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Abstract Electrostatic activity in the frequency range of few kHz represents a very common
phenomenon observed in the solar wind since first observation from Helios spacecraft. In this paper we
present a detailed comparison between electrostatic fluctuations detected by STEREO spacecraft and the
results of kinetic numerical simulations. By using a novel approach, made by a combination of two different
numerical models, we provide a convincing interpretation of the space observations in terms of the
electrostatic branch of the so-called ion-bulk waves able to survive against Landau damping even at small
values of T, /T,. The comparison between data and numerical simulations allows to characterize the chain of
physical mechanisms, able to efficiently transfer energy from the Alfvénic scales down to scales of the order
of the Debye length, through the excitation of the observed electrostatic fluctuations.

1. Introduction

The solar wind, a fully ionized almost collisionless gas generated by the Sun and filling the Heliosphere,
represents a natural laboratory to study a variety of intriguing physical phenomena, such as plasma tur-
bulence, magnetic reconnection, particle acceleration [Bruno and Carbone, 2005]. One of the open aspects
concerning the solar wind dynamics is the evidence that the interplanetary medium is hotter than expected
as an expanding gas. Since the cooling of the solar wind is less efficient than expected, one of the main
challenging problems is the understanding of the nature of the dissipation mechanisms in such an almost
collision-free system. In this framework, the turbulent character of the solar wind plays an important role
since it allows a progressive energy transfer from large to small scales. Within this scenario, the energy
injected by the Sun at large scale (Alfvénic fluctuations) is channeled toward small scales through a tur-
bulent cascade. Due to nonlinear interactions, small-scale fluctuations are generated thus producing
significant modifications of the particle distribution function. A detailed investigation of these phenomena,
involving a huge variety of scales separated by more than 8-9 orders of magnitude, needs the joint effort of
advanced data from the new generation of spacecraft and direct kinetic simulations of turbulence.

Since the first in situ measurements from the Helios spacecraft, a significant level of electrostatic activity

in the frequency range of few kHz has been observed as a common feature in the solar wind. In particular,
electrostatic fluctuations in the range from about 1 to 10 kHz have been detected for a large fraction of the
time (30-50%) when measurements are extended on time windows of several hours [Gurnett and Anderson,
1977; Gurnett and Frank, 1978; Gurnett et al., 1979; Briand, 2009]. This electrostatic signature cannot be sim-
ply interpreted as ion-acoustic waves (IAW) [Mangeney et al., 1999; Araneda et al., 2008; Matteini et al., 2010a,
2010b] since IAW are heavily Landau damped at the low T, /T, values typical of the solar wind [Krall and
Trivelpiece, 1986].

In this paper the physical mechanism leading to the excitation of these electrostatic fluctuations is inves-
tigated by comparing electric signals measured by STEREO spacecraft with the results of high-resolution
Vlasov numerical simulations. We show that the observed features are a signature of the so-called ion-bulk
(IBK) waves [Valentini et al., 2011a], excited through an instability process of the beam-plasma type which
efficiently transfers energy from Alfvénic scales (greater than the ion inertial length d,) to length scales
close to the Debye length (where charge separation effects come into play). These waves have phase speed
close to vy, acoustic type dispersion and, at variance with the ion-acoustic waves, they can survive against
Landau damping even for small T, /T, [Valentini et al., 2011a].
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Due to the huge separation (more than 8-9 orders of magnitude) between the involved scales, the numer-
ical description of the energy transfer represents a gigantic challenge. To this purpose we followed a novel
approach by combining two different numerical models, Hybrid Vlasov-Maxwell (HVM) [Valentini et al., 2007,
2005] and Vlasov-Yukawa (VY) [Valentini et al., 2011b], describing the dynamics of the solar wind plasma at
long (=~ 40d),) and short (= Debye length) scales, respectively, and covering about five and six decades of
scales. When supported by high-resolution data from space, this kind of approach could allow to shade new
light on energy transfer and heating in solar wind.

2. The Data Analysis

For the present study we use data from the STEREO mission, consisting of two nearly identical
spacecraft STEREO A and STEREO B located at a distance of ~1 AU from the Sun, designed for solar
observations and interplanetary space measurements. Data measured in the period March 2007 to
December 2009 were analyzed. During this period the mutual distance between STEREO A and B
increases from ~0.052° to ~132°. We considered data acquired by three instruments, namely WAVES,
In-situ Measurements of Particles and CME Transients (IMPACT), and PLAsma and SupraThermal

lon Composition (PLASTIC) providing in situ measurements of low-frequency electric field, local vector
magnetic field, and plasma characteristics of protons, respectively.

