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ABSTRACT

The solar wind is a highly turbulent medium in which most of the energy is carried by Alfvénic fluctuations. These fluctuations have
a wide range of scales whose high-frequency tail can be relevant for the sampling techniques commonly used to detect the particle
distribution in phase space in situ. We analyze the effect of Alfvénic fluctuations on moments computation of the solar wind proton
velocity distribution for a plasma sensor, whose sampling time is comparable or even longer than the typical timescale of the velocity
fluctuations induced by these perturbations. In particular, we numerically simulated the sampling procedure used on board Helios 2.
We directly employed magnetic field data recorded by the Helios 2 magnetometer, when the s/c was immersed in fast wind during its
primary mission to the Sun, to simulate Alfvénic fluctuations. More specifically, we used magnetic field data whose cadence of 4 Hz
is considerably higher than that the plasma sensor needed to sample a full velocity distribution function, and we average these data
to 1 Hz, which is the spin period of Helios. Density values, which are necessary to build Alfvénic fluctuations at these scales, are not
available because the cadence of the Helios plasma data is 40.5 s. The adopted solution is based on the assumption that the available
Helios plasma density power spectrum can be extended to the same frequencies as the magnetic field spectrum by extrapolating the
power-law fit of the low-frequency range to the frequencies relevant for this study. Surrogate density values in the time domain are
then obtained by inverse transforming this spectrum. We show that it cannot be excluded that relevant instrumental effects strongly
contribute to generate interesting spectral and kinetic features that have been interpreted in the past literature as exclusively due to
physical mechanisms.
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1. Introduction

Turbulent fluctuations associated with interplanetary magnetic
field and solar wind plasma parameters have been studied for
decades since the first in situ measurements during the 1960s.
These fluctuations, although highly disordered, prove to be
rather self-similar, that is, fluctuations on different timescales
show the same statistical features. In other words, if fluctuations
of the same parameter at two different scales are normalized
to their respective standard deviations, their probability distribu-
tion functions collapse onto each other. Self-similarity or scale
invariance implies the existence of power laws governing the
amplitude of the fluctuations at different scales (Kolmogorov
1941; Frisch 1995; Tu & Marsch 1995; Bruno & Carbone 2013).
Coleman (1968), who first studied the spectral properties
of magnetic field and velocity fluctuations as measured by
Mariner 2 at about 1 AU, showed that the solar wind often
exhibits a turbulent behavior over several frequency decades,
within which the power density spectrum shows a robust power-
law dependence. Later, during mid-1970s, solar wind observa-
tions by the Helios mission showed that this turbulent spectrum
experiences a significant evolution during the wind expansion
in the inner heliosphere (see related papers cited in the reviews
by Tu & Marsch 1995; Bruno & Carbone 2013). However, the
effects of the evolution were quite different for the fast and

slow wind. This behavior was due to the different nature of
the fluctuations, that is, Alfvénic and uncompressive in the fast
wind, non-Alfvénic and rather compressive in the slow wind
(see Tu & Marsch 1995, Bruno & Carbone 2013 and related
papers). Interestingly, another spectral feature that character-
izes the different nature of turbulence in the fast and slow wind
was the appearance of a remarkable flattening toward the high-
frequency end of the spectrum of the proton number density
fluctuations only within the fast wind (Marsch & Tu 1990). A
less pronounced flattening was also present in the proton tem-
perature (Tu et al. 1991) and in magnetic field intensity spectra
(Bavassano et al. 1982). These spectral features, clearly present
at short heliocentric distances, faded away with the distance
from the Sun. Tu et al. (1989) noted that a similar spectral
flattening and a similar radial evolution also belonged to the
Alfvénic inward modes and suggested that the observed spec-
tral features might be due to the parametric decay instability
that, at short heliocentric distances, is experienced by large-
amplitude forward Alfvén modes present within fast streams.
The parametric decay instability (Goldstein 1978; Derby 1978;
Sakai & Sonnerup 1983; Terasawa et al. 1986; Primavera et al.
1999, 2003; Bavassano et al. 2000; Malara et al. 2000, 2001;
Bruno et al. 2004) is effective on large-amplitude circularly
polarized Alfvén waves when the plasma β < 1. Through the
instability process, the energy of the mother wave is redistributed
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over three daughter waves, a forward-propagating Alfvén wave,
with negligible amplitude, a backward-propagating Alfvén wave
at lower frequency, and one compressive sound-like wave at
higher frequency. Thus it looked reasonable to ascribe the
observed high-frequency spectral flattening of both backward
modes and number density fluctuations to this mechanism.

