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Spectrum of Kinetic plasma turbulence at 0.3-0.9 astronomical units from the Sun
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We investigate spectral properties of turbulence in the solar wind that is a weakly collisional astrophysical
plasma, accessible to in situ observations. Using the Helios search coil magnetometer measurements in the fast
solar wind, in the inner heliosphere, we focus on properties of the turbulent magnetic fluctuations at scales
smaller than the ion characteristic scales, the so-called kinetic plasma turbulence. At such small scales, we show
that magnetic power spectra between 0.3 and 0.9 AU from the Sun have a generic shape ~ =33 exp (—f/fs),
where the dissipation frequency f; is correlated with the Doppler shifted frequency f,, of the electron Larmor
radius. This behavior is statistically significant: all the observed kinetic spectra are well described by this model,
with f; = f,¢/1.8. Our results indicate that the electron gyroradius plays the role of the dissipation scale and
marks the end of the electromagnetic cascade in the solar wind.
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I. INTRODUCTION

Astrophysical plasmas are often very rarefied so that the
Coulomb collisions are infrequent [e.g., 1,2]: in contrast to
the usual neutral fluids, the collisional dissipation (viscous
and resistive) channels are weak, and the Kolomogorov dis-
sipation scale [3] is ill-defined. Furthermore, the presence
of a background magnetic field By introduces a preferred
direction [e.g., 4-7] and allows the existence of propagating
incompressible modes (Alfvén waves). The different plasma
ion and electron constituents have a number of characteristic
(kinetic) scales at which properties of turbulent fluctuations
change.

Considering all this complexity, one may wonder whether
there is a certain degree of generality in space plasma turbu-
lence. In particular, does the dissipation range have a general
spectrum, as is the case in neutral fluid turbulence [3,8]?

The solar wind plasma, which is accessible to in situ space
exploration, has proven to be a very useful laboratory to study
the astrophysical plasma turbulence [e.g., 9,10]. Since the first
early in situ measurements, [e.g., 11], our knowledge of the
large-scale turbulence in the solar wind has greatly improved
[e.g., 10,12]. There is an extended inertial range of scales at
which incompressible magnetohydrodynamics (MHD) phe-
nomenologies [13—15], similar in spirit to Kolomogorov’s
phenomenology, may be invoked to understand the forma-
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tion of a Kolmogorov-like spectrum of magnetic fluctuations
~k=3/3. (Note that satellite measurements are time series;
thus, in Fourier space one gets frequency spectra. At the radial
distances from the Sun studied here, any characteristic plasma
velocity, except whistler wave phase speed, is less than the
solar wind speed V. Thus, one can invoke Taylor’s hypothesis
and convert a spacecraft-frame frequency f to a flow-parallel
wave number k in the plasma frame k = 27 f/V.)

At the short wavelength end of the inertial domain, i.e.,
at scales of the order of the proton inertial scale A, = c/w,,
(where c is the speed of light and w,,, is the proton plasma
frequency) the spectrum steepens. At these scales (~100 km
at 1 AU from the Sun [16]), the MHD approximation is
no longer valid; the “heavy” ion (basically, a proton in the
solar wind) fluid and the “light” electron fluid behave sepa-
rately (e.g., [17-19]). It is still not completely clear whether
the spectral steepening at ion scales is the beginning of the
dissipation range or a transition to another cascade taking
place between ion and electron scales or a combination of
both [e.g., 9,20,21]. Recent von Karman—Howarth analyses of
direct numerical simulations and in situ observations [17,22]
indicated that the transition from the MHD inertial range to
the subion range is due to a combination of the onset of the
Hall MHD effect and a reduction of the cascade rate likely
due to some dissipation mechanism. Then, the question arises
as to how much of the dissipation of the turbulent energy
is flowing into the ions and how much is flowing into the
electrons. In the vicinity of the electron scales (~1 km at 1
AU), the fluid description no longer holds, and the electrons
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should be considered particles. The present paper focuses on
this short wavelength range, i.e., between the ion scales and a
fraction of the electron scales.

The first solar wind observations of turbulence at scales
smaller than ion scales (the so-called subion scales) were
reported by Denskat et al. [23], using the search coil magne-
tometer (SCM) on the Helios space mission at radial distances
R €10.3,0.9] AU from the Sun. From this pioneering work
we know that between the ion and electron scales, the mag-
netic spectrum follows an ~ £~ power law.

