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Abstract

We perform a statistical analysis of observed magnetic spectra in the solar wind at 1 au with localized power
elevations above the level of the ambient turbulent fluctuations. We show that the elevations are seen only when
the intensity of the ambient fluctuations is sufficiently low. Assuming that the spectral elevations are caused by
thermal-ion instabilities, this suggests that on average the effect of the solar wind background is strong enough to
suppress the instability or obscure it or both. We then carry out nonlinear numerical simulations with particle ions
and an electron fluid to model a thermal-ion instability coexisting with an ambient turbulence. The parameters of
the simulation are taken from a known solar wind interval where an instability was assumed to exist based on the
linear theory and a bi-Maxwellian fit of the observed distribution with core and secondary-beam protons. The
numerical model closely matches the position of the observed spectral elevation in the wavenumber space. This
confirms that the thermal-ion instability is responsible for the elevation. At the same time, the magnitude of the
elevation turns out to be smaller than in the real solar wind. When higher intensity of the turbulence is used in the
simulation, which is typical of solar wind in general, the power elevation is no longer seen. This is in agreement
with the reduced observability of the elevations at higher intensities. However, the simulations show that the
turbulence does not simply obscure the instability but also lowers its saturation level.

Unified Astronomy Thesaurus concepts: Space plasmas (1544); Interplanetary turbulence (830); Solar wind (1534)

1. Introduction

The solar wind is characterized by a variety of fluctuations.
Some of the main processes responsible for the fluctuations are
a turbulent energy cascade and plasma instabilities. The
turbulent fluctuations produce a power-law spectrum over a
wide range of scales (Coleman 1968). Instabilities are observed
as localized power elevations above the turbulence spectrum at
the ion kinetic scales (Behannon 1976; Tsurutani et al. 1994).
Whether these fluctuations coexist independently or have some
effect on each other is not well understood.

At 1 au, the instabilities responsible for the power elevations
are likely driven by thermal-ion distribution functions (Jian
et al. 2014), in particular, their temperature anisotropy and
relative drifts of the ion species. Interstellar pickup ions also
cannot be ruled out as a source of the enhanced wave power.
However, Fisher et al. (2016) found only three such events per
year. The occurrence rate of the power elevations is much
higher (Jian et al. 2009). Therefore, one has to assume that
most of them are caused by something other than the
pickup ions.

The instabilities in the solar wind develop in a turbulent
ambient medium. The turbulence produces spatially nonuni-
form and time-dependent fluctuations. Therefore, the instability
may not behave in the same way as it would in a homogeneous
and stationary medium. The characteristic time of the
turbulence can be estimated as the nonlinear eddy turnover
time for the kinetic scales, at which the instability is growing
(Markovskii et al. 2006). If it is comparable to or smaller than
the instability growth time, then the variation of the
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background is significant and has to be taken into account
(Mikhailenko & Stepanov 1984; Maslennikov et al. 1995;
Markovskii & Hollweg 2002). The inhomogeneity is also an
essential factor (Ozak et al. 2015; Hellinger et al. 2017; Ofman
et al. 2017; Markovskii et al. 2019a). In particular, it can make
the unstable waves more oblique, thereby changing the
character of the wave—particle interaction and the resulting
particle heating (Markovskii et al. 2019a).

The power elevations associated with the pickup ions have
been observed only when the turbulence is relatively weak
(Cannon et al. 2014; Aggarwal et al. 2016; Fisher et al. 2016;
Hollick et al. 2018). During these events the energy transfer
rate of the turbulent cascade was smaller than the rate of the
wave energy production by the pickup ions, while during
control events it was larger. The cascade energy transfer rate
and the turbulent eddy turnover time are related parameters, but
the latter is a local characteristic in the wavenumber space,
while the former is global. Another factor that affects the
observability of the spectral elevations is the spacecraft
sampling angle with respect to the mean magnetic field. They
are seen preferentially at small angles in a wide range of
heliocentric distances (Murphy et al. 1995; Jian et al.
2009, 2014; Boardsen et al. 2015; Bowen et al. 2020). At
larger angles, the waves responsible for the elevations may be
obscured or suppressed by the turbulent fluctuations.