Another interesting feature is related to the intermittent char-
acter of the fluctuations. In this respect, Bruno et al. (2014)
studied fast Alfvénic streams observed by Helios 2 in the inner
heliosphere. They found that the intermittency of number den-
sity fluctuations, at odds with fluctuations of all the other solar
wind parameters, decreases during the wind expansion. In con-
trast, within the slow and non-Alfvénic wind, density fluctua-
tions do not show any clear radial evolution (Bruno et al. 2014).
In particular, the same authors found that the intermittent events
seem to derive from some non-Poissonian mechanism, and the
behavior of density fluctuations generated in a numerical study
of the nonlinear evolution of parametric instability was qualita-
tively similar to that observed in situ by Helios. Thus, the authors
concluded that parametric decay might play a role in generating
the observed spectral feature of the density fluctuations.

On the other hand, we cannot exclude a priori that instrumen-
tal effects might have altered the estimate of plasma parameters
such as the proton number density. This suspicion derives from
the consideration that Helios, as we describe in more detail in the
following section, took a rather long time to sample the whole pro-
ton distribution function in phase space. The sampling time of the
Helios plasma instrument was on the same order as the time period
of Alfvénic fluctuations, which are particularly relevant within the
fast wind at short heliocentric distances. These fluctuations could
produce non-negligible oscillations of the particle velocity distri-
bution function (VDF hereafter) in phase space during the sam-
pling time (Perrone et al. 2014). Nicolaou et al. (2019) recently
numerically evaluated the effects of turbulence velocity fluctua-
tions on the expected measurements by the Proton Alpha Sensor
(PAS) on board Solar Orbiter. The authors compared bulk param-
eters derived from statistical moments of their modeled turbulent
environment to bulk parameters derived from simulated PAS mea-
surements. Based on the short sampling time of about 1 s, they
concluded that, in case of PAS measurements, the effects of turbu-
lence would be minimum. In contrast, we show that the rather slow
sampling time of the Helios plasma sensor had a non-negligible
effect on the moments computation of the proton VDF. In particu-
lar, we show that interesting spectral and kinetic features observed
in number density and proton temperature, which have been inter-
preted as exclusively due to physical mechanisms, might also hide
relevant instrumental effects.

2. Numerical simulation

In this section we describe how we simulated the data sam-
pling by means of an instrument with characteristics very similar
to the quadrispherical analyzer E1/I1a for positive ions flown
on board Helios (Schwenn et al. 1975). The simulated instru-
ment has an energy per charge range between 155 keV/q to
15.32 keV/q divided into 32 channels that are logarithmically
distributed, 9 elevation channels between −20◦ and 20◦, and 16
azimuths between −54.5◦ and 32.7◦ sampled by mean of the
spacecraft rotation. During each spin, which lasts 1 s, a matrix
of 16 × 9 counts for a given energy channel is acquired. The
cadence of the plasma sampling is 40.5 s. However, only 32 s
are necessary to step the entire energy range. The mock-up
counts were simulated by taking into account that, for an electro-
static analyzer, the counts are related to the distribution function

according to the equation (see, e.g., Balogh 2005):

N =

∫
T

dt
∫
u

f (u, t)A du, (1)

where N is the number of particles acquired in the accumula-
tion time T , f (u, t) is the distribution function, and A is a con-
stant related to the sensitivity of the instrument. The distribution
function was simulated by considering a bi-Maxwellian distri-
bution whose density, velocity, and temperature change during
the measurement process. More specifically, for each elemen-
tary measurement time i, we added to a constant bulk veloc-
ity a fluctuation given by δVi = (Bi − 〈Bi〉)/