Thanks to the Spatio-Temporal Analysis of Field Fluc-
tuations (STAFF) instrument on the Cluster space mis-
sion [24,25], which is the most sensitive SCM flown in the so-
lar wind to date, the small scale tail of the electromagnetic cas-
cade at 1 AU could be explored down to a fraction of electron
scales ~0.2—-1 km [9,26-33], i.e., up to 1/5 of electron scales.
These observations seem confusing at first glance: the spectral
shape of the magnetic fluctuations varies from one record to
another, suggesting that the spectrum is not universal at ki-
netic scales [30,32,33]. However, as was shown in [31,34,35],
most of these spectral variations are due to the presence, or ab-
sence, of quasilinear whistler waves with frequencies at a frac-
tion of the electron cyclotron frequency f.. = eBy/(2mwm,)
(where e and m, are the charge and the mass of an electron, re-
spectively) and wave vectors k quasiparallel to B, [34]. These
waves may result from the development of some instabilities
associated with either an increase of the electron temperature
anisotropy or an increase of the electron heat flux in some
regions of the solar wind [36]. In the absence of whistlers,
the background turbulence is characterized by low frequencies
in the plasma frame and wave vectors mostly perpendicular
to the mean field k L By [29]. This quasi-two-dimensional
(quasi-2D) turbulence is convected by the solar wind (with
the speed V') across the spacecraft and appears in the satel-
lite frame at frequencies f = k, V/2m. It happens that these
frequencies are below but close to f,., exactly in the range
where whistler waves [withk || By and f ~ (0.1-0.2) f..] may
appear locally. Therefore, the superposition of turbulence and
whistlers at the same frequencies is coincidental. If we could
perform measurements directly in the plasma frame, these
two phenomena would be completely separated in k and f.
A possible interaction between turbulence and whistlers is
out of the scope of the present paper. We focus here on the
background turbulence only (i.e., without whistlers).

A statistical study by Alexandrova et al. [28] of solar
wind streams at 1 AU under different plasma conditions
showed that, in the absence of parallel whistler waves,
the quasi-2D background turbulence forms a spectrum
NkIB/ 3 exp (—ky£4), with a cutoff scale ¢; well correlated
with the electron Larmor radius p, = +/2kgT,1 /m./(27 frc)
(where kg is the Boltzmann constant and 7, is the electron
perpendicular temperature). Such a spectrum with an expo-
nential correction indicates a lack of spectral self-similarity
at electron scales, as in the dissipation range of the neutral
flow turbulence. How general is this kinetic spectrum? Is it
observed closer to the Sun than 1 AU?

Parker Solar Probe (PSP) observations in the slow wind
at 0.17 AU show a spectrum close to ~f~%3 at subion
scales [37]. In a statistical study of turbulent spectra up to

100 Hz, Bowen et al. [38] determined spectral indices up to
30 Hz, confirming a power law usually observed at 1 AU
~f~28[27,28,33,39,40]. The PSP-SCM data products used
in [37,38] and the instrumental noise level do not allow the
resolution of electron scales, at least for the types of solar
wind and the Sun-spacecraft distances sampled by PSP to
date.

In this paper, we analyze magnetic spectra within the
[7,700] Hz range at radial distances between 0.3 and 0.9
AU thanks to Helios measurements. Here, we provide a tur-
bulent spectrum at electron scales and its simple empirical
description at distances from the Sun smaller than 1 AU. The
spectrum follows a function similar to that found at 1 AU,
indicating generality of the phenomenon.

II. DATA

The SCM instrument on the Helios space mission [41]
consists of three orthogonally oriented search coil sensors
which are mounted on a boom at a distance of 4.6 m from
the center of the spacecraft with the z sensor parallel to the
spin axis and x and y sensors in the spin plane. The wave
forms from the sensors are processed in an onboard spectrum
analyzer. They pass through eight bandpass filters which are
continuous in frequency coverage and logarithmically spaced.
The central frequencies of the eight channels are 6.8, 14.7,
31.6, 68, 147, 316, 681, and 1470 Hz. The novel feature for
the time of construction of the instrument was that the filter
outputs were processed by a digital mean-value computer on
board of Helios [42].