WAVES is a radio receptor based on three 6 m long mutually orthogonal monopole antennas with an effec-
tive length of about 1 m [Bougeret et al., 2008; Bale et al., 2008]. We used data acquired by the Time Domain
Sampler, a broadband waveform sampler that provides measurements of voltage along the antennas [Bale
et al., 2008] and captures and stores snapshots of electric waveforms. For our study we use data at two dif-
ferent sampling rates of At =4 ps and At =8 ps. Since the number of samples is fixed at 16,384, each event
has a total duration of ~ 130 or ~ 65 ms, depending on At. This means that the total range of frequencies
spanned is in between 0.01 and 125 kHz, namely from below the electron cyclotron frequency (typically
100 Hz in the solar wind) to above the electron plasma frequency (about 10 kHz). We focus on signals char-
acterized by a peak in the electric power in the range Af = 1-5 kHz, and according to this requirement 993
events have been selected. We estimated that for the considered electric events the electron plasma fre-
quency falls well outside the frequency range Af; thus, Langmuir waves are ruled out from our analysis.

A filtered voltage V,, accounting for the contribution of the frequencies around the peak, is obtained by
applying a pass band filter whose bandwidth corresponds to the full width at half maximum of a Gaussian
function fitting the power spectra in the range Af.

A selection is needed to identify the events affected by density fluctuations. When a wave, associated with
density fluctuations and having period longer than the charging time of the spacecraft but shorter than
the antennas one, encounters the spacecraft the variations in the measured potential follow the change in
plasma density. As a consequence, the measured electric field represents the spacecraft response to density
fluctuations (spacecraft polarization) associated with the wave and it is not the true electric field of the wave.
The spacecraft polarization, reflecting the different state of charge between the antennas and the body of
the spacecraft [Kellogg et al., 2009], induces identical signals on the three antennas and is more effective

in the range 0.1 to few kHz [Henri et al., 2011]. Since we want to compare the true electric field of the

wave with the results of numerical simulations, events for which V,; shows identical waveforms on the
three antennas, thus dominated by the spacecraft polarization in the range Af, have been excluded

from the following analysis. To identify events with identical waveforms, we compared the amplitudes

on the three antennas through the ratio R between the maximum and minimum value of the standard
deviation of V,,. Events with R sufficiently larger than unity, for which the three antennas do not show
identical signals, can provide physical information about the electric field in the solar wind since the con-
tribution of density fluctuations is not dominant. The distribution of R for the 993 events is shown in
Figure 1 (black line). For comparison, we also show the same distribution for the voltage V,,,, (red line), fil-
tered between 0.3 and 0.8 kHz in which the density fluctuations are dominant [Henri et al., 2011]. About
the 55% of V,; waveforms shows R higher than 2.5 while the percentage is reduced to 5% for V.

To exclude signals strongly influenced by density fluctuations in the bandwidth Af, we choose events
characterized by Rs > 4. This selection reduces the number of available waveforms to 196. The selection pro-
cedure, based only on the similarity of the waveforms on the three antennas, ensures that signals strongly
affected by spacecraft polarization are excluded since only events with significantly different amplitudes

VECCHIO ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7013



@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020091

{ A L on the three antennas are considered.
[ ] This procedure allows to identify and
0.8 - save only waveforms whose electric
L ] field is the true electric field of the
% 06k~ o solar wind and is not affected by
= L ] spacecraft disturbances.
% 0.4F ] For these events the voltage V,,
ha L ] is converted into the correspond-
02 L ] ing electric field in the spacecraft
r i coordinate system through the set
ooll . . ﬁ*‘—\ﬁ 1 of parameters called w/base caps

10 (Graz), to take into account the effec-
Rq tive length and orientation of the

STEREO antennas [Bale et al., 2008].
Figure 1. Histogram of Rs, quantifying the contribution of the density fluc-

The polarization properties of the
tuation to the electric signal, for the 993 selected events calculated for V¢ p. . prop . X
(black line) and Vio,, (red line). electric fluctuations are investigated

by rotating the electric field into the

minimum variance reference frame
[Sonnerup and Scheible, 1998; Graham et al., 2014]. The latter has one of the axes aligned with the direction
along which the electric field has the largest fluctuations. Being E; the electric field components along the
axes of the spacecraft reference frame, eigenvectors e; of the variance matrix S; = (E;E;) — (E;)(E;) represent
the axes of the new reference system and eigenvalues 4; indicate the variance along these axes.

o
[aV]
N
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[o¢}
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Figure 2 shows the distribution of the normalized eigenvalues 4;/(4; + 4, + 43) and clearly indicates that
A, is dominant and well separated from 4, and 4;. The minimum variance analysis on the 196 electric fields
indicates that for each event the electric fluctuations are mainly concentrated along the direction e,, thus
implying a linear polarization for the electric signals.