The interpretation of the observed thermal-ion instabilities in
the solar wind is usually based on a linear theory and on the
assumption of a homogeneous and stationary background
(Gary et al. 2015; Jian et al. 2016; Bowen et al. 2020). In the
present paper, we analyze the relevant statistical properties of
the observed magnetic spectra with power elevations at 1 au.
We then use this information along with one sample solar wind
interval to compare the spectra with numerical simulations. The
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simulations include a turbulent ambient medium and describe
the nonlinear evolution the instability.

2. Data Description

We used 92 ms magnetic field data obtained by Wind
spacecraft (Lepping et al. 1995; Koval & Szabo 2013) between
2005 January 1 and 2005 May 31. During this period, the
spacecraft was located near the L1 point. The solar wind
intervals to calculate the power spectra were taken to be 100
minutes. On the one hand, this duration is sufficiently long to
cover large enough scales at which the spectrum can be fitted to
a power law. On the other hand, the frequency range in such an
interval is not much larger than the one that we obtain from our
numerical simulations. The five-month period of data is chosen
to be roughly in the same phase of the solar cycle as the one
sample on 2005 March 19, in which we directly compare the
observed spectrum with numerical simulations.

An automated search for statistical outliers in the data was
made in each magnetic field component in two passes. At first,
the entire interval considered for the spectrum was examined,
and individual measurements providing the data points outside
of 3.5 standard deviation from the average were flagged. Then,
the interval was divided in 200 s subintervals, and the process
was repeated for each subinterval and a standard deviation of
3.0. Typically, 1% to 3% of the data points were excluded
this way.

The spectra were computed with the help of the Blackman—
Tukey algorithm (Blackman & Tukey 1958), which gives the
Fourier transform of the correlation tensor of the magnetic field
(B;B;j), modified by Chen (1989, Section 5.2; see also the
Appendix in Bieber et al. 1993). Instead of the original time
series of the magnetic field B(¢), Chen (1989) introduced a new
series of vector differences between successive data points AB
(t)=B(t+ Ar) — B(f). Here At is the temporal separation
between the data points. Next, the Fourier transform was taken
of the correlation function of the differences (AB;AB;). The
power spectrum of the magnetic field Pz was then derived from
the trace of the differences spectrum S, according to the
formula

Sir
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To interpret the properties of the fluctuation spectra, we need
to know the solar wind parameters of the corresponding
intervals. For this purpose, we used 92 s plasma data obtained
by Wind spacecraft (Ogilvie et al. 1995). The observed
quantities relevant to our study are the solar wind velocity
and density derived from nonlinear fitting to the ion-current
distribution function. The intervals were accepted only if they
had at least 40 valid measurements, although the coverage was
better in most cases. In the sample solar wind interval, for
which we make a detailed comparison with numerical
simulations, we also used the parameters of the proton
distribution function as described below. These parameters,
derived from the Wind spacecraft data, are published by Gary
et al. (2015).

3. Observational Results

The subject of our analysis is magnetic spectra with elevated
power above the ambient turbulence level presumably caused
by a plasma instability. We select spectra that obey a power law
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Figure 1. Sample magnetic power Pg and magnetic helicity o,, spectra with a
power elevation. The dashed line in the top panel is a least-squares power-law
fit. The dashed line in the bottom panel shows a zero helicity value for
reference.

at lower frequencies and have a “bump” at higher frequencies,
i.e., a localized power increase with respect to an extrapolation
of that power law. An example of this kind of spectrum is
shown in the top panel of Figure 1. We perform an
unconstrained least-squares power-law fit in the range
0.0053 Hz < v < 0.032 Hz, where v is the spacecraft frequency.
To quantify the quality of the fit to the observed spectrum, we
use the Pearson product-moment correlation coefficient R, as
described by Markovskii et al. (2008). For all the spectra in our
data set, |[R| > 0.97.