Thus, the instrument provides magnetic spectra for two of
three components, (By, B;) and rarely (B,, B;), in the Space-
craft Solar Ecliptic reference frame, which is equivalent to the
Geocentric Solar Ecliptic frame [43]. The available Helios-
SCM products are the spectra integrated over 8 s. For the
present study we use only the spectra of B,. Indeed, the pre-
flight noise level for the B, spectra matches well the postflight
noise level, which is not the case for B,. More details on the
instrument and data processing can be found in [42].

We have analyzed 246 543 individual B,—magnetic spec-
tra as measured by SCM on Helios—1 with signal-to-noise
ratios (SNRs) larger than or equal to 2 up to 100 Hz at ra-
dial distances from the Sun R € [0.3, 0.9] AU. Among them,
about 2% of the spectra show spectral bumps between the
lower hybrid frequency f;; and ~0.25f,, [44]. Such bumps
are the signatures of parallel whistler waves, as was shown
in [34]. The analysis of these spectra with bumps shows that
the signatures of whistlers are mostly present in the slow
wind (V < 500 km/s) and their appearance increases with
the distance from the Sun [44]. In the fast wind (V > 600
km/s) and close to the Sun, we do not observe signatures of
whistlers in 8-s individual spectra of Helios-SCM. Here, we
analyze background turbulence spectra in the fast solar wind,
i.e., without signatures of whistler waves. On the basis of this
first analysis of 246 543 B, spectra with a SNR > 2 up to
100 Hz, we can already say that the background turbulence
without signatures of whistlers is commonly observed (98%
of the analyzed spectra), and its spectral shape is very sim-
ilar at different radial distances; as we will see below, just
the amplitude changes. Turbulent level decreases with radial
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distance [23,45-47], and thus, farther from the Sun, fewer
SCM frequencies are resolved. For the statistical study, we
will consider 3344 spectra with a SNR larger than or equal to
3 up to 316 Hz and, among them, 39 spectra with a SNR > 3
up to 681 Hz. All these 3344 spectra are at 0.3 AU.

III. SPECTRAL ANALYSIS

Figures 1(a)-1(c) show examples of the most intense B,—
spectra as measured by SCM on Helios-1 at 0.3, 0.6, and
0.9 AU, respectively. For the three radial distances from the
Sun the raw power spectral densities (PSDs) are shown by
red diamonds. The dotted line indicates the noise level of the
instrument for the B, component. The spectra corrected for
the noise contribution by the subtraction of the noise level are
shown by blue dots. Vertical red lines give the Doppler shifted
kinetic scales. Plasma parameters, characteristic lengths,
and frequencies corresponding to these spectra are given
in Table I.

We perform a least squares fit of the three corrected spectra
with the model function known to describe the kinetic spec-
trum at 1 AU [28]:

Puodel (f) = Af ¥ exp (—f/fa). (1)

This model has two free parameters: the amplitude of the
spectrum A and the dissipation frequency f;. The result of
this fitting is shown by a black solid line in the three cases.
The corresponding maximal physical frequencies fix (the
highest frequency where the SNR is > 3 still verifies [48])
together with the results of the fit are given at the end of
Table 1. At 0.3 AU, the spectrum is well resolved up to
Jfmax = 681 Hz (the seventh out of the eight SCM frequen-
cies). The electron Larmor radius p, >~ 0.4 km appears at
foe =V/Q2mp,) =325 Hz (see the right vertical red line).
Thus, in this case, turbulence is resolved up to a minimal
scale of about £,y = V/(27 finax) = 0.47p, (see the bottom
row of Table I). As expected [23,45-47], farther from the
Sun the intensity of the spectra decreases with R: at 0.6 AU,
the spectrum is resolved up to 316 Hz, and at 0.9 AU, it is
resolved only up to 147 Hz. In both cases, nonetheless, the
electron Larmor radius is resolved as p, ~ 1/Bj increases
with R and the corresponding frequency f,. decreases [see
vertical red lines in Figs. 1(b) and 1(c): f,, = 130 Hz at 0.6
AU and 110 Hz at 0.9 AU]. The observed spectra at three
radial distances from the Sun are well described by the model,
and the dissipation frequency f; decreases from (183 £+ 5) Hz
at 0.3 AU to (56 =4) Hz at 0.9 AU, following f,,..