√
4πρi, where

Bi is the magnetic field vector measured by the E2 instrument
(Musmann et al. 1977), 〈Bi〉 is the average magnetic field in the
entire selected period, and ρi is the mass density in the time
interval i. We considered variations in the magnetic field with a
cadence of 1 Hz, corresponding to the spin period of the satellite,
and obtained downsampling data at 4 Hz resolution1. Because no
plasma parameters are available at this frequency (the cadence
is 40.5 s), we calculated the fluctuations assuming that the low-
frequency part of the available spectra of density and tempera-
ture from Helios can be extrapolated to 1 Hz. The time series was
then obtained by anti-transforming the spectrum as described
below. In this way, during each spin period – corresponding to
a single energy step – the sensor samples a distribution func-
tion that moves in the field of view according to the perturba-
tion induced by the Alfvén wave. The left panel of Fig. 1 shows,
from top to bottom, the bulk speed VSW, the number density N,
the proton temperature Tp, and the magnetic field intensity B
at 40.5 s temporal resolution2. The data refer to a high-speed
stream observed by Helios 2 at 0.3 AU during its first perihe-
lion passage in 1976. This particular fast stream is well known in
the literature for being rather uncompressive and highly Alfvénic
(Bruno & Carbone 2013), as can be inferred from the rather con-
stant value of the field intensity B and the proton number density
N and from the remarkable fluctuations of the wind velocity and
magnetic field components. The shaded area indicates the time
interval from which we took the values for the number density
N and proton temperature Tp to build the corresponding spectra
that are shown in the middle and right panels of Fig. 1, respec-
tively. These two spectra are characterized by a steep spectral
scaling at low frequencies and a remarkable flattening at fre-
quencies above ∼10−4 Hz, which is quite more evident in N. As
anticipated above, we need to infer values of the number density
and proton temperature at 1 s scale in order to build Alfvénic
fluctuations and to feed the simulation machinery with 1 s pro-
ton density and temperature values to simulate the appropriate
distribution function. One way to create these data is to assume
that the observed flattening is completely due to instrumental
effects. In this hypothesis, we fit the low-frequency part of each
spectrum and created an artificial spectrum, with the same con-
stant scaling extending up to the highest frequency, which in our
case corresponds to the Nyquist frequency of 1/2 Hz. To obtain
the corresponding time series that was used as input in our sim-
ulation, we inversely transformed these spectra. As discussed in
Stansby et al. (2018) and D’Amicis et al. (2019), the Helios pro-
ton temperature available at CDAWeb is a projection along the
radial direction obtained from 1D distribution functions. How-
ever, we need to pass the temperature components as input of

1 The magnetic field data at 4 Hz are available on the website http:
//helios-data.ssl.berkeley.edu
2 Data are available on the website https://cdaweb.sci.gsfc.
nasa.gov
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Fig. 1. Left panel: time series of the bulk speed VSW, the number density N, the temperature Tp, and the magnetic field intensity B from part of the
trailing edge of the fast wind stream encountered at 0.3 AU. The time interval we selected corresponds to the shaded area. Middle panel: power
spectral densities of the number density for real data (black line) and simulated data (red line) for the selected time interval. The dashed blue line
refers to the fit of the low-frequency part of the spectrum. Right panel: power spectral densities of the radial temperature for real data (black line)
and simulated data (red line) for the selected time interval. The dashed blue line refers to the fit of the low-frequency part of the spectrum.
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Fig. 2. Same as Fig. 1, but at 0.9 AU.

the simulation. Kasper et al. (2002) showed that

TR = T‖(R̂ · b̂)2 + T⊥[1 − (R̂ · b̂)2], (2)

where TR corresponds to Tp in Helios measurements, R̂ · b̂ =

cos(θBR), with R̂ the unit vector corresponding to the radial
direction, and b̂ the unit vector corresponding to the magnetic
field direction. Assuming a given anisotropy T⊥/T‖ (e.g., 1.4
as derived in Marsch et al. 1982, at 0.29 AU) and computing
cos(θBR) from magnetic field measurements, we are able to pro-
vide T‖ and T⊥ by inverting Eq. (2).