The simultaneous measurements of voltage and magnetic field performed by STEREO allow to investigate
the direction of electric fluctuations with respect to the ambient magnetic field B,. The sampling rate of the
magnetic field data measured by the IMPACT magnetometer is 0.125 s, so that about 1 magnetic field value
is available for each electric event. For our analysis we chose the value of the magnetic field closest in time
to the selected electric event. The angle 8 between magnetic field and electric fluctuations, filtered in the
range 1-5 kHz, has been calculated from the scalar product in the antennas reference frame. The distribu-
tion of cos 6 for the 196 events, shown in Figure 3, is peaked around cos§ = 1, and the 73% of the events
is characterized by # < 30°, thus indicating that the electric field fluctuations are mainly directed along the
average magnetic field.

The solar wind velocity V_ , the tem-

1.0 — — — — — perature T, the density n,, and the
a N 1 thermal speed vy, of protons for the
08k %; _, 196 events are available from PLASTIC
i g ] at 1 min sampling rate. Due to the dif-
5 0.6 i b ference in time resolution, also in this
o Tt g case, we chose the values closest in
§ L | time to each electric event. In order
2 0.4 ] to set the parameters of the numer-
[ ] ical simulations (as explained in the
0.2 N following section) we show the distri-
—|_,_ J bution of the proton plasma , and
0.0 = L L ‘ the distribution of the ratio between
0.0 0.2 0.4 0.6 0.8 1.0 the proton skin depth d,, and the pro-
A ton Debye length Ay, (Figures 4and 5).
Figure 2. Histogram of the normalized eigenvalues 4;/(A; + 4, + 43) We recall that f, = 2Vt2hp/V2’ where
(i=1,2,3) for the 196 selected events (see the text for details). V,= BO/\/47rn—pmp is the Alfvén
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05— — — —— ———  speed, Ap, = Vy,p/ @, Where @, =
4zn,e*/m,, is the plasma frequency,
04F = d, = V4/Q, where Qg is the pro-
- E 1  ton gyrofrequency. For the considered
03 £ < events f§, has a very well-defined peak at
% 1 ~1(Figure 4).
i 02F 3 The distribution of d,/ 45, peaks at
g 1 d,/Ap, = 2.3 x 10% and 70% of the
0.1 — 7 events are found in the range 1.5 x 10* <
1 dy/Ap,<3X 10* (Figure 5).
0.0t b= e " The characteristic values of the measured
0.0 0.2 0.4 0.6 0.8 1.0

parameters from STEREO spacecraft will
be used to set the proton plasma beta,
and the value of d,,/ Ap, in the numeri-
cal simulations, and to rescale observed
electric waveforms to simulated ones.

cosf

Figure 3. Histogram of cos 6 for the 196 selected events (see the text
for details).

3. The Numerical Experiment
3.1. Physical Scenario and Numerical Strategy
The existence of a turbulent cascade at scales larger than ion inertial length represents an ubiquitous phe-
nomenon in solar wind plasma [Bruno and Carbone, 2005]. Recent Eulerian Vlasov simulations suggested
that the tail at short wavelengths (shorter than the proton inertial length) of the solar wind turbulent cas-
cade in the direction parallel to the ambient magnetic field is dominated by the presence of a significant
level of electrostatic activity [Valentini et al., 2008; Valentini and Veltri, 2009; Valentini et al., 2010]. The numer-
ical analysis was based on the results of the so-called hybrid Vlasov-Maxwell (HVM) code [Valentini et al.,
2007], in which the Vlasov equation is solved for the proton distribution function, while the electrons are
treated as a fluid and quasi-neutrality is assumed. In these simulations, the turbulent cascade is triggered by
wave-wave interaction processes at large scales (somewhat larger than the proton inertial length d,,) and
the role of kinetic effects on protons is analyzed along the cascade up to the range of wavelengths shorter
than d,,. These HVM simulations have been carried out both in 1D-3V (one dimension in physical space and
three dimensions in velocity space) and in 2D-3V phase space configuration. The physical interpretation of
the numerical results showed that along the turbulent cascade the resonant interaction of protons with
left-handed polarized Alfvén cyclotron fluctuations generates diffusive plateaus (or small bumps) in the
longitudinal velocity distribution [Kennel and Engelmann, 1966]. For values of the proton plasma beta of
order unity, typical value of the solar
wind plasma away from the Sun, this dif-

L.Or | fusive plateau is generated in the range
[ 1 of velocities close to the proton thermal
0.8 7 speed vy, and to the Alfven speed (since
- i 1 ﬁp~1) [Valentini et al., 2011a). Beams at
061 - longitudinal velocity close to the Alfven
= L 1 speed represent a salient feature of the
% 04 [ _| fastsolar wind [see, for example, Marsch,
= [ 1 2006, and references therein]. Thanks
r 1 to the presence of bumps, a branch of
0.2 1 electrostatic fluctuations (called ion-bulk
0.0 [ = | i w.a.ves) can be excited through an insta-
bility process of the beam-plasma type.
0 2 4 6 8 10
8 IBK waves have phase speed close to vy,
P acoustic type dispersion; and at variance
Figure 4. Histogram of plasma Bp for the 196 events. with the well-known ion-acoustic waves,
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0.30 they can survive against Landau
damping even for low values of the