From Table I one can see that farther from the Sun, the
relative errors on free parameters of the fit, Af,;/f; and
AA/A, increase, while fi,.x decreases. This error increase is
expectable: fi,x is proportional to the turbulence level, and
the lower turbulence level corresponds to the smaller SNR and
automatically to a smaller number of frequencies to fit; thus,
we get higher errors.

Now let us consider the most intense spectra, i.e., with a
SNR thatis > 3 up to 681 Hz and with simultaneous measure-
ments of By. These conditions are verified for 39 spectra at 0.3
AU in the fast wind, measured during the closest approach of
Helios to the Sun.

(a) Helios, 0.3 AU
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FIG. 1. Examples of the most intense Helios-SCM spectra of
B, component, as functions of the spacecraft-frame frequency f at
(a) 0.3, (b) 0.6, and (c) 0.9 AU. For the three radial distances, the raw
spectrum is shown by red diamonds; the corrected spectrum, after
the subtraction of the noise, is shown by blue dots. The black solid
line gives the fit with the model function (1), the dashed line gives
f~%® power-law for comparison and the dotted line indicates the
noise level of the Helios-SCM B,,. Vertical red lines give the Doppler
shifted kinetic scales: in (a), p, and p, appear at f,, = 2.9 Hz and
fre = 325 Hz, respectively; in (b) they appear at f,, >~ 1 Hz and
f». = 130 Hz, respectively; and in (c) they appear at f,, >~ 1 Hz
and f,, = 110 Hz, respectively.

063202-3



OLGA ALEXANDROVA et al.

PHYSICAL REVIEW E 103, 063202 (2021)

TABLE I. Plasma parameters, characteristic scales and frequen-
cies, maximal resolved frequency by Helios-SCM fi,..x, and results of
the fit to Eq. (1) at three radial distances from the Sun, corresponding
to the spectra in Fig. 1. The two bottom rows indicate a fraction of
¢, and p, scales resolved by these spectra.

R (AU) 0.9 0.6 0.3
By (nT) 8.5 11.6 32.2
V (km/s) 720 710 740
n, (cm=3) 4.8 7.0 28.4
T, (eV) 34.3 51.1 61.2
T, (eV) 9.3 12.7 12.9
T,. (eV) 412 67.8 80.3
T, (eV) 7.0 9.0 12
Bp.L 1.1 14 0.9
Be.L 0.2 0.2 0.13
Ap (km) 99 82 41
o, (km) 109 102 40
e (km) 2.3 1.9 1
p. (km) 1.0 0.9 0.4
f.p (Hz) 0.10 0.2 0.5
fop (Hz) 1.2 14 2.9
Sfop (Hz) 1.0 1.1 2.9
fre Hz) 50 59 124
foe (Hz) 110 130 325
Jee (H2) 238 325 900
Smax (Hz) 147 316 681
A (nT?/Hz)Hz8/3 0.04 0.34 1.63
AAJA 2 0.2 0.03
fa (Hz) 56 58 183
Afalfa 0.07 0.04 0.03
Ja/ fmax 0.38 0.27 0.27
Soel fmax 0.74 0.40 0.47

All these spectra are similar to that shown in Fig. 1(a). We
perform a least squares fit of the 39 spectra with the model
function, Eq. (1). The relative errors, Af;/f; and AA/A,
vary between 0.01 and 0.14. The dissipation scale ¢, can be
estimated using the Taylor hypothesis £; = V/(27x f;). It is
found to be correlated with the p, scale with a correlation
coefficient C = 0.68. The relation £; ~ 1.8p, is observed
(see Fig. 2). There is no correlation with the electron iner-
tial length A, (C = 0.02, not shown). Thus, we can fix f;
in Eq. (1):

Prnodel (f) = Af 7 exp (= 1.8/ fpe)- )

Let us now verify whether this simpler model describes a
larger statistical sample.