2.1. Instrumental noise

The original power spectral density of the proton number den-
sity is shown in the middle panel of Fig. 1 by the black
curve. The dashed blue line represents the power law fit to the

low-frequency range, and the red curve is the synthetic spectrum
obtained by simulation. The two spectra are remarkably similar,
in particular, the spectral flattening starts at approximately the
same frequency of 2 × 10−4 Hz, although none of the parame-
ters used in the simulation, that is, the number density N, the
proton temperature Tp, and the magnetic field B, has any spec-
tral break around this frequency. Comparable results, although
at a lower degree of similarity, are shown in the right panel for
Tp in the same format. In this case, we used Eq. (2) to com-
pute the temperature radial component corresponding to sim-
ulated data. We repeated the same analysis on the fast stream
detected at 0.9 AU, spanning the time interval from day 49:00:00
to day 49:18:12, as shown in the left panel of Fig. 2. In this
case, the anisotropy was set to 0.85, as derived in Marsch et al.
(1982). The power spectra show that the amplitude of the fluc-
tuations is reduced and the flattening is less pronounced than
at 0.3 AU. We are able to reproduce the behavior of the power
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Fig. 3. Left panel: time series of num-
ber density of data derived from inverse
transform of the fit of the low-frequency
part of the spectrum (blue trace) used
as input data for simulated measure-
ment (red trace) and difference between
the previous signals (green trace). Right
panel: power spectral density of the num-
ber density with the same color code as in
left panel.
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spectra of number density and temperature to a good degree here
as well.

To clarify the artificial effect introduced by the plasma sen-
sor on the estimate of the proton number density, we study Fig. 3.
The blue trace in the left-hand panel of this figure shows 40.5 s
averages of the 1 s time series of the proton number density we
used as input parameter for our simulation. The red trace instead
shows values of the same parameter as measured by the sim-
ulated sensor. The spiky appearance of the latter suggests that
the sampling procedure operated by the sensor introduces some
noise, which is highlighted by the green trace, which shows the
difference between the two previous time series. The right-hand
panel shows power density spectra of the previous signals iden-
tified by the same color code. The noise spectrum is rather flat,
typical of white noise, and its power density level determines the
location of the spectral break around 2 ÷ 3 × 10−4 Hz, as shown
by the red trace. Similarly to what happens for the number den-
sity spectrum, the spectral noise introduced by the proton tem-
perature measurement determines the frequency location of the
spectral break in the temperature spectrum, as shown in Fig. 4.
In this case, the level of the spectral noise has a weaker effect
on the temperature spectrum. This causes a weaker flattening at
high frequencies and a shift of the spectral break to higher fre-
quencies by about one decade. Our conjecture is that the error
level in the measurement is related to the relative amplitude of
the velocity fluctuations induced on the particle velocity distri-
bution by the Alfvénic fluctuations, hence we would expect this

phenomenon to be less relevant with increasing heliocentric dis-
tance. The high-speed stream observed at 0.9 AU (Fig. 2) shows
a much weaker flattening for both number density and temper-
ature. As a cross check of the effectiveness of the mechanism
described above, we performed on this stream the same analy-
sis, whose results are shown in Figs. 5 and 6 for number density
and temperature, respectively. These graphs confirm the role of
spectral noise in determining the level of high-frequency flatten-
ing and the location of the frequency break.

In Fig. 7, we finally show the result produced by this simu-
lation with regard to the proton number density (left panel) and
temperature (right panel) intermittency studied in terms of the
kurtosis values. Results from the intermittency analysis high-
light the Gaussian character of the 1 s values that were used
as input and the rather intermittent character of the 40.5 s val-
ues obtained from our simulation, which is quite similar to the
intermittency that is observed in real data. These results also
agree with a radial evolution of the number density intermittency
(Bruno et al. 2014) and show for the first time, to our knowledge,
a similar radial trend for the proton temperature.

Although the results are quite encouraging, one aspect of this
simulation requires a moment of reflection. The synthetic den-
sity and temperature 1 s data that we used to feed the code to
produce 40.5 s density and temperature moments, are character-
ized by fluctuations with typical Gaussian statistics, by construc-
tion. However, the fluctuations of the time series of the resulting
40.5 s measurements are clearly intermittent, just like real data.
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Fig. 5. Results of the analysis for the num-
ber density, shown in the same format as in
Fig. 2, but for the wind stream observed at
0.9 AU.
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Fig. 6. Results of the analysis for the temper-
ature, shown in the same format as in Fig. 4,
but for the wind stream observed at 0.9 AU.
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This result is only apparently contradictory when we consider
that most of the noise that is generated during the VDF sam-
pling is due to the arc-like motion of the VDF within the 3D
velocity space. This motion is due to Alfvénic fluctuations con-
structed on real magnetic field observations, which, as we know
from the literature (see the review by Bruno & Carbone 2013 and
the many references listed in there), are increasingly intermittent

from large to increasingly smaller scales. This clearly introduces
a first element of non-Gaussianity to which we have to add the
complexity of the moments calculation, which is not a simple
snapshot picture. As a consequence, we should not expect a lin-
ear response from the moments computation, and the intermit-
tent character of the 40.5 s density and temperature time series
should be less surprising. When the amplitude of the Alfvénic
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Fig. 8. Left panel: isotropic 3D VDF in phase space used as input for the simulations. Middle panel: anisotropic 3D VDF in phase space obtained
as output from simulations. Right panel: time series of the magnetic field components and magnitude used in the simulation.
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Fig. 9. Time series of the measured anisotropy (left) and histogram of relative values (right).

fluctuations decreases with distance, we observe less intermit-
tency, as expected. When we completely remove the Alfvénic
fluctuations from our simulation, we obtain time series of the
number density and temperature with the same statistical char-
acter as the input data.

2.2. Effects on the temperature

Another interesting effect that can be analyzed in our model is
the influence on the measured temperature of a sampling time
on the same order, or greater, than the wave period. To this end,
we show the result of a simulation in which the bulk velocity
components change as described in Sect. 2, but now we con-
sidered fixed density and temperature as input, which we set to
N = 30 cm−3 and T‖ = T⊥ = 5.8 × 105 K. This choice was made
to highlight the specific effect of the moving VDF in phase space
while removing the influence of a continuous change in the input
density and temperature values. In this simulation we used the
same original magnetic field at 1 s resolution as in the fast wind
stream at 0.3 AU. As an example, we show in the left panel of
Fig. 8 the input VDF, and in the middle panel the VDF as mea-
sured when the bulk velocity changes according to the magnetic
field reported in the right panel. Although the VDF to be sam-
pled is isotropic in all the subintervals that make up the sampling
time, the measured VDF is clearly somewhat anisotropic. In par-
ticular, we find that parallel and perpendicular temperatures con-
sidered separately are, in the majority of cases, higher than those
that are input, as discussed in Verscharen & Marsch (2011) and
Perrone et al. (2014). However, there is no evidence of a steady
prevalence of one component over the other one. In Fig. 9 we
report the time series of the measured anisotropy together with
the occurrence of the different values. The “real” temperature

anisotropy, which is equal to 1, is still the most probable mea-
sure, under our conditions. Nevertheless, the anisotropy in a rel-
evant number of the measured VDFs is either greater or smaller
than the one in input. This result corroborates the interpretation
of Helios observations, within fast Alfvénic wind at short helio-
centric distances, that T⊥/T‖ > 1 is mainly due to a real physical
mechanism (Marsch et al. 1982) and not to a systematic erro-
neous response of the sensor caused by the sloshing motion of
the VDF within the velocity space.