We consider a spectral elevation observed if the excess
power is comparable to the background level. We checked that
at least at some v within the elevation the total power was twice
as high as the power associated with the power-law fit at that
frequency. For comparison with the solar wind in general, we
fitted with a power law the spectra in the rest of the available
intervals. The spectra without the elevation usually have a
break at the ion kinetic scales, which separate a shallower
spectral slope at lower frequencies from a steeper slope at
higher frequencies (Figure 2, top panel). When the break was
present, the range 0.0053 Hz < v < 0.032 Hz was always in the
shallower portion of the spectrum.

The intervals with the elevated magnetic power typically
show a sign reversal of the magnetic helicity spectrum o,,
(Figure 1, bottom panel). Here o,, was calculated from a
reduced spectrum of an off-diagonal component of a two-point
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Figure 2. Same as Figure 1 but showing a sample without a power elevation.

correlation function of the magnetic field (ByBy) in the RTN
coordinate system (Matthaeus et al. 1982)

ow(v) = 2 Im[(BrBy)1/Pg, )

and the magnetic field measured by Wind in the geocentric
solar ecliptic (GSE) coordinates was transformed to the radial-
tangential-normal (RTN) coordinates with the help of the
ephemeris data.

The magnetic helicity signatures of the solar wind turbulence
have been studied by Markovskii et al. (2015, 2016) and
Telloni et al. (2015), and more details can be found in these
references. The turbulence can produce a nonzero magnetic
helicity even if it is purely two-dimensional in the plane
perpendicular to the mean magnetic field B, and no propagat-
ing linear waves exist in the system (Markovskii &
Vasquez 2013, 2016). The sign reversal seen in Figure 1
may indicate a configuration including separate helicity
signatures associated with the turbulence and a plasma
instability. These signatures can aid the search of the spectral
power elevations. However, not all instabilities produce
magnetic helicity, and it was not taken into account in the
present analysis.

We recorded 74 intervals with a spectral elevation, compared
to a total number of 1916 in the solar wind in general,
suggesting an occurrence rate of about 4%. The average
spectral slopes of the power-law fits were —1.67 and —1.62 in
the former and the latter groups, respectively. To quantify the
intensity of the background fluctuations in each interval, we use
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Figure 3. Distribution functions f of the relative rms amplitude A for (a) the
intervals with power elevations (magenta line) and (b) the solar wind in general
(black line). The distributions are normalized to the total number of intervals in
each case. The green line (c) is the distribution with power elevations
normalized to the distribution in the solar wind in general.
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the following procedure. We pick a certain scale and estimate
the rms amplitude of the fluctuations at that scale for all the
spectra. The scale has to be expressed in terms of plasma
parameters rather than the spacecraft frequency to characterize
the relevant physical processes. Since the observed spectra will
be later compared to numerical simulations, as a reference
wavenumber, we chooe the wavenumber that will be used to
initiate the turbulence in the simulations, namely,
ko = 0.083 d ~1 where d,, is the inertial length calculated from
the proton density averaged over the 100 minute intervals.

To convert k to the spacecraft frequency 1, we assume that
Taylor’s frozen-in hypothesis is valid and the turbulent
fluctuatons at this scale are quasi-two-dimensional with the
wavevectors nearly perpendicular to the mean magnetic field
By. Then,

ko Vsw sin(6)
l/O - —’

2T )

where the solar wind speed Vg is directly averaged over the
interval, and the angle 6 between the sampling direction and B
is calculated after averaging the three components of the
magnetic field. The quantity 1, was always outside of the
localized spectral elevation when it was present. When the
elevation was absent, 1, was always lower than the break
frequency of the spectrum, at which its slope becomes steeper
compared to the range 0.0053 Hz < v < 0.032 Hz. Once the
spectrum is fitted to a power law P in the range
0.0053 Hz < v < 0.032 Hz, the relative rms amplitude of the
magnetic field A is evaluated according to the formula