0.25F < electron to proton temperature ratio
1 [Valentini et al., 2011a]. For these
z 020 7 reasons, these fluctuations appear par-
o [ ]
@ [ 1 ticularly efficient in channeling the
g 0.15¢ b
o r 1 energy toward short wavelengths along
v [ ] i im-
% 0100 ] the .soIar wmd.cascade. In the HVM sim
i 1 ulations mentioned above, the level
0050 1 of the magnetic fluctuations at wave-
_I—'_'_L lengths shorter than d,, results typically
0.00¢C ‘ ‘ ‘ ‘ ‘ 4 5-7 orders of magnitude lower than
0 10 20 30 40 50 60  that of the electric fluctuations, this

3
dp/%Dp (10°) means that the system dynamics at
Figure 5. Histogram of d,,/ 4p,, the ratio between the proton skin depth such short wavelengths is electrostatic

and the Debye length, for the 196 selected events. in nature.

The general features of the IBK waves

have been deeply investigated in
Valentini et al. [2011b, 2011c] by means of electrostatic Vlasov-Yukawa (VY) simulations. Within the VY
model, the Vlasov equations is solved for the protons, the electron response is taken to be the standard lin-
ear Boltzmann response, but charge separation effects, ruled out from the HVYM model, are retained. In these
simulations, the bump in the proton velocity distribution, needed for the excitation of the ion-bulk fluctu-
ations, is generated by an external electric field applied to the plasma that flattens the velocity distribution
atv = vy, through a particle trapping process. The effect of the external electric field in the electrostatic
VY simulations is to mimic the resonant interaction of protons with cyclotron fluctuations that produces
diffusive plateaus in the longitudinal velocity distribution in the HYM simulations.

From the considerations above, one realizes that the HVM code can reproduce the excitation of the
ion-bulk waves by involving typical ingredients of the solar wind medium (cyclotron resonance) but it

is limited at short wavelengths by the quasi-neutrality approximation. On the other hand, the VY code
can well describe the features of the ion-bulk waves up to length scales where charge separation effects
come into play, but it needs an artificial external driver electric field to trigger their excitation. Therefore,
the results of HYM simulations and VY simulations are complementary, but the link between the dif-
ferent physical regimes described by HVM and VY models is missed. Nevertheless, on the basis of the
results shortly mentioned above, according to which the transfer of energy from large to short wave-
lengths in the longitudinal direction is driven by a nonlocal instability process, one can think of using a
combination of HVYM and VY codes to reproduce the evolution of the longitudinal turbulent cascade in
the realistic conditions of the interplanetary medium. Therefore, the regime of large wavelengths can be
described by the HYM model to reproduce the resonant cyclotron interaction and the generation of the
small bump in the longitudinal proton velocity distribution in the vicinity of v,,,. Then, since we expect
that at wavelengths shorter than d, the system dynamics is governed by electrostatic activity, the numer-
ical analysis might be continued through the electrostatic VY code up to short scales including charge
separation effects.

Of course, due to the gigantic scale separation between fluid and kinetic regimes in the solar wind, an inter-
mediate range of wavelengths cannot be described by the combination of HYM and VY simulations (as
discussed above for the STEREO data in Figure 5, the proton skin depth and the proton Debye length are
separated typically by a factor of ~ 2 x 10%). Nevertheless, since the excitation of the ion-bulk fluctuations is
the result of a nonlocal instability process, one can assume that the intermediate range of spatial scales does
not play any peculiar role.

3.2. Setup of the Numerical Simulations
As discussed in the previous section, the evolution of the solar wind turbulent cascade, in the range
of wavelengths around the proton skin depth d,, can be described numerically by making use of the
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HVM code. The HVM code integrates numerically the following hybrid Vlasov-Maxwell equations in
dimensionless form:

g—’;+v~Vf+(E+v><B)'va=O
E=—u><B+lj><B—lVPe
n n

oB .
VXE=—-—; VXB= 1
X 9t xB=) m

where f(x, v, t) is the proton distribution function, E(x, t) the electric field, and B(x, t) the magnetic field. The
proton density n and the ion-bulk velocity u are obtained as the velocity moments of f. Quasi-neutrality is
assumed (n=n, =n,), and an isothermal equation of state for the electron pressure P, is chosen to close
the above set of HVYM equations. We point out that the choice of isothermal electrons is appropriate to
describe the propagation of the ion-bulk waves at phase speed close to vy,,. In equation (1) times are scaled
by the inverse proton-cyclotron frequency Qc‘;, velocities by the Alfvén speed V,, lengths by the proton skin
depth d, =c/w, =V, /Q, (cis the speed of light and @, the proton plasma frequency), and masses by the
proton mass m,,.

