Pogorelov 2021
and references therein) since the peak varies as the inverse of
the thermal speed. In particular, if 7 =~ 30000 K or more as
the ion temperature measured by Voyager 2 PLS immediately
outside the heliopause, albeit with currents close to the instru-
ment threshold (Richardson et al. 2019), the intensity of the line
would decrease by a factor of two or more, as well as the QTN
plateau. A third possibility is a variation in the energy spectrum
of the suprathermal electrons and of their minimal energy which
determines the intrinsic width of the line via Eq. (4).

On the other hand, as we noted in Sect. 2, the increase in line
intensity in 2020 from 14% to 20% of the background when the
frequency of the f; line increases from roughly 3 kHz-3.5 kHz
(Fig. 3) is entirely attributable to this increase in the value of
Jp since Eq. (6) shows that the intensity of the line should be
proportional to fpz.s.

An important question is: what is the origin of the suprather-
mal electrons of energy exceeding ~100eV assumed in the
present paper in order to produce the QTN line? This energy is
of the same order of magnitude as that of the electron beams sug-
gested to produce the instability exciting the plasma oscillation
events detected close to the heliopause (Gurnett et al. 2021).

We first note that the presence of suprathermal electrons near
100 eV is not surprising since with an ambient electron density
of the order of 0.15 cm™>, their Coulomb-free path is much larger
than the distance from the heliopause and other density gradients
that might produce them.

We suggest below an original explanation for these
suprathermal electrons: the presence of density gradients. In
order to enforce plasma quasi-neutrality, density gradients pro-
duce ambipolar electric fields, of order of magnitude E given
by the electron momentum equation, which can be approxi-
mated by eE ~ kgT/H, where the scale height H is roughly
given by H -1 ~ y~1(dn/dx). Here, dn/dx is the space derivative
of the density and the temperature gradient is neglected com-
pared to that of the density in the electron momentum equa-
tion. If the electric field exceeds the Dreicer field Ep given by
eEp =~ 2kgT/l; (Dreicer 1959, 1960), with I; being the mean-
free path of thermal electrons, electrons with an energy exceed-
ing the thermal energy times 3Ep/E may undergo runaway,
yielding a non-thermal velocity distribution. Scudder (2019,
2023) suggested steady runaway as the origin of the ubiquitous
suprathermal electrons in the solar wind and possibly other astro-
physical contexts. Such a production of suprathermal electrons
above about ~100 times the thermal energy would thus require
density gradients of scale height H ~ 100 /;/6. With a Coulomb-
free path of thermal electrons /f ~ 0.15 AU in the LISM mea-
sured from Voyager 1’s available data, the required scale height
would be a few AU if such a process acts in a steady way. This is
similar to the scale height reported by Gurnett et al. (2013) and
Kurth et al. (2023).
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Finally, it is important to note that the available data make
the analysis difficult. In addition to telemetry errors, observa-
tional gaps, and other problems, the very high instrumental noise
requires long spectral averages to detect the line. Furthermore,
the intrinsic power of the signal is unknown since the level
of the automatic gain control was not telemetered, so the sig-
nal can only be deduced relative to the very large instrumental
noise. With a modern sensitive instrument and antennas of 50 m
length!, the QTN plateau enabling a simple measurement of the
thermal electrons could be easily measured, as well as the plasma
frequency peak, even in the absence of a significant suprathermal
component. Measuring a suprathermal component with a power-
law distribution for electrons of energy exceeding 100 eV as con-
sidered here requires an instrumental relative NEBW of the order
of 3 x 1073,

Further analysis should be performed to check the proposed
mechanisms using future data from Voyager, which can bring
new perspectives for the Interstellar Probe project.
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