To increase the number of spectra analyzed, we now also
consider less-resolved spectra, i.e., with a signal-to-noise ratio
larger than 3 up to 316 Hz and with plasma measurements in
the vicinity of the spectra (i.e., the mean field at most within
16 s around the measured SCM spectrum and the electron
temperature within about 30 min, and when not available, T,
is taken within a longer time interval but within the same wind
type). These conditions are verified for 3344 spectra at 0.3 AU
in the fast wind. Probability distribution functions (PDFs) of
the mean plasma parameters for the 3344 spectra are shown
in Fig. 3 with black lines, and those for the 39 most in-

Helios, 0.3 AU
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FIG. 2. Results of the fitting procedure of the most intense spec-
tra at 0.3 AU with Eq. (1): dissipation scale ¢, =V/2nf; as a
function of the electron Larmor radius p,; the linear dependence
¢4 = 1.8p, is indicated by the dashed line, with the correlation coef-
ficient C = 0.68.

tense spectra analyzed above are shown by green (gray) lines.
The proton B, (electron f.) plasma beta is the ratio between
the proton (electron) thermal pressure and the magnetic pres-
sure. From these PDFs, we see that the 39 most intense spectra
are observed for the solar wind with V > 650 km/s, for the
proton thermal pressure n,kgT, 2> 0.2 nPa and for the largest
B, and B, values of the analyzed data set (for 8, > 0.3 and
Be = 0.1).

Figure 4(a) displays the 3344 raw B, spectra, Pny(f), by
crosses. The 39 most intense spectra are marked by green
(gray) crosses; the noise level for By, Pyisc(f), is indicated
by the dotted line. Figure 4(b) shows these 3344 spectra cor-
rected for the noise contribution, P(f) = Praw (f) — Paoise (f),
and as a function of f normalized to the Doppler shifted
electron Larmor radius frequency, f,. =V/(2mp,). Let us
now superpose all spectra together. Figure 4(c) shows a 2D
histogram calculated with the spectra of the middle panel and
rescaled by their amplitude at f/f,, = 0.051. This means that
by construction all spectra pass through the point (fy, Py) =
(0.051f,e, 1074 nT?/Hz); the spectrum amplitudes at f; are
linearly interpolated from the two nearest points. The results
do not change if we choose another way to adjust the am-
plitudes in order to bring the spectra together. This rescaling
allows us to fix the last free parameter in Eq. (2), the amplitude
to a value Ag, which is now related to Py at fy. Thus, we can
compare the shape of 3344 spectra with the function

Paodet(f [ fre) = Ao(f/ foer) 23 exp (—1.8f/foe).  (3)

This model passes through the data without any fitting; only
the frequency is normalized to f,., and the amplitude is
rescaled at the point (fy, Py) [see the dashed line in Fig-
ure 4(c)]. Note that the dispersion of the data points at the
lowest and highest frequency ends can be due to the nonsimul-
taneous 7, measurements. Moreover, the lowest frequency can
be affected as well by the proximity of the ion characteristic
scales, and the highest frequencies can be affected by the SCM
noise.
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FIG. 3. Probability distribution functions of the mean plasma

parameters at 0.3 AU for the 3344 spectra shown in Fig. 4 (black
lines) and for the 39 most intense spectra [green (gray) lines]:
(a) proton density n,, (b) solar wind speed V/, (c) proton temperature
T,, (d) electron temperature 7,, (¢) magnetic field magnitude By,
(f) proton thermal pressure n,kgT,, (g) proton plasma beta g8,, (h)
electron beta g,.

IV. CONCLUSION AND DISCUSSION

These results together with the previous observations at 1
AU [28] indicate that at kinetic scales smaller than the ion
characteristic scales, the spectrum in the fast wind keeps its
shape ~f =83 exp (—f/f;) independently of the radial dis-
tance from the Sun, from 0.3 to 1 AU, with an exponential
falloff, reminiscent of the dissipation range of the neutral fluid
turbulence. The equivalent of the Kolmogorov scale £, where
the dissipation of the electromagnetic cascade is expected to
take place, is controlled by the electron Larmor radius p, for
these radial distances. Precisely, here, with Helios we find
£; >~ 1.8p,, and previously, with Cluster at 1 AU, we observed
Ly >~ 1.4p, [28]. The constant in front of p, seems to be
weakly dependent on R. This will be verified in a future study
with PSP and Solar Orbiter.

Helios, 0.3 AU
10'2l 1
1074+ | 1

1078

PSD [nT?/Hz]

1078+

10710

10°

10®

P(f)Po/P(f,) [nT?/Hz]

10710+

10!