In this work the above equations are solved numerically in 1D-3V phase space configuration. We simu-

late a collisionless plasma, embedded in a uniform magnetic field B, = B,e, (x being the direction of wave
propagation). The initial equilibrium consists of a plasma of protons (and fluid electrons) with homogeneous
density and Maxwellian distribution of velocities. The proton plasma beta is chosen to be g, = 2vt2hp/Vj =
0.5 (vy,, = 0.51in scaled units), in agreement with the data from STEREO (see Figure 4), and the electron to
proton temperature ratio is set to be T, /T, = 1. Such a low value of T, /T, has been chosen in order to study

the most unfavorable situation for detecting sound-like electrostatic fluctuations.

Periodic boundary conditions are implemented in physical space. The total length of the simulation box

in physical space for this HYM simulation is L, =2z X 6.4d,, ~40d,, discretized by N, = 2048 grid points.

To trigger the energy cascade, the initial equilibrium is perturbed by a spectrum of Alfvénic fluctuations,
left-hand polarized in the plane perpendicular to the background magnetic field and propagating along

it. The first three modes in the spectrum of velocity and magnetic fluctuations are excited at t = 0 with
wave numbers parallel to B, in the range 0.15 kdp $0.45 (k=mk, = m27r/LHV, m=1,2,3). The
root-mean-square of the initial perturbations is about 0.25. This initial condition tries to reproduce the pres-
ence and the dynamical evolution of the so-called slab turbulence [Matthaeus et al., 1986; Carbone et al.,
1995], characterized by fluctuations with wave vectors mainly along the direction of the ambient magnetic
field and propagating outward from the Sun. The presence of this kind of fluctuations in the tail of the MHD
solar wind spectrum is likely in that also starting with an isotropic wave vector distribution in a 2-D HYM
simulation [Valentini et al., 2010], a spectrum characterized by wave vectors mainly longitudinal and perpen-
dicular with respect to the average magnetic field is obtained when approaching the ion inertial length. The
limits of the velocity domain in each direction are fixed at v™* = +5v,,. Outside the velocity interval in each
direction the proton distribution is set equal to zero. The velocity space is discretized by 813 grid points.

No density disturbances are imposed on the initial equilibrium at t = 0, but, since the initial Alfvénic pertur-
bations do not satisfy the B = const condition, in the early stage of the system evolution ponderomotive
effects produce large wavelength density fluctuations of amplitude én,, /n,, =~ 0.1 (see Valentini et al. [2008]
for more details).

The HVM simulation is run up to the time when the resonant interaction of protons with left-hand cyclotron
waves generates a small bump in the longitudinal velocity distribution of protons at v = vy, [Valentini et al.,
2008; Valentini and Veltri, 2009]. At the top in Figure 6, we report in semilogarithmic plot the early time evo-
lution (uptot = 1009&}) of the longitudinal electric energy at small scales evaluated as £(t) = Y, 1% |2
with k > 10d;‘. It is clear from this figure that, during the system evolution, € displays a sudden exponential
growth, triggered by an instability process of the beam-plasma type [Valentini et al., 2011c], and then a satu-
ration phase. The HVM simulation is arrested at t = 4OQc‘p‘, right before the occurrence of the beam-plasma
instability that would produce the excitation of the ion-bulk fluctuations (the instant of time at which the
HVM simulation is arrested is indicated in Figure 6 by the red vertical line).

VECCHIO ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7017



@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020091
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Figure 6. Time evolution of the spectral electric energy at short scales
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at which the HVM simulation is arrested.

HVM simulation, t=400,,""
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Figure 7. (top) Spatial dependence of the electric field component
parallel to the background magnetic field at t=40§2c‘1 from the
HVM simulation. (bottom) Longitudinal phase space proton distri-

bution funct

jon at t=40§2c‘p1 from the HVM simulation. Vertical red

lines indicate the interval over which the proton distribution function

is averaged.

Figure 7 (top) shows the electric

field signal parallel to B, as a func-

tion of x/d, att = 409;; and the
corresponding longitudinal (x, v,)
phase space proton distribution
function integrated over v, and v,
(Figure 7, bottom). Figure 7 represents a
significant snapshot of the system before
the occurrence of the instability, whose
preliminary signatures are already vis-
ible in the electric structure generated
at 20<x/d, <30 and in the corre-
sponding deformation of the proton
distribution at the same spatial location.

