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Abstract

The power spectrum of magnetic field fluctuations in the fast solar wind (Vsw > 500 km s ") at magnetohydrodynamic
scales is characterized by two different power laws on either side of a break frequency f,. The low-frequency range at
frequencies f smaller than f;, is often viewed as the energy reservoir that feeds the turbulent cascade at > f;,. At
heliocentric  distances r exceeding 60 solar radii (R), the power spectrum often has a 1/f scaling at
f<f, i.e., the spectral index is close to —1. In this study, measurements from the Parker Solar Probe’s Encounter 10
with the Sun are used to investigate the evolution of the magnetic field power spectrum at f < f;, at r < 60 Ry during a
fast radial scan of a single fast-solar-wind stream. We find that the spectral index in the low-frequency part of the
spectrum decreases from approximately —0.61 to —0.94 as r increases from 17.4 to 45.7 R,. Our results suggest that the
1/f spectrum that is often seen at large r in the fast solar wind is not produced at the Sun, but instead develops
dynamically as the wind expands outward from the corona into the interplanetary medium.

Unified Astronomy Thesaurus concepts: Magnetohydrodynamics (1964); Solar wind (1534); Interplanetary

turbulence (830)

1. Introduction

The heliosphere is permeated by the solar wind, a supersonic
and super-Alfvenic plasma flow of solar origin that continually
expands into the heliosphere. Throughout its radial expansion,
the solar wind has a strongly turbulent character (Bruno &
Carbone 2013), with spatial and temporal variations over a
wide range of scales (see, e.g., Goldstein et al. 1995;
Verscharen et al. 2019). For example, at frequenciesf in the
spacecraft frame that correspond (via’s Taylor’s 1938 hypoth-
esis) to “magnetohydrodynamic (MHD)” length scales (i.e.,
length scales much larger than the proton gyroradius), the
power spectral density (PSD) observed in the fast solar wind
near Earth displays different power-law scalings f®» on either
side of a break frequencyf;, ~10 2 s™' (Bruno & Car-
bone 2013). At f<f,, ap is often ~ —1, especially in the fast
solar wind (Tu & Marsch 1995; Bruno & Carbone 2013). At
f>fo, ap is approximately —5/3 to —3/2. Such a spectral
index, combined with the observed anisotropy of solar-wind
turbulence (e.g., Matthaeus et al. 1990; Horbury et al. 2008;
Sahraoui et al. 2010; Wicks et al. 2011; Chen et al. 2012), is
consistent with theories of anisotropic MHD turbulence,
including the possible presence of dynamic alignment and
intermittency (Goldreich & Sridhar 1995; Maron & Gold-
reich 2001; Boldyrev 2005; Beresnyak & Lazarian 2008;
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Schekochihin 2022).
The range f' < f;, is sometimes called the “energy-containing
range,” and the corresponding length scales are sometimes
called the “energy injection scales.” The origin of the 1/f
scaling at f < f;,, which is often observed in fast solar wind not
only near Earth but also more generally at r > 60 R, is still
under debate (Bruno et al. 2019). Roberts (1989) found that the
amplitudes of the fluctuations at ' < f;, evolve between 0.3 and
lau in the same way as Alfvén waves undergoing WKB
propagation without turbulent decay. He then suggested that if
no nonlinear decay occurs between 0.3 and 1 au, then no decay
should occur between the corona and 0.3 au, as the fractional
variations in B are smaller closer to the Sun. If correct, his
arguments would imply that the 1/f part of the spectrum is
produced at the Sun. Matthaeus & Goldstein (1986) offered a
different argument that the 1/f scaling is produced at the Sun,
suggesting that the 1/f scaling results from superposing
different, uncorrelated samples of fluctuations originating from
different regions of the solar surface. Other studies have taken
an opposing point of view, attributing the 1 /f scaling in the fast
solar wind to turbulent dynamics within the solar wind. For
example, some studies have linked the 1/f spectrum to
reflection-driven MHD turbulence (Velli et al. 1989; Verdini
et al. 2012), in which non-WKB reflection is the primary
source of the sunward-propagating Alfvén waves that interact
nonlinearly with the dominant outward-propagating Alfvén
waves. It has also been suggested that the 1/f scaling seen by
the Helios spacecraft in the fast solar wind at >3 x 10~*
(Tu & Marsch 1995) is produced in situ during the nonhnear
evolution of the parametric decay instability (Chandran 2018).

2015; Mallet & Schekochihin 2017;
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Matteini et al. (2018) proposed that the existence of a 1/f
spectrum in Alfvénic fast streams is associated with the
presence of an observational cutoff in the distribution of the
fluctuations and the saturation of their mean amplitude.

In this paper, we use measurements from the Parker Solar
Probe (PSP) to investigate the evolution of the magnetic PSD at
f<fy as rincreases from 17 to 45 solar radii (R;). We focus on
a data interval during which PSP executed a fast radial scan of
a single fast-solar-wind stream, so that the radial variations of
solar-wind properties during this interval can be plausibly
mapped to temporal variations of those properties in the solar-
wind rest frame. Section 2 describes the data we analyze in
more detail, as well as the magnetic connectivity of PSP to the
Sun during the period we consider. In Section 3, we present our
main results, and in Section 4 we summarize our findings and
conclude.

2. Data

In this study, we analyze magnetic field and velocity data
from PSP Encounter 10 from 2021 November 17 to 20,
covering a heliocentric radial distance range 0.08-0.22 au (17.4
to 45.7R;). Over the entirety of PSP’s Encounter 10, PSP
connected to a series of three isolated midlatitude negative-
polarity coronal holes (Badman et al. 2023). PSP traversed all
three in rapid succession as it moved prograde over the solar
surface near perihelion. Most of this motion, however, occurred
over the course of 2 days from 2021 November 21 to 23,
during which PSP moved nearly 90° in longitude. Prior to this,
and most relevant for the present study, PSP was near
corotation with the Sun while moving inwards rapidly: from
November 17 to 20, PSP’s heliographic location varied by less
than 10° in Carrington longitude, and field-line mapping places
the source region near the center of the same coronal hole for
this entire period. From November 17 to 19, the footpoints
moved very slighly in retrograde, away from the center (peak)
of the fast wind stream and toward the east limb. Over the
remainder of November 19, PSP went through corotation and
then began to migrate slowly prograde before passing over the
fastest part of the stream around midday on November 20
(Badman et al. 2023). The data interval that we analyze
basically provides a radial scan of the same fast-solar-wind
stream. Note that this interval excludes not only crossings of
the heliospheric current sheet but also coronal mass ejections.

For this study, we used magnetic field data from the
outboard fluxgate magnetometer (MAG) from the FIELDS
instrument suite (Bale et al. 2016) at a resolution of 0.21845 s.
The velocity data are derived from Solar Wind Electrons
Alphas and Protons (Kasper et al. 2016) measurements made
by the Solar Probe Analyzers at a resolution of 3.491s (Livi
et al. 2022).

Figure 1 illustrates the trajectory of the probe over the period
we analyze. As this figure shows, during this time interval PSP
was traveling approximately radially from 45.7 to 17.4 R,. Also
shown in Figure 1 is the radial velocity of the solar wind,
denoted by Vi, with lighter colors corresponding to the fast
solar wind. All radial velocities that we show in this paper are
in the Sun’s rest frame, not the spacecraft frame. Figure 2
reproduces the data for Vg, in a different format, along with the
heliocentric distance of PSP, both as functions of time. As
shown in both figures, over this time interval the solar wind
was fast solar wind, with V,, exceeding 500 km s~ most of the
time. Throughout this interval, the spacecraft-frame Vi,
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Figure 1. Encounter 10 orbital trajectory of the Parker Solar Probe from
November 17 to mid November 20 plotted in Carrington (solar-corotating)
coordinates. Colored blocks along the trajectory are color-coded by magnetic
spectral index. Parker spiral magnetic field lines colored by the measured radial
solar-wind velocity show that the portion of the trajectory studied in this work
remains in the same fast-solar-wind stream while traveling nearly radially with
respect to the Sun.

exceeds the Alfvén speed, and thus Taylor’s (1938) hypothesis
is approximately satisfied (see also Chhiber et al. 2019; Chen
et al. 2021; Perez et al. 2021).

3. Results

One common method to measure the multiscale nature of
turbulence is via the PSD of the turbulent fluctuations as a
function of the spacecraft-frame frequency. To examine the
evolution of the magnetic field fluctuation spectrum and the
low-frequency spectral properties of solar wind observed by
PSP, we divide the MAG data into 12 hr intervals. For each
interval, we employ a fast Fourier transform (FFT) to build the
PSD of the magnetic fluctuations. To improve the clarity of our
plots, we average the spectra over a sliding window of a factor
of 2 in the frequency domain. The power spectra for the
different 12 hr intervals are shown in Figure 3, with each
spectrum colored by heliocentric distance. It can be seen that
the power levels systematically decrease with increasing
heliocentric distance, with a total decrease exceeding one
order of magnitude over the range of distances considered. This
behavior is consistent with observations at 7 > 0.3 au and is due
to the expansion of the solar wind and the turbulent cascade
(Heinemann & Olbert 1980; Tu & Marsch 1995).

Throughout the range of distances studied, the power spectra
show a power-law range compatible with models of inertial-
range MHD turbulence for frequencies exceeding the break
frequency f;, introduced in Section 1, which is ~10"2s~" for
the top few spectra shown in Figure 3. The spectral indices at
> fo fall within the expected range (—5/3, —3/2) predicted in
theories of MHD turbulence (e.g., Goldreich & Sridhar 1995;
Maron & Goldreich 2001; Boldyrev 2005; Beresnyak &
Lazarian 2008; Chandran et al. 2015; Mallet & Schekochi-
hin 2017) and recent PSP observations (Chen et al. 2020;
Sioulas et al. 2023), but this frequency range is not the focus of
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Figure 2. Top: variation of the radial solar-wind velocity. Bottom: heliocentric distance of the Parker Solar Probe.
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Figure 3. Magnetic field power spectrum for different heliocentric distances.
Several power-law slopes are marked for comparison.

the present study. Figure 3 marks several power-law slopes for
comparison.

Figure 4 shows the power spectra for three different
heliocentric distance ranges. This figure also shows the local
spectral index ap(f), which we compute by determining the

best linear fit to the power spectrum in log(PSD) — log(f)
space in the frequency interval (f/~/10, ~/10f), i.e., over a
factor of 10 in frequency. As r increases from ~20 R to ~240
R,, the value of ap at f<f, decreases from ~ —0.5 to
~ —1; that is, the power spectrum at the low-frequency range
gradually steepens toward a 1/f spectrum. It can also be seen in
Figure 4 that f,, decreases asr increases, as also happens at
larger r (Bruno & Carbone 2013; Chen et al. 2020). Note the
low-frequency power laws are not perfect power laws, possibly
due to the limited statistics, but the difference in the slopes can
still clearly be seen.

Figure 5 illustrates the radial evolution of f;, and the value of
ap at f<f, using all seven 12 hr intervals. For this plot, we
employ a method to compute aj that differs from the one used
in Figure 4. In particular, we fit the power spectra to a double
power law and adjust the following four parameters simulta-
neously to optimize the fit: the break frequencyf,, the
amplitude of the power spectrum at f = f;,, the spectral index at
f</fv, and the spectral index at f> f,. The spectral index at
f<fy from this procedure is denoted by «ap in Figure 5. As
shown in this figure, the spectral index at f < f;, decreases from
—0.61 at 174 R, to —0.94 at 45.7 R,. Over the same radial
interval, the break point frequency decreases from 7.4 x 10>
to 2.7 x 1072 s~ ", Our results suggest that the energy-contain-
ing range of the spectrum develops dynamically within the fast
solar wind over this range of radii, and that the 1/f spectrum
seen in fast solar wind at r > 0.3 au is not produced at the Sun.

To explore the extent to which our results may depend on
our analysis technique, we reanalyze the data using a wavelet
transform. Specifically, we use the maximal overlap discrete
wavelet transform (MODWT; Percival & Mondal 2012), which
provides direct estimates of the spectral index and its
confidence interval for individual octaves (factors of 2 in
frequency). We then determine an effective spectral index at
f<fy by averaging the wavelet spectral indices over the
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Figure 4. Top: magnetic field power spectra. Bottom: local spectral index for different heliocentric distances. The horizontal dotted lines mark the values ag = —1/2,
—3/2, and —5/3.
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Figure 5. Left: variation of the magnetic field spectral index. Right: spectral break point with heliocentric distance. Blue points refer to the fast Fourier transform
(FFT) approach and orange triangles refer to the maximal overlap discrete wavelet transform (MODWT) approach.

frequency range (4 x 10 *s™', 3 x 107 *s™") for each of the
seven 12 hr intervals in our study. As shown in Figure 4, the
power spectra calculated from the two methods (top) are
consistent with each other. Further, both methods produce
consistent local spectral indices (bottom) over the high-
frequency range, but gradually deviate from each other for
f<2x107%s ', Figure 5 shows that the resulting low-
frequency spectral indices decrease from ~ —0.5 to ~ —0.9
as r increases from 17 to 45 R, similar to the spectral indices
inferred from the PSDs.