0.01 0.10

/%,

FIG. 4. (a) The 3344 individual Helios 1-SCM spectra of B, as
a function of the spacecraft-frame frequency f at 0.3 AU in the fast
wind; the 39 most intense spectra are marked by green (gray) crosses;
the SCM noise for B, component is indicated by a dotted line. (b) The
3344 spectra corrected for the noise contribution as a function of f
normalized to the Doppler shifted electron Larmor radius frequency
foe = V/(Q2m p,). (c) The same spectra, rescaled by their amplitude at
Jo =0.051f/f,. (see the text); the result is shown as a 2D histogram
with the number of data points proportional to the darkness of the red
color. The dashed line displays the model function, Eq. (3).

The equivalence between £, and p, is not a trivial result.
First, the electron Larmor radius is not the only characteristic
length at such small scales. Closer to the Sun, the electron
inertial length A, becomes larger than the Larmor radius p,,
but as observed here, it is still with p, and not with A, that
the “dissipation” scale correlates. Second, in neutral fluids,
the dissipation scale £, is much larger than the mean free
path, so that the dissipation range is described within the fluid
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Helios and extrapolations for PSP, fast wind
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FIG. 5. The complete turbulent spectrum from energy injection
scales up to the sub-electron scales at 0.3 and 0.9 AU as measured by
Helios. The energy containing scales (which correspond to ~ f~!
spectrum) and the MHD inertial range (~ f~/3) are covered by
the Helios—-MAG instrument (gray lines). The Helios—SCM instru-
ment covers the kinetic scales (blue dots), studied in the present
paper. The black solid lines indicate model functions f~!, f=>/3
and f~33exp (—1.8f/f,,) at different frequency ranges. The two
most energetic spectra at high frequencies are the extrapolations of
the kinetic spectrum in the fast wind that we expect to measure
with PSP at 0.05 and 0.1 AU. The dashed line gives Helios—SCM
noise, the dashed-dotted and dotted lines indicate noise levels of the
different magnetic sensors on PSP. The Doppler shifted ion inertial
length A, (green stars) marks the transition from the inertial to the
kinetic range; the electron Larmor radius p, (red diamonds) marks
the dissipation cutoff.

approximation. In the solar wind between 0.3 and 1 AU, as
we showed, ¢, is defined by p, scale. In the vicinity of p,
the protons are completely kinetic, and electrons start to be
kinetic. Third, it appears puzzling that the dissipation scale
in space plasma is fixed to a given plasma scale. It is well
known in neutral fluids that the dissipation scale ¢, depends
on the energy injection rate & and thus on the amplitude of
turbulent spectrum in the following way: A ~ £2/3 ~ Z;S/ 3
(e.g., [3,27]). Is p. independent of the energy injection? We
found previously that the turbulent spectrum amplitude is an-
ticorrelated with p, [27]; i.e., it seems that the electron Larmor
radius is sensitive to the turbulence level and thus to the energy
injection. We expect to verify this point with PSP and Solar
Orbiter data in future studies.

The results presented here may suggest that around the
pe scale the electron Landau damping is at work to dis-
sipate magnetic fluctuations into electron heating: this is
found in three-dimensional gyrokinetic simulations [49] and
in analytical models of strong kinetic Alfvén wave (KAW)
turbulence [50,51] and can be explained by the weakened cas-
cade model of Howes et al. [52]. However, in these theoretical
and numerical works, the particle distributions are assumed to
be Maxwellian, which is not the case in solar wind.

It seems that the electron Landau damping is not the only
possible dissipation mechanism. Parashar ez al. [53] observed

TABLE II. Mean plasma parameters at four radial distances from
the Sun, corresponding to the spectra in Fig. 5.

R (AU) 0.9 0.3 0.1 0.05
B, (nT) 742 41 £ 3 280 990
V (km/s) 705 + 35 650 + 40 510 410
n, (cm™3) 4+ 1 31 + 4 350 1700
T, (eV) 204+ 5 50 £ 9 120 230
T, (eV) 942 15+ 2 19 25
T,, (eV) 24 %5 65 + 10