At this point, we freeze the HVM simu-
lations att = 409;1 and continue the
analysis by means of the electrostatic VY
code, starting from the instant of time at
which the HVM simulation has been
arrested. The use of an electrostatic code
to describe the plasma dynamics at wave
vectors larger than ~10 d;1 is also sup-
ported by space plasma observations,
showing that in this range of scales the
effect of the electric field largely pre-
vails over the effects due to the magnetic
fields [Bale et al., 2005; Kellogg et al.,
2006]. The VY code integrates numeri-
cally the Vlasov equation for the proton
distribution function coupled to the
Yukawa equation for the electrostatic
potential, in 1D-1V phase space config-
uration. The Yukawa equation is derived
from the Poisson equation when the
electron density has the standard linear
Boltzmann form n, ~ ny,(1+e¢/kgT,) (n,
being the particle density, e the electric
charge, and ¢ the electrostatic potential).

In dimensionless form, the VY equations
are written as follows:
d
of + of ¢ of _ 0

ot ox  oxov @
2p Tp -
—ﬁ+i¢—/m fdv —1

where f(x, v, t) is the proton distribution
function and the electric field is given by
E = —0d¢/ox. In the above equations,
times are scaled by w;1, velocities by
Vs @nd lengths by the proton Debye
length Ap, = vy, /@),. With this choice,
the electron Debye length in scaled units
is Ape = \/T/T,-For T,/T, =1 Ap, = Ap,.
Finally, the electric field is normalized to
the characteristic field £y = m,vy,,@,/e.

s

)
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HVM simulation, t=400_
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Figure 8. Longitudinal velocity distribution of protons at t = 409;1
from the HVM simulation. This velocity profile is obtained by spatial
averaging the proton distribution function (integrated over v, and v,)
over the spatial interval delimited by the two red vertical lines in the
bottom plot of Figure 7. Vertical red dashed line represents the value of
the proton thermal speed vy,

As for the HVM simulations, periodic
boundary conditions are imposed in
physical space and the limits of the
numerical velocity interval are fixed at
v = +5vy,,. The 1D-1V phase space
for the VY simulations is discretized by
N, = 16,384 grid points in the spatial
domain and N, = 1001 grid points in the
velocity domain. The large value of N,
allows us to describe the electric energy
spectra on a range of four decades

of wave numbers. The total length of
the numerical box in physical space is
L, = 2z x 10°p,. We point out that,
thanks to the high resolution employed
in physical space, the Debye length is
well resolved within our simulation box.

By using the typical value of d, / 4p, from
STEREO shown in Figure 5, one gets

L, /L, =Q@Qrx 103/1Dp)/(27r X 6.4d)) =~
8x 107 = L =~ 0.3d,.In order to give
an idea of the scale separation between
HVM and VY simulations, in the contour
plot in Figure 7 (bottom), we indicate by
two red vertical lines the spatial width

of the numerical domain for the VY simulations in units of d,. In other words, the VY simulation will inves-
tigate in great detail the phase space region in between the red vertical lines in Figure 7 (bottom). As it is
clear, this phase space region is very thin in the x direction so as to be considered as spatially homogeneous
in good approximation. We then calculate, from the HVM simulation, the longitudinal proton velocity pro-
fileatt = 40!2;], as the spatial average (over the interval delimited by the red vertical lines of Figure 7) of
the proton distribution function integrated along the transverse velocity directions v, and v,. This longitudi-
nal velocity distribution is shown in Figure 8 where one clearly sees the generation of a well-defined bump
produced by the proton-cyclotron interaction in the vicinity of the proton thermal speed (vertical line). It is
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Figure 9. Electric energy spectra of one of the STEREO signals, projected
along the maximum variance direction and scaled by Ej, as a function
of kApp. App = 402 cm.

worth to note that in the region around
Vinp: @ POsitive slope of the velocity
distribution occurs.

The velocity profile in Figure 8 obtained
from the HVM simulation at t = 409&}
(right before the occurrence of the insta-
bility) is then interpolated on a finer
velocity grid by a third order spline rou-
tine (this ensures the continuity of first
and second velocity derivatives of f on
the new velocity grid) and used as ini-
tial condition for the new electrostatic
VY simulation. Initially in the VY simu-
lation, the protons have homogeneous
density ng,,. We externally impose on
the system large wavelength density
fluctuations in order to simulate the
energy coming from large wavelengths
along the cascade. This density noise is
imposed on the first three modes of the
spectrum in the range of wave numbers
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Figure 11. (a) Peak amplitude after the saturation of the instability and
(b) peak wave number in the simulated electric spectra as a function of
the noise level 6n, /ng,.

107 < kdp, S 3% 1073, anditis
kept on and unchanged during all sim-
ulations (mode-freezing large-scale
driver), assuming its variation to be
slow compared to the time scale of

the fluctuations at wavelengths close

to Ap,. As it happens for the HVM sim-
ulations (see Figure 6), also in the VY
simulations an instability process of the
beam-plasma type brings energy from
large toward short scales. This instability
process displays a saturation phase as it
is shown in Figure 6 for the HVM simula-
tion. However, we again point out that,
at variance with the HVM simulation,
here spatial scales of the order of the
Debye length can be reached through
the energy cascade.