A NP (vo) vo

4
By @

Figure 3 displays the distribution functions of A for the
intervals with spectral power elevations and for the solar wind
in general, i.e., all the intervals with or without the elevations.
As can be seen from the figure, the former distribution is cut off
at high amplitudes, as opposed to the latter. The average values
for these distributions are 0.039 and 0.072, and the standard
deviations are 0.018 and 0.048, respectively. We have used
Welch’s unequal variances test (Welch 1947) to verify that a



THE ASTROPHYSICAL JOURNAL, 941:72 (6pp), 2022 December 10

0.15 T T T T T T T T T T T T T T T T T

0.12

0.09

0.06

0.03

0.00

0 15 30 45 60 75 90

Figure 4. Distribution functions f of the angle between the mean magnetic field
and the spacecraft sampling direction for (a) the intervals with power elevations
(magenta line) and (b) the solar wind in general (black line). The distributions
are normalized to the total number of intervals in each case.

sufficient number of statistical samples have been collected and
the difference between the averages is statistically significant.

As discussed in the introduction, the observability of the
instability is also affected by the spacecraft sampling direction
with respect to the mean magnetic field. Figure 4 shows the
distributions of the sampling angle 0 of the intervals with
power elevations and the solar wind in general. The
distributions are again normalized to the total number of
intervals in each case. The distribution with power elevations is
shifted to smaller angles with respect to the general one, in
agreement with the known results (Murphy et al. 1995; Jian
et al. 2009, 2014; Boardsen et al. 2015; Bowen et al. 2020).
However, one can show that the observability is not reduced to
the sampling direction effect alone. To eliminate this effect and
compare the intervals with and without instability in the same
range of 6, we have separated out a subset of the intervals in the
solar wind in general with the sampling angle limited to
moderately oblique directions 6 < 50°. The resulting modified
distribution of A is practically the same as the original one in
Figure 3 (black line), and our conclusion that the power
elevations are observed only at low A remains valid.

4. Numerical Modeling

We will now consider a specific example of the solar wind
interval with a power elevation and compare it with a numerical
simulation. We choose one of the intervals discussed by Gary
et al. (2015) and use the data published in their paper to model
their Event #1 on 2005 March 19 (78.380 < DOY < 78.389).
Based on a bi-Maxwellian fit, the instability during this event is
driven by the temperature anisotropy of the core proton
distribution. The streaming of a secondary proton beam and
alpha particles with respect to the core protons breaks the
symmetry of the instability and makes the growth rates of wave
propagating in sunward and antisunward directions unequal.

To reduce the computational cost of the simulations, we
neglect the alpha particles and only keep the secondary proton
beam. We also assume a somewhat higher proton core
temperature anisotropy T, ./T).=2.5 than an observed value
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of 2.24. The other necessary parameters are as follows: the
proton core density ng. =3.2 cm™7; the parallel core plasma
beta [(.=0.14; the beam-to-core number density ratio
nop/no. = 0.4; the relative beam/core drift speed V,;= 0.8V,
where V, is defined with the proton core number density ny,.
the parallel beam-to-core temperature ratio Ty /T, = 2.9; the
beam temperature anisotropy 7T, /T, =0.94; the mean
magnetic field Bo= 8.1 nT ; the sampling angle § = 39°; and
thﬁ: proton core speed along the Sun—Earth line V. =400 km
s .

These parameters are used to initiate three-dimensional (3D)
hybrid simulations with particle-in-cell protons and a quasi-
neutralizing electron fluid. The numerical code was developed
by Terasawa et al. (1986) and Vasquez (1995, 2015). Our setup
has been described in detail by Markovskii et al. (2019b, 2020)
and Markovskii & Vasquez (2022a, 2022b), and more
information can be found in those references. To simplify the
numerical model, the electron temperature and mass are set to
zero. The simulation grid is 128 cells in all three directions. The
simulation box size is L = 128 in the x-direction, and L, = 64
in the y- and z-directions in units of the proton inertial length
\ Q;l. The gyrofrequency (2, is defined with the initial mean
value of the magnetic field By, pointing in the x-direction. The
proton core and beam distribution functions are loaded as
spatially uniform drifting bi-Maxwellians. The drift speed of
the proton core V,; . =0, and beam V, ;, = 0.8V,. The initial ion
number densities and temperatures are uniform. The number of
proton core and beam particles per cell is 2000 and 1000,
respectively.

We initiate a turbulent cascade with seed fluctuations at the
low-wavenumber end of the spectrum. To evaluate the relative
initial rms amplitude of the magnetic field fluctuations, we use
the spectrum presented by Gary et al. (2015). The magnetic
power spectral density P(0.01) =20 nT? /Hz at a spacecraft
frequency of »=0.01 Hz. At larger frequences, P follows
approximately the Kolmogorov slope. Our own calculation of
the observed spectrum in this interval gives practically the
same quantitative result as that of Gary et al. (2015), as will be
seen below.

We then put Vsw =1V, in Equation (3) because our
simulation is in the proton core frame of reference. From here
and Equation (4),

172
1 |AB(0, x)[?
= = 0.038, 5
1283%: B} ©)
where the magnetic field fluctuation AB(f, x) at the initial
moment of time =0 is given by the formula

AB(0, x) = %Z[(SB(O, kexp(itk - x + ¢(k))) + c.c.].
k
(6)

Here x is the Cartesian spatial position vector, k is the
wavevector, and ¢(k) is a random phase. The seed spectrum of
the turbulence is confined to the modes (k, =0, k, = + 27 /L,
k.= +2x/L,). The proton core and beam velocity fluctuations
AV, are defined in the same way as AB in Equation (6). The
components of the vectors éB(0, k) and 6V, (0, k) obey the
polarization relations of linear Alfvén waves in the cold MHD
limit.
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Figure 5. Time dependence of the total intensity / of the unstable magnetic
fluctuations, normalized to BZ, corresponding to an initial turbulence amplitude
of (a) A=0 (black line), (b) A =0.038 (green line), and (c) A =0.072
(magenta line).

In our setup, a turbulence highly oblique to the mean
magnetic field develops from the seed spectrum before the
instability grows to a significant level. After that, the instability
keeps growing and eventually saturates. The turbulence affects
the instabilities driven by ion-temperature anisotropy and ion
beams by reducing the growth rate or the saturation level or
both (Markovskii et al. 2019b, 2020; Markovskii &
Vasquez 2022a, 2022b). In the present case, the instability
produces nearly parallel-propagating Alfvén waves, and the
mirror modes are not excited. The turbulence and instability are
well separated in the wavenumber space because of the
orientation of their wavevectors with respect to the mean
magnetic field. Therefore, we can calculate the total intensity /
of the instability at a given time by summing only the
intensities of the spatial Fourier modes |6B|? in the subspace of
the wavenumber space occupied by the unstable fluctuations.

The quantity / is plotted in Figure 5 as a function of time. As
can be seen from the figure,

: ) . The quantity
A in our sample interval is close to an average value of 0.039
for the intervals with the spectral elevation. In this case, the
difference between the green and black curves in Figure 5 is
not too large, so the effect of the turbulence is not very strong.
To compare it to the solar wind in general, we ran a simulation
with A =0.072 equal to the average value for all the spectra
regardless of the elevation. This produced a much stronger
effect (magenta curve in Figure 5).

We will now compare the spectra resulting from the
simulations to the observed one (Figure 6). To model the
observations, we ran an artificial spacecraft probe through the
simulation box. In order to get more statistical data, the probe
was run along multiple lines perpendicular to the z-axis and
inclined at an angle of 39° to the x-axis. This is the angle
between the sampling direction and the mean magnetic field
during the observed interval. The spectra calculated that way
were averaged over all the trajectories. The reduced spectra
were further averaged over the time intervals in the saturation
phase where the intensity of the unstable waves was not
changing much, namely, 1000 < ££2, < 1700 in cases (b) and
(c) in Figure 6 and 800 <¢€, <1500 in case (d). The
wavenumbers in the simulations were converted back to the
spacecraft frequency with the help of Equations (3) and (4) and
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Figure 6. Reduced magnetic power spectra from (a) the observational data, (b)
the simulation with A =0 (blue line), (c) A = 0.038 (magenta line), and (d)
A =0.072 (green line).

the parameters of the observed interval. To establish a
correspondence between the discrete numerical spectrum and
its continuous counterpart, we divide the power by the
frequency spacing between the discrete modes, which is equal
to the lowest frequency in our numerical system
Vo= 0.0031 Hz.

With the realistic parameters used in the simulations, the
numerical model (the magenta line (c) in Figure 6) accurately
reproduces the position of the observed spectral elevation (the
black line (a) in Figure 6) on the frequency axis. For reference,
we show the power peak associated with the instability without
turbulence (the blue line (b) in Figure 6). The turbulence
spectrum at lower frequencies outside of the elevation also
matches closely. However, the magnitude of the elevation is
smaller than the observed one. This suggests that the instability
in the solar wind is stronger than in the numerical model. One
of the possible reasons is that the actual distribution function is
not described by a bi-Maxwellian with core and beam
components, as was assumed in the interpretations of the
observational data.

The green curve (d) in Figure 6 demonstrates the effect of a
higher turbulence intensity on the instability. In this hypothe-
tical case, where the intensity would be the same as in the
average solar wind, the spectral elevation is not visible.

. We also note that the spectral
elevation in our simulations disappears when the sampling
angle 0 approaches 90° (not shown). This behavior is in
qualitative agreement with the results of Hellinger et al. (2019).

5. Conclusion

We have performed a statistical analysis of observed
magnetic spectra with a power elevation at 1au. We have
shown that the elevations are seen only when the intensity of
the ambient solar wind fluctuations is sufficiently low. The
intensity is defined at a fixed small faction of the inverse proton
inertial scale so that the scale is outside of the power elevation
range. There is a statistically significant difference between the
average intensities for the intervals with a power elevation and
the solar wind in general. Assuming that the spectral elevations
are caused by thermal-ion instabilities, this suggests that on
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average the effect of the background solar wind is strong
enough to suppress the instability or obscure it or both.

We have then carried out nonlinear numerical simulations
with particle ions and a quasi-neutralizing electron fluid to
model a thermal-ion instability coexisting with an ambient
turbulence. The parameters of the simulation were taken from a
known solar wind interval where an instability was assumed to
exist based on the linear theory and a bi-Maxwellian fit of the
observed distribution function with core and secondary-beam
protons. The intensity of the turbulence also matched the
observed value, which was close to the average intensity
among the spectra with power elevations. We have found that
the turbulence reduces the saturation level of the instability but
not by much. We have also run a simulation with the
turbulence intensity equal to the average value in the solar
wind in general. This produced a much larger reduction of the
saturation level.

To compare the observed spectra with the numerical model,
we used an artificial spacecraft probe in our simulations to
calculate a reduced spectrum along the same sampling direction
with respect to the mean magnetic as the observed one. The
simulations produce a spectrum that closely matches the
position of the observed spectral elevation in the wavenumber
space. This confirms that the thermal-ion instability is
responsible for the elevation. At the same time, the magnitude
of the elevation in the numerical model turns out to be smaller.
It is not clear why the instability in the actual solar wind is
stronger, and further investigation of this issue is needed. It is
possible that the measured ion distribution function is more
complex than the assumed fit. When the higher intensity of the
turbulence is used in the simulation, the power elevation is no
longer seen. This is in agreement with the reduced observa-
bility of the elevations at higher intensities. However, the
simulations show that the turbulence does not just obscure the
instability but also lowers the intensity of the unstable
fluctuations.

The Wind spacecraft data were obtained from CDAWeb
(https://cdaweb.gsfc.nasa.gov). The authors are grateful to the
Wind/IMF and Wind/SWE teams for making the data
available. This work was supported by NASA Heliophysics
Supporting Research Program under grants 8ONSSC21K1674
and 8ONSSC19K0832 and by the NSF SHINE Program under
grant AGS2005982 to the University of New Hampshire. The
simulations were performed on Marvin, a Cray CS500
supercomputer at the University of New Hampshire. Marvin
is supported by the NSF Major Research Instrumentation
Program under grant AGS1919310.
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