T,, (eV) 741 1241

B, 0.8 £ 0.2 0.5 + 0.1 0.2 0.15
B 02 + 0.1 0.10 £ 0.02  0.04 0.02
A, (km) 108 + 14 39 + 3 12 6
p, (km) 101 £ 31 28 + 3 6 2
e (km) 25+ 03 0.9 + 0.1 0.3 0.1
0. (km) 13 £ 04 03+ 002 005 0.02
f.p (Hz) 0.10 £ 0.03 0.6 + 0.05 4 15
fip (Hz) 1.0 £ 0.1 2.6 + 03 7 12
fop (Hz) 1.1 £03 3.6 £ 05 14 30
fre (Hz) 44 £ 6 110 £ 10 300 500
fre (Hz) 90 + 30 360 + 40 1530 3800
foe (Hz) 200 + 60 1150 £ 80 7800 28000

that the spectral curvature at electron scales is sensitive to the
pe scale (i.e., to B.) in 2D particle-in-cell simulations, where
the direction parallel to By is not resolved, so that the Landau
damping cannot be effective. Rudakov et al. [54] studied the
weak KAW turbulence and showed that a non-Maxwellian
electron distribution function has a significant effect on the
cascade: the linear Landau damping leads to the formation of
a plateau in the parallel electron distribution function f(V,)
for V4 <V, < Ve, which reduces the Landau damping rate
significantly. These authors studied the nonlinear scattering
of waves by plasma particles and concluded that, for the
solar wind parameters, this scattering is the dominant pro-
cess at kinetic scales, with the dissipation starting at the A,
scale. To date, we have not measured in the solar wind a
plateau in f(V,)) between the Alfvén speed V4 and the elec-
tron thermal speed V, ;. Such a distribution may exist but
would be very difficult to observe because of instrumental
effects such as the spacecraft potential and photoelectrons.
However, it is not clear to what extent the quasilinear results
based on the Landau damping or the weakly nonlinear model
of Rudakov et al. [54] are relevant when nonlinear coher-
ent structures [55,56] importantly contribute to the turbulent
power spectrum on kinetic scales.

Let us now put our observations in a more general context
of the solar wind turbulence. Figure 5 shows a complete tur-
bulent spectrum covering the energy containing scales (~ f~!
spectral range), the inertial range at MHD scales (~f~>/3
range), and the kinetic scales, as observed at 0.3 and 0.9 AU
by Helios in the fast wind. The mean plasma parameters for
the time intervals used here are given in Table II.

We expect that the spectral properties we observe are
generic for plasma turbulence at subion to electron scales. The
two most energetic spectra at high frequencies in Fig. 5 are
the extrapolations of the kinetic spectrum that we expect to
observe in the fast solar wind with PSP at 0.05 and 0.1 AU
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(see the Appendix for more details). Indeed, the beginning of
this kinetic spectrum following an f~8/3 law between ~10
and 100 Hz was recently observed by PSP at 35.7 solar radii
(0.166 AU) [37,38]. Future PSP observations closer to the Sun
will show how the empirical picture of the kinetic turbulence
given here may change.

The Helios 1 data are available from the Helios data
archive [57].
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APPENDIX: EXTRAPOLATION OF TURBULENT
SPECTRA CLOSER TO THE SUN

To plot the extrapolations of the kinetic spectra at 0.05
and 0.1 AU in Fig. 5, we assume that the turbulence level

will increase together with the mean field, keeping 6B/Bjy ~
const, as observed in the solar wind [e.g., 45,46]. In the
inner heliosphere, where 8 < 1, the end of the Kolmogorov
scaling is expected to happen at the proton inertial length
Ap [46,59] (see green stars). The exponential falloff at the
end of the electromagnetic cascade is defined by the local p,,
as we confirm in this study. To determine the Doppler shifted
frequencies where A, and p, will appear in the extrapolated
spectra (fy, =V/2nA, and f,, =V/2mp,), we use plasma
parameters (proton density 7, electron temperature 7,, mag-
netic field By, and solar wind speed V') extrapolated from the
in situ Helios measurements (from 0.3 to 0.9 AU). These latter
extrapolations have been performed by connecting the gradi-
ent of the Helios density measurements to the one measured
remotely from coronal white light eclipse observations. More
precisely, we have retrieved the radial variations of both the
electron density n.(R) [which we assume for simplicity to
be equal to n,(R)] and bulk speed V(R) all the way down
to the low corona by (i) imposing that the density matches
both the 0.3 to 1 AU Helios density observations and the
coronal density observations obtained remotely by Sittler and
Guhathakurta [60] and (ii) imposing the conservation of the
mass flux n,(R)V (R)R? = const. The plasma parameters used
for the extrapolated spectra as well as for the time intervals of
the Helios measurements are summarized in Table II.
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