4. Comparison Between
STEREO Data and
Numerical Results

The synthetic electric signals obtained
through the numerical simulations
described above are then compared to
the electric waveforms measured by
STEREO spacecraft. We remark that the
value of f, = 0.5 used in the simula-
tions is consistent with observations
from STEREO, where we recovered that
the 89.7% of the selected events has a
proton plasma beta in the range 0.5 <
B, < 1.In the following we show a com-
parison between numerical simulations
and the 49 STEREO events characterized
by cos# > 0.95, namely with electric
field fluctuations mainly oriented along
the average magnetic field, well fitting
the physical conditions imposed on the
numerical simulations. We remark that
the main results of our analysis are
unchanged when the full set of 196
events is considered. The measured
electric waveforms, time intervals,
velocities, and lengths are scaled by the
same characteristic parameters used
for the VY equations, evaluated from
the plasma measurements by PLAS-
TIC. In the solar wind, due to the bulk
motion, the measured frequency f,,, of
the electric signals is Doppler shifted
as fop, = f + (kV,, /27)cos O, , where
f = kv, /2 is the real frequency of the
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(a) fluctuations, Vy their phase velocity, and
0.015¢ ] 0,, is the angle between the wave vec-
0.010 7 7 tor and the solar wind speed. Since for

- ’ [ ] the selected events, cos 8 ~ 1 the direc-
E) 0.005F ] tion of the wave vectors is close to the
E r . direction of the average magnetic field,
£ 0.000 | ieo0 ~o0 .
4(—)3 ' kv BV
é —0.005¢ B By using the Taylor hypothesis, assum-
_0.010 2 A ing that the wave phase speed of the
; 1 fluctuations is much smaller than the
—0.015 C 1 I | | ] . . .
0 200 400 600 800 1000 solar wind velocity, an expression
tVgyc0s6y,/) for the wave number k = 2xf,, /
v B/ 7p (V,, cos 6. ) is found. In this way we

(b) can easily pass from time t to space /

0.0157 through the formula/ = tV_ coso_,
b where 0y, is calculated from the data.
0.010 L .
- F In our case the Taylor hypothesis is suit-
L 0.005F able since the phase velocity of the
t i IBK waves, calculated from the numer-
-0 0.000 . . . .
£ | ical simulations, is close to the proton
® —0.005F thermal speed, the latter being about
= F 10 times lower than the Vg, as esti-
—0.010¢ mated from the PLASTIC data. When
0015t ‘ ‘ represented in the k space, the electric

400 600 800 1000 1200 1400 energy spectra display a well-defined
X/?\Dp peak (Figure 9). In Figures 10a and 10b
Figure 12. (a) Electric field signal from STEREO projected along the max- we show the histograms of the peak

imum variance direction and scaled by Ej. (b) Electric field signal from amplitude and the corresponding
the VY simulation after the saturation of the instability. peak wave number for the 49 events,

respectively. Peak amplitude and wave
number have been evaluated through a Gaussian fitting procedure, which gives rise to an estimated
statistical error of 2% (amplitude) and 1% (wave number).

In the VY simulation the amplitude of the electric signals depends on the level of the density noise imposed
at large scale, 6n,/nq, att = 0. We performed 10 numerical experiments with different amplitudes of the
initial density disturbance in the range 0.05 < én,/ny, < 0.625.Recent high-frequency measurements
[Chen et al., 2014] of the solar wind proton density show that the amplitude of the density fluctuation level
at frequencies around 10 Hz, corresponding to the wavelengths at which the noise is imposed in the VY sim-
ulations, is likely in the solar wind. Moreover, in this range of frequencies the density is strongly intermittent,
thus indicating that locally in the solar wind it is possible to find an even higher level of density fluctuations
at frequency of ~10 Hz [Chen et al., 2014]. Figure 11 shows peak amplitudes, after the saturation of the
instability, and wave number as obtained for different values of density disturbance. Only nine data points
are shown because for én,/ng, = 0.05 the instability does not occur. Electric field amplitude (Figure 11a),
calculated from the power spectra of selected electric waveforms and rescaled by E,, increases by increas-
ing the fluctuation level; and the minimum value from data and simulations, ~1.5 x 1078 and ~4 x 1078,
respectively, is strictly similar. This comparison suggests that the development of electrostatic fluctuation is
a threshold phenomenon and explains the very close minimum value between data and simulations. The
peak wave number values from simulations (Figure 11b) are restricted to a very small interval between 0.13
and 0.24. Also, this result is in good agreement with the measurements since the 94% of the peak wave num-
ber values from STEREO are found in the same range. These values of the peak wave number, found for both
data and simulations, can be understood in the framework of the linear Vlasov theory. By using the veloc-
ity profile in Figure 8 in a linear Vlasov solver (that numerically computes the Landau complex integral) a
wave dispersion relation of the acoustic type, with phase speed close to vy, and an unstable region of wave
numbers are found. The most unstable wave number is k* ~ 0.3, for T, /T, = 1; and when increasing T, /T,
the value of k* increases as well. From this simplified approach one can also argue that STEREO events with
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Figure 13. (top to bottom) Electric energy spectra for three STEREO
signals projected along the maximum variance direction (black) and

the numerical signal (green) as a function of k/le for different levels of

density disturbances (Snp/nop =0.15,0.25, and 0.5.

peak wave numbers larger than 0.3
could correspond to situations in which
T./T, > 1.Unfortunately, since mea-
surements of T, are not available from
STEREO, we cannot be conclusive on
this point.