As described above, fluctuations of the background mag-
netic field vector, and as a consequence, of the bulk velocity
vector V due to Alfvénic fluctuations, cause the observed vari-
ability in our simulation. Thus, we expect that a higher variabil-
ity in V would produce a higher variability in the anisotropy.
This is exactly what is shown in the left panel of Fig. 10, where
anisotropy values are plotted versus σ(V), the standard devia-
tion of the velocity fluctuations recorded during the sampling of
each VDF. For low values of σ(V), the anisotropy is near one,
but becomes increasingly more scattered for increasing values
of σ(V). The extreme cases of deformation are found where the
magnetic field has some abrupt change during the measure, such
as sudden jumps, spikes, or switchbacks. The VDF reported in
Fig. 8 refers to one of these special cases. The reason for a result-
ing modified anisotropy is that, during the measure, the tip of the
actual bulk velocity vector performs an unpredictable pattern on
a sphere. This sphere has a constant radius approximately equal
to the Alfvén velocity VA and is centered on the phase speed
of the Alfvénic fluctuations moving away from the Sun, that is,
roughly V +VA (Matteini et al. 2015). In this motion, small oscil-
lations are interspersed with sudden jumps. As a result, some
bins within the velocity space might record a larger or smaller
number of particles compared to the situation in which the
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Fig. 10. Scatter plot of the anisotropy as a function of the standard devi-
ation of the velocity fluctuations during the measurement.

sampling time is sufficiently fast for the effect of fluctuations
on the distribution to be neglected. The reason is that in one
case, the bulk velocity moves according to the stepping direction
of the energy interval, while in the other case, the VDF moves
beyond the particular energy-angle that is sampled at a given
moment. As a consequence, the measured distribution function
may appear quite irregular, but this is just an artifact (which is
added to the true physical effects) produced by the sampling
process, during which the distribution moves in order to remain
aligned with the fluctuating magnetic field. A similar conclusion
has been pointed out first by Maruca & Kasper (2013).

3. Discussion

We performed a numerical test to better understand the ori-
gin of the enhanced spectral flattening for proton number den-
sity and proton temperature spectra observed in Helios data
during the perihelion passage, when the s/c was immersed in
fast and Alfvénic solar wind. This spectral feature has been
interpreted as the spectral signature of sound-like perturbations
generated locally by the parametric decay of large-amplitude
Alfvénic fluctuations (Marsch & Tu 1990). However, it has
recently been shown (Verscharen & Marsch 2011; Perrone et al.
2014; Nicolaou et al. 2019) that large-amplitude Alfvénic fluc-
tuations are able to move around the particle velocity distri-
bution in phase space, and this phenomenon might be impor-
tant for an electrostatic analyzer whose sampling time is com-
parable with the period of these fluctuations. Thus, in order to
test the relevance of these oscillations for the final determina-
tion of the moments of the distribution, we mimicked the sam-
pling process of the proton velocity distribution performed by an
electrostatic analyzer, similar to the one on board the Helios mis-
sion (Schwenn et al. 1975), in the presence of Alfvénic fluctua-
tions. Synthetic input parameters at 1 s that are required to build
the particle distribution, such as the proton number density and
temperature, were inferred from a particular spectral analysis,
as described in the previous section, while magnetic field data
were derived from real measurements at 4 Hz resampled at 1 Hz,
corresponding to the sampling time for each energy channel. In
addition, these values of a 1 s magnetic field and number den-
sity were used to build the necessary Alfvénic fluctuations at
frequencies comparable with the sampling time of the analyzer.
We showed that the motion of the VDF has an unpredictable

influence on the moments computations as a result of the
Alfvénic fluctuations, producing noisy measurements. Although
the idea underlying our numerical test is simple and does not
take other perturbations into account, such as compressive mag-
netosonic fluctuations or advected discontinuities, the results are
remarkable. We were able to reproduce – to a rather satisfac-
tory degree – the flattening observed in density and temperature
spectra. This flattening might be the result of a combination of
distinct effects, but we showed that instrumental effects can-
not be ignored when the sensor sampling time is comparable
to the period of large-amplitude Alfvénic fluctuations. Further-
more, we showed that a relatively long sampling time may pro-
duce a deviation from the real anisotropy because the VDF may
have a large arc-like motion in the field of view of the instru-
ment. These results are relevant for future studies concerning
the design of new plasma sensors. A faster acquisition time of
the whole distribution would provide less noisy results. In this
respect, we can predict that number density and proton temper-
ature spectra based on observations provided by the Solar Wind
Analyser (SWA) on board Solar Orbiter will show a much
reduced effect because the sampling frequency (1 Hz) of this
instrument is higher than that of Helios.
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