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New Observations of Solar Wind 1/f Turbulence Spectrum from Parker Solar Probe
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ABSTRACT

The trace magnetic power spectrum in the solar wind is known to be characterized by a double
power law at scales much larger than the proton gyro-radius, with flatter spectral exponents close to
-1 found at the lower frequencies below an inertial range with indices closer to [-1.5, —1.6]. The origin
of the 1/f range is still under debate. In this study, we selected 109 magnetically incompressible solar
wind intervals (6| B|/|B| < 1) from Parker Solar Probe encounters 1 to 13 which display such double
power laws, with the aim of understanding the statistics and radial evolution of the low frequency
power spectral exponents from Alfvén point up to 0.3 AU. New observations from closer to the sun
show that in the low frequency range solar wind turbulence can display spectra much shallower than
1/f, evolving asymptotically to 1/f as advection time increases, indicating a dynamic origin for the
1/ f range formation. We discuss the implications of this result on the Matteini et al. (2018) conjecture
for the 1/f origin as well as example spectra displaying a triple power law consistent with the model
proposed by Chandran et al. (2018), supporting the dynamic role of parametric decay in the young
solar wind. Our results provide new constraints on the origin of the 1/f spectrum and further show
the possibility of the coexistence of multiple formation mechanisms.

Keywords: Magnetohydrodynamics(MHD); Solar Wind; Plasmas; Turbulence; Waves

1. INTRODUCTION exponents in the inertial range around -5/3 (or closer
to -3/2 in the inner heliosphere) and -1 at larger scales,
respectively. This double power law is usually found
in the fast wind (Bavassano et al. 1982; Denskat &

The trace magnetic power spectrum (PSD) in the so-
lar wind is often characterized by a double power law
from intermediate to large scales, with power spectral
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Neubauer 1982; Burlaga & Goldstein 1984), and recently
in very long intervals of slow wind (Bruno et al. 2019),
and also in extremely long interval without regard to
wind speed (Matthacus & Goldstein 1986). The low
frequency (or large scale in configuration space, con-
verted with modified Taylor Hypothesis Taylor (1938);
Perez et al. (2021a)) range of the spectrum has been
considered as the energy reservoir that facilitates the
turbulence cascade in the solar wind. The origin and
formation mechanism of the 1/f range of the PSD is
still not well-understood and under active debate (see
e.g. Matthaeus & Goldstein (1986); Velli et al. (1989);
Dmitruk & Matthaeus (2007); Bemporad et al. (2008);
Verdini et al. (2012); Matteini et al. (2018); Chandran
(2018); Magyar & Doorsselaere (2022)). It is worth not-
ing that the 1/f range of the spectrum is indicative of
a scale-independent fluctuation energy distribution, i.e.
equipartition of energy over all scales (Keshner 1982).
Moreover, 1/f spectrum is also seen in plasma density
fluctuations from Ulysses at similar frequencies, espe-
cially in the high latitudes intervals (Matthaeus et al.
2007).

The majority of the models proposed for the double
power law were built on an a priori assumption of the
existence of 1/ f spectrum at low frequency. For example
Velli et al. (1989) proposed that the secondary incom-
ing waves generated by linear coupling of the dominant
outgoing waves to the large scale solar wind inhomo-
geneity could facilitate a quasistationary self-similar cas-
cade, resulting in a 1/k scaling. (Montroll & Shlesinger
1982; Matthaeus & Goldstein 1986) suggest that the 1/ f
spectrum results from the superposition of uncorrelated
samples of solar surface turbulence that have log-normal
distributions of correlation lengths corresponding to a
scale-invariant distribution of correlation times over an
appropriate range of parameters. The scale invariance
originates in the dynamo and manifests in the photo-
spheric magnetic field.

There are however few notable exceptions. For ex-
ample it has been pointed out by Chandran (2018)
(henceforth denoted as C18) that in Fig 2-2 of Tu &
Marsch (1995), the low frequency z* (Elsasser variables:
z* =V F B/\/fiop) spectrum were as shallow as f~0-°
in the low frequency range, which C18 referred as ‘in-
frared’ range. C18 used this as an input to the model
and the parametric decay induced inverse cascade of out-
ward propagating Alfvén wave would eventually produce
a triple power law 2T spectrum with 1/f in the middle
frequency range between ‘infrared’ range and the inertial
range.