As noted by Kraichnan (1965), an Alfvén-wave packet tends
to propagate parallel or antiparallel to the direction of the local
background magnetic field, which is the local spatial average of
the magnetic field over a volume several times larger than the
Alfvén-wave packet. For the fluctuations at f< f;, this local
background magnetic field is comparable to a 1 hr average of
the magnetic field. According to Taylor’s (1938) hypothesis,
temporal variations in the spacecraft frame correspond to
spatial variations along the direction of the solar-wind velocity
V as measured in the spacecraft frame. The frequency spectra
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Figure 6. Variation of the angle between the mean magnetic field and mean velocity field in the spacecraft frame 635.

that we plot thus correspond to 1D wavenumber spectra along
the direction of V, i.e., integrals of the 3D wavenumber spectra
over the two wavenumber components orthogonal to V. To
interpret the frequency spectra, we compute the angle 63g
between running 1 hr averages of B and the spacecraft-frame
velocity V. As shown in Figure 6, most of the time
160° < B3 < 180°. Because sin(#%) is small, the frequency
spectra that we measure at f < f;, correspond approximately to
the parallel-wavenumber spectra of the low-frequency fluctua-
tions, i.e., the 3D wavenumber spectra integrated over both of
the wavenumber components perpendicular to the local average
magnetic field (the direction of which, up to an overall sign, is
close to the direction along which fluctuations in the 1/f range
propagate). The evolution toward a 1/f spectrum in this fast-
solar-wind stream is thus similar to the evolution toward a 1/k;
spectrum that occurs during the nonlinear evolution of the
parametric decay instability when slow magnetosonic waves
are strongly damped, where k| is the wavenumber component
parallel to the average magnetic field (Chandran 2018).

4. Summary and Conclusion

In this paper, we have examined magnetic field data from
PSP’s Encounter 10, specifically from 2021 November 17 to
20. During this interval, PSP was moving approximately
radially within fast solar wind, as illustrated in Figure 1, and
was magnetically connected to a single midlatitude coronal
hole (Badman et al. 2023). The magnetic power spectra
presented here all show an approximate double power-law form
over the frequency range (10 *s™', 10°s™"), with a break
frequency f;, that gradually decreases as r increases. Our
principal finding is that the spectral index at f < f;, gradually
decreases from —0.61 to —0.94 as r increases from 17.4 to
45.7 R,. Although we have analyzed only a single fast-solar-
wind stream, our results suggest that the 1/f power spectrum
that is observed in fast wind at f<f;, at r <60 R, does not
originate at the Sun, but instead evolves dynamically as the
solar wind flows from the corona out to r~ 60 R,. Further
analysis of more solar-wind streams is needed to determine the
extent to which the behavior we find characterizes the fast solar
wind as a whole.

If the spectral index at f<f, does indeed evolve dynami-
cally, then determining the physical mechanisms responsible
for this evolution is an important unsolved problem. As
mentioned in the introduction, previous studies have argued
that a 1/f scaling can be produced by nonlinear interactions in
reflection-driven Alfvén-wave turbulence (e.g., Velli et al.

1989; Verdini et al. 2012) or by the nonlinear evolution of the
parametric decay instability (Chandran 2018). However, further
investigation is needed to determine whether these mechan-
isms, or some other mechanism, can explain the PSP
measurements we have presented. This further investigation
includes additional work to elucidate the effects of reflection-
driven turbulence and parametric decay on the spectrum at
f<fv as well as additional observational investigations. In
addition to the previously mentioned need to determine
whether the radial evolution of agp at f < f;, that we have found
occurs in a larger sample of fast-solar-wind streams, more work
is needed to characterize the radial evolution of other types of
fluctuations besides fluctuations of B. In particular, it will be
important to determine the radial evolution of fluctuations in
the density, velocity, and Elsédsser variables (Elsasser 1950),
which correspond to Alfvén-wave fluctuations propagating
toward and away from the Sun in the plasma frame.
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