In Figure 12 we show, as an example,
the electric field signals of one

among the 49 STEREO events, pro-
jected along the electric maximum
variance direction and scaled by £,
(Figure 12a), and of a VY simulation with
5np/n0p =0.2, after the saturation of
the beam-plasma instability process
(Figure 12b), as a function of the nor-
malized spatial coordinate. The two
waveforms display the same impulsively
spiky behavior and show comparable
amplitudes. Moreover, the typical spa-
tial scales of the spikes in the electric
waveforms from STEREO are in very
good agreement with those obtained
from the simulations.

Figure 13 compares the observed (black
line) and simulated (green line) electric
spectra for different density fluctuation
levels (from top to bottom, 6n,,/ny, =
0.15,0.25, and 0.5). A marked peak is
visible in both the energy spectra in the
range 0.2 5 kADp < 0.3. Maximum
amplitude of the peak and shapes is
significantly comparable for observed
and numerical results.

5. Conclusions

Electrostatic fluctuations in the range
of frequencies of few kHz, propagating
along the background magnetic field,
are identified in the high-sampling rate
electric fields measured by STEREO. We
developed a procedure able to select
electric events not affected by the
spacecraft polarization, i.e,, the space-
craft response to density fluctuations,
and thus allowing to investigate the
true electric fluctuations of the solar
wind. The observed features have been

reproduced by high-resolution Vlasov numerical simulations which provide a convincing interpretation

of the space observations as a signature of the electrostatic branch of the ion-bulk waves able to survive
against Landau damping even at small T, /T,. The results of our simulations are safely compared with all
the physical parameters which can be derived from STEREO data. Observed electric field waveforms from
data and simulations show the same spiky behavior; both amplitudes and typical spatial scales of the spikes
are in very good agreement. In the same way, the electric energy spectra from data and simulations, when
plotted as a function of the wave number, show significantly comparable shapes and peak values. In order
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to perform a quantitative analysis, the peak amplitude and wave number of the measured electric energy
spectra have been compared with synthetic spectra generated by varying the density noise level imposed
at large scale in the VY simulations. This comparison indicates that the development of electrostatic fluctu-
ations is a threshold phenomenon since the minimum peak amplitude observed in data and simulation is
very similar, being ~ 1.5 X 1078 and ~ 4 x 1078, respectively. In the same way, the peak wave numbers from
data and simulations are in good agreement since the 94% of the values, calculated from the STEREO data,
is found in the same range in which the values from the simulations lie.

Our results provide a convincing explanation of the chain of physical mechanisms leading to the excitation
of the electrostatic fluctuations since the IBK waves are excited through a beam-plasma type instability able
to efficiently transfer energy from the Alfvénic scales (> d,) to the Debye length. The followed numerical
approach, combining a HYM and VY numerical models to describe the dynamics of the solar wind plasma at
long (= 40d,) and short (~ Debye length) scales, respectively, is able to accurately describe the energy trans-
fer from large to short scale covering about five-six decades. The success of our strategy is due to the fact
that the energy transfer from large to short wavelengths in the direction parallel to the local magnetic field
is realized through a nonlocal instability process of the beam-plasma type. Due to this instability, the energy
jumps from large to short wavelengths and the intermediate range of spatial scales does not play any pecu-
liar role. This allowed us to combine two different numerical codes to obtain a self-consistent description of
the system dynamics over a large range of scales.

Establishing on space data a strict correlation among phenomena occurring on scales separated by more
than five decades is a hard goal to achieve, even taking into account the lack of an efficient way to deter-
mine the wave vector distribution at large scale from data. Anyway, our simulations clearly show that a
sequence of physical mechanisms, which naturally occur in such kind of media, can give rise to instabil-
ities which generate electric fluctuations whose characteristics fit remarkably well those detected in the
solar wind.

Electrostatic fluctuations, observed in the solar wind in the range of frequency from 1 to 10 kHz, could play a
relevant role for the solar wind heating, since they produce significant modifications on the proton distribu-
tion function. When, in the future, the electron temperatures in correspondence to the electrostatic events
and more resolved density data during the same events will be available, further more accurate comparisons
could be performed to confirm the physical scenario pictured within our model.
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