Another example would be the conjecture proposed
by Matteini et al. (2018) (henceforth denoted as M18)

which tried to build a connection between spectral
properties and magnetic compressibility. In particular,
there’s a paradox between an arbitrary power law index
and low magnetic compressibility at all scales. Their
conjecture shows that, for turbulence with low magnetic
compressibility, if the magnetic fluctuations fully satu-
rate over the scales, i.e. (0B) = (0B) ~ |B| = B, we
have (0B/B) ~ (6B)/B ~ 1. According to the well-
known relation which connects the slope in the power
spectrum P(k) o k%, and the exponent in the second
order structure function §B? o 728 via: a = 28 — 1,
—3 < a < —1 (see e.g. (Monin & Jaglom 1987), and
here we translate the frequency f in to wavenumber k
with Taylor Hypothesis, and scale [ ~ 1/k), we see that
when (6B/B) ~ 1 for sufficiently large scales (Note that
(0B/B) is a function of temporal increment 7 or scales
[ in configuration space.), we have 8 ~ 0, and hence
a 2 —1, for the same scale range. Consequently, 1/f is
the steepest possible realization of power spectrum when
magnetic fluctuations fully saturate to the (§B/B) ~ 1
state. In addition, their result leads to a straightforward
connection between the scale [y at which magnetic field
fluctuations fully saturate (i.e. (§B/B) ~ 1) and the
spectral breakpoint fp of the double power law in PSD.
M18 argued that closer to the sun, unless the 1/f range
is formed in the solar corona and advected outwards pre-
serving its shape, it should gradually disappear moving
closer to the sun where 6B/B < 1.

Previous observations with Ulysses, Helios, WIND
have only explored the heliosphere beyond 0.3 AU. It
is well known that due to solar wind expansion, B de-
creases like R~2 radially per conservation of magnetic
flux (or Parker Spiral (Parker 1958), because the field
is mostly radial close to the sun) and B decreases like
R~15 per WKB theory (see e.g. Whang (1973); Heine-
mann & Olbert (1980); Velli et al. (1991); Tu & Marsch
(1995); Huang et al. (2022)), where R is heliocentric dis-
tance. And hence (§B/B) is expected to increase radi-
ally as R from Alfvén critical point (where B2, 6V?
VewVa/(Va + Vip)? reaches its absolute maximum per
WKB theory. However, the peak is expected to locate
inside the Alfvén point due to non-WKB effects, see e.g.
Cranmer & Ballegooijen (2005); Verdini & Velli (2007);
Chen et al. (2020); Bandyopadhyay et al. (2022)) until
it reaches its full saturation at 1 around 0.3 AU. There-
fore, closer to the sun, based on the WKB prediction,
we expect to see magnetically incompressible intervals
with partial saturation ((§B/B) ~ const, const < 1), or
without saturation ((§B/B) keeps increasing over scales
but smaller than 1). It is hence important to validate
the connection between 1/f spectrum and low magnetic



compressibility with solar wind closer to the sun where
full magnetic fluctuations saturation is not achieved.

As a consequence, with new observations much closer
to the sun from Parker Solar Probe (PSP) (Fox et al.
2016), there are two major questions to be investigated:
1. What are the statistics and radial evolution of low fre-
quency power spectral exponents; 2. With the new evi-
dence from closer to the sun, what new constraints can
be applied to the existing models of 1/f spectrum. To
answer these questions we perform a systematic search
for magnetically incompressible (§|B|/|B| < 1) solar
wind intervals that are characterized by a double power
law with PSP data from Encounter 1 to Encounter 13.
The rest of the paper is organized as follows: In section
2, we explain the data selection and analysis procedure;
In section 3, we show the main results; In section 4, we
discuss the implications from new observations on Mat-
teini et al. (2018) and Chandran (2018); In section 5, we
conclude and summarize the main results.

2. DATA AND ANALYSIS PROCEDURES

In order to study the low frequency spectral proper-
ties of magnetically incompressible solar wind observed
by PSP, we performed a systematic search for magneti-
cally incompressible turbulence intervals from E1 (Nov
2018) to E12 (Jun 2022). We mainly use high-resolution
vector magnetic field measurements from FIELDS in-
struments (Bale et al. 2016) to calculate the magnetic
turbulence spectrum, and proton measurements from
SWEAP instruments (Kasper et al. 2016) and Quasi
Thermal Noise (QTN) electron density measurements
(Moncuquet et al. 2020; Pulupa et al. 2017) to support
interval selection.

2.1. Interval Selection

Our selection of magnetically incompressible solar
wind intervals is based on the evaluation of the scale-
dependent magnetic compressibility np(T):

ns(T) = <'B'<|E§|f'>T> 1)

where ()7 is the ensemble average at scale T, and ()
is the ensemble average throughout the interval. For
all intervals, we ensure that np is smaller than 0.1 for
any given scale T. Moreover, due to the rapid move-
ment of the spacecraft around perihelia, careful selec-
tion is needed to ensure that the spacecraft stays within
the same type of solar wind over the selected interval.
Therefore secondary parameters, including solar wind
speed Vi, = |V, thermal speed Vi, = +/2kpT/m,,
normalized cross helicity 0. = (27° = 2=%)/(z+> +272),

3

plasma 3 = 2uoP/B?, proton density n,, Carrington
longitude, Heliocentric distance R, and advection time
tadv = R/Vsy, are examined to differentiate different so-
lar types (see Figure 1 panels al-a5). With our selection
criteria, we ended up with 109 non-overlapping magnet-
ically incompressible solar wind intervals observed by
PSP from E1 to E13, with total 1500 hours worth of
data (see Figure 2c¢ for histogram of interval lengths).
Note that the jets in the solar wind speed in panel a2,
which are accompanied with partial or total reversal
of B, in panel al are known as switchbacks, and have
been studied by numerous recent studies (see e.g. Bale
et al. (2019); Dudok de Wit et al. (2020); Tenerani et al.
(2020); Farrell et al. (2020); Mozer et al. (2020); Wool-
ley et al. (2020); Bourouaine et al. (2020); Martinovi¢
et al. (2021); Larosa et al. (2021); Tenerani et al. (2021);
Hernéndez et al. (2021); Laker et al. (2021); Meng et al.
(2022); Shi et al. (2022b); Huang et al. (2023) and ref-
erences therein). They are known as large amplitude
or spherically polarized Alfvén wave (Mallet et al. 2021;
Mallet & Chandran 2021) with almost constant mag-
netic modulus.

2.2. Diagnostics: Magnetic Trace Power Spectrum and
Structure Function

For each interval, the following two diagnostics are
calculated: trace power spectrum density (PSD) and
normalized first-order structure function (SF) for vec-
tor magnetic field. To produce a reliable low frequency
turbulence spectrum, for each interval, we calculate the
trace power spectrum density (PSD) with both Morlet
Wavelet Transformation (WL) and Fast Fourier Trans-
formation (FFT). For FFT, we smooth the spectrum by
averaging over a sliding window of a factor of 2 in the
frequency domain (sm-FFT). The smooth spectra calcu-
lated with the two methods (WL and sm-FFT) generally
overlap with each other perfectly in the high frequency
range but gradually deviate from each other at the low
frequency end. Therefore, we keep the spectrum up to
the frequency where more than 70% of points fall out of
the Cone of Influence (Col) of the WL spectrum, and
we trust only the frequency range where WL overlap
with sm-FFT. We calculate the power law fit index «
by fitting on the WL PSD unless specified otherwise,
and henceforth referred simply as PSD.

We follow the steps described in M18 to calculate
the normalized first-order structure function for vector
magnetic field. We apply 200 logarithmically spaced
lags At as temporal increment of vector magnetic field
0B(t,At) = B(t) — B(t + At) within the range (1s,
length of interval/2). The normalized first-order struc-
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Figure 1. Example of a magnetically incompressible solar wind interval from PSP Encounter 10, close to the perihelion.

The particle data of this interval are provided by SPAN (Livi et al. 2022). (al-a5) show time series of magnetic field By, in
RTN coordinates; solar wind speed Vsw and solar wind thermal speed V;,; cross helicity o. and plasma beta §; proton density
np and Carrington longitude; and heliocentric distance R in solar radii Re and advection time tqq» = R/Vsw, respectively.
The selected interval is indicated with the red shaded area enclosed by two red dashed lines. (b) Power law fitting index «
as a function of frequency f of trace PSD. (¢) Fast Fourier Transformation (FFT) is plotted in blue as background, smoothed
FFT PSD is the green line, and Morlet Wavelet Transformation (WL) PSD is the orange line. The two pairs of red crosses
accompanied with red and green shaded areas indicate the ranges of frequency over which the power-law fits are applied, and the
two fitted lines are shown in dashed and dashed-dot lines. The gray shaded area is the frequency range where more than 70% of
points fall out of the Cone of Influence (Col) of wavelet transformation. The red dashed line indicates the intersect of two fitted
lines, interpreted as the low frequency break point. (d) Power law fitting index 3 as a function of frequency f of the normalized
structure function SF. (e) Normalized first order structure function (§B/B) as a function of frequency f = 1/(2* At), where At
is the temporal increment. Two fits are applied to the same frequency ranges from (c), which produce a similar low frequency
break point, indicated by the green dashed line.

ture function is then calculated by:

SP(A) = S, (80 = (BEEZ) )
where we denote |0B| as 6B and |B| as B, and (), is
average with regard to ¢ for scale At. Note that the
intervals we select are magnetically incompressible, and
hence B can be considered as scale-independent and can
be taken out of the averaging window ();. The resultant
SF(At) in the temporal domain is finally converted to
SFE(f) in the frequency domain via f = 1/(2 - At) be-
cause a half period in the absolute fluctuation corre-
sponds to the full period in the non-absolute one.

To extract spectral information from PSD, we apply
power law fit on PSD in both low and MHD inertial
frequency ranges where the spectrum stabilize visually
(red and green shaded area in Figure 1lc), and we ob-
tain two power law fits with indices oy, and apgp
(black dashed line and dashed dotted line in Figure 1c).
The intersect of the two fit lines is interpreted as the
low frequency break point (fp psp, red dashed line).
To compare the spectral properties of PSD and SF, we
apply power law fit in the same frequency ranges to SF
(extended shaded area in Figure le), and the intersect
of two fit lines is also interpreted as the low frequency
break point (fp sr, green dashed line). Clearly the two
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Figure 2. (a) Histograms of power law fit index a of low
frequency (blue) and MHD frequency (red) ranges. The av-
eraged index values are indicated with corresponding dashed
lines and are shown in the legends. The expected power
spectral exponent value range from various phenomenologies
is indicated with red shaded area. (b) Statistics of length
and mean radial distance of the selected 109 intervals. (c)
Histogram of interval lengths. The average length is 13.72
hours (shown as legend with accompanied with dashed line),
with minimum of 1.08 hours and maximum of 64.70 hours.

break frequencies fp psp and fp gr are very close to
each other, consistent with M18. The small deviation
may be attributed to spectral leakage of the structure
function, which leads to a spectrum smoother than the
wavelet or PSD result. For completeness, two moving
fits a(f) and B(f) with window size of 1/3 decade on
PSD and SF are shown in Figure 1b and 1d.

3. RESULTS
3.1. Statistics of Power Spectral Exponents

For the 109 intervals, power law fit is applied to
both high frequency (MHD /inertial) and low frequency
ranges with the method described in section 2.2. The
primary statistical results are presented in Figure 2a, in
a style similar to Figure 6 in Bruno et al. (2019). The
histogram of power law fit index in the MHD inertial
range ap;gp is shown in dark red. Most of the inter-
vals have an inertial range spectral exponent that falls
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within the expected value range [-1.67, -1.5], predicted
by many existing phenomenologies (Kolmogorov 1941;
Iroshnikov 1964; Kraichnan 1965; Sridhar & Goldreich
1994; Goldreich & Sridhar 1997; Boldyrev 2005, 2006),
consistent with recent observations (see e.g. Chen et al.
(2020); Telloni et al. (2021); Shi et al. (2021); Kasper
et al. (2021); Zank et al. (2022); Sioulas et al. (2023a,b);
Raouafi et al. (2023)). However, for the low frequency
range fit index (a0, dark blue), the spectral exponents
have an unexpectedly wide distribution, and the major-
ity of them are larger than —1, i.e. the corresponding
low frequency spectra are shallower than 1/f.

3.2. Radial Evolution and Dependence on Solar Wind
Speed

The radial evolution of power law fit index of PSD
in the low frequency range ay, is shown in Figure 3,
sorted with advection time t,4, = R/Vsw in 3a and he-
liocentric distance R in 3b. To display the trend of evo-
lution, a binned average weighted with interval length is
plotted on top of the scatters. When we sort the inter-
vals with advection time t,4,, a clear asymptotic evolu-
tion from shallower spectrum towards 1/f spectrum is
seen. However, when sorted with heliocentric distance
R, no clear trend is found, and instead a;,,, is scattered
in a wide range of values below 0.3 AU. For complete-
ness, the dependence of ayr., on solar wind speed is
shown in panel c. For intervals with very low solar wind
speed (~ 200 km/s), which are typically observed very
close to the sun, ar, are mostly close to -1, i.e. very
close to 1/f spectrum. For intervals with higher solar
wind speed, no obvious trend is observed. Therefore,
for the very low speed streams, it is possible that the
1/f spectrum originated from the solar corona (see e.g.
Matthaeus & Goldstein (1986)).

However, substantial solar wind acceleration has been
observed below 0.3 AU (see e.g. Shi et al. (2021); Sioulas
et al. (2022); Shi et al. (2022a)). In other words, the so-
lar wind speed is a radially varying parameter even for
the same stream, and hence the dependence of a4, on
solar wind speed should be taken with caution. More-
over, it should be also noted that the actual advection
time is an integrated quantity, and thus the t,4, used
here can be merely considered as a proxy to the real
advection time. And the interval length systematically
grows with advection time and heliocentric distance, and
hence ayy, is acquired from lowering frequency range
with increasing t,4, and R. The radial evolution of ay,
could be associated with the change in fitting frequency
range.

4. DISCUSSIONS
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4.1. Implications on Matteini2018

M18 tried to build a connection between low magnetic
compressibility and 1/ f spectrum via the well-known re-
lation: @« =28 —1, —1 > o > —3, where « is the spec-
tral exponent of the PSD, and f is the power law index
of the first order structure function (here expressed in
terms of frequency). Due to low magnetic compressibil-
ity, (6B/B) can be considered as first order structure
function B normalized by its own constant modulus.
Therefore the fully saturated magnetic fluctuations, i.e.
0B/B ~ 1, can be translated to 8 ~ 0, and therefore
a 2 —1. In other words, 1/f is the steepest possible re-
alization of the low frequency spectrum when magnetic
field fluctuations fully saturates. It has also been pro-
posed by M18 that “unless the 1/f range is formed in the
corona and just advected in interplanetary space pre-
serving its shape, it should gradually disappear, moving
closer to the Sun where §B/B < 1.”

It is therefore interesting to examine the behaviors
of Apow and Broy closer to the sun where §B/B < 1.
There are roughly two possible behaviors of (0B/B)
in the low frequency range: 1. Partial saturation, i.e.
0B/B ~ const, 8 ~ 0; 2. No saturation, 8 < 0. Figure
4a shows the histogram of the 8., and By gp in both
low and MHD frequency ranges. The histogram of 57,4,
clearly shows that substantial portion of intervals have
no saturation (8 < —0.1). However, the scatter plot of
(BLows @Low) In Figure 4b shows that the low frequency
PSD of these intervals are close to 1/f. In fact for
those intervals with partial saturation (8L, = —0.1),

~

the scatter plot shows that the corresponding oy, are

much greater than —1, i.e. the low frequency PSD are
much shallower than 1/f.

Figure 4b further reveals that in the inertial range,
the observed (8, a) pairs follow the relation o = 25 — 1
pretty well (black dashed line), with a slight system-
atic shift towards shallower «, but in the low frequency
range deviate significantly. To understand such devia-
tion, we generate 1-D artificial time series with different
power spectral exponent agy. For each ag, we generate
an artificial time series A(t; o) formed with sinusoidal
fluctuations with random phases and amplitudes follow-
ing power law:

N
A(t; ) = Z wga‘)H)/Q sin| 27 (w;t + ¢;)] (3)

where w; is i*" frequency log-linearly spaced from 10~°
Hz to 1 Hz, ¢; is random phase in range of (0, 27), and
N is set to 10000. For each A(t; o), we calculate the
power law fitting index for the PSD («) and SF () from
the same frequency range (1072°,107!) Hz.

The scatter plot of (c, 8) artificiar Pairs are shown in
Figure 4b as gray crosses. («, 3) arti ficial catch well the
trend of the observed («, 3) pairs, especially in the MHD
frequency range, and also deviate significantly from the
relation a = 28 — 1. Such systematic deviation is possi-
bly due to the spectral leakage effect, because contrary
to FFT and wavelet transformation, the structure func-
tion has a broad-band response. Therefore, cautions
should be taken when one is trying to relate 1/f spec-
trum with magnetic fluctuations saturation (regardless
of full or partial). For completeness, shown in Figure 4c,
for those 55 intervals with partially saturated magnetic
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Figure 4. (a) Histogram of power law fit index S of the
normalized first order structure function SF from both low
(blue) and MHD (red) frequency ranges. The averages are
indicated with corresponding dashed lines. (b) Scatters of
power law fit index pairs (a,83) of trace PSD and SF from
both low (blue) and MHD (red) frequency ranges. The («,3)
pairs from artificial data are also shown with black crosses,
and the theoretical relation o = 23—1 is indicated with black
dashed line. (c) Dependence of (0 B/B) from the saturated
intervals (Brow > —0.07) on Heliocentric distance R. The
value ranges of (§B/B) in the low frequency range are indi-
cated with errorbars. The newly explored Heliosphere radial
range (R < 0.3 AU) is indicated with red shaded area.

fluctuations (here defined as 8 > —0.07), we see the ra-
dial evolution of saturation values (§B/B) follows well
with the WKB prediction of R%-?.

In summary, one should be careful when relating mag-
netic fluctuations saturation ((§B/B) ~ const) to 1/f
spectrum, because of the spectral leakage effect. And
closer to the sun where 6B/B < 1, we see low fre-
quency spectra much shallower than 1/f with partially
saturated magnetic fluctuations. One good example has
already been shown in Figure 1. Therefore, according
to M18, it is possible that some of these low frequency
range spectra originated from the solar corona (see also

E12: 2022-05-31 06:36:02 - 20:53:49
R=19.41-24.87 [Rs)], (Vsw)=368.91 [km/s]
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_____ anmp = -1.65140.001
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Figure 5. Example of C18 type of trace z* spectrum.

The FFT spectrum is shown with blue line as background,
the smoothed FFT is the green line, and the trace Morlet
Wavelet (WL) PSD is the orange line. The gray shaded area
indicates that more than 70% of points fall out of the Cone
of Influence (Col) of wavelet transformation. The power
law fit is conducted on the smoothed FFT, and the mov-
ing window fit «(f) (window sized 1/3 decade) is shown
in the overhead panel. The trace PSD is separated into
three distinct frequency ranges (Low, Mid, MHD), each pos-
sesses a quasi-steady power law range, indicated with red
(Low), blue (Mid), and green (MHD) shaded areas. Power
law fits are applied to each of the ranges and the fit indices
OLow/Mid/MED are shown in the legends. A ”"low frequency
break” is found as the intersect between the power law fits
from low frequency and MHD inertial range, indicated with
orange dashed line.

Matthaeus et al. (1982, 2007); Bemporad et al. (2008)
for the coronal origin of 1/f spectrum.)

4.2, Implications on Chandran2018

C18 proposed that the 1/f spectrum is formed by in-
verse cascade of Alfvén waves facilitated by parametric
decay within the context of weak-turbulence theory. The
author initialize the simulation with primarily outward
propagating Alfvén waves, i.e. et > e~ where e are
the frequency (f) spectra of Alfvén waves propagating in
opposite directions along the magnetic field lines. If the

initial et has a peak frequency fy (where fe' is max-
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imized), and an ‘infrared’ scaling f, at smaller f with
—1 < p < 1, then et acquires an f~! scaling throughout
a range of frequencies that spreads out in both direc-
tions from fy. The final state of their model evolution
is a triple power law with ‘infrared’ scaling in the low
frequency, 1/f in the intermediate frequency range, and
f72 scaling in the inertial range (the inertial range is
initialized with the critical-balanced parallel spectrum
of k[z, see e.g. Goldreich & Sridhar (1995); Podesta
(2009); Forman et al. (2011)).

Therefore it is interesting to explore the magneti-
cally incompressible (yet weakly compressible, plasma
B <« 1, and 6B ~ |B| to allow parametric decay Fu
et al. (2018)), Alfvénic turbulence (primarily outward
propagating Alfvén waves, i.e. |o.| ~ 1) intervals close
to the sun, to see if there exists the triple power law 2T
spectrum. Among the 109 intervals, there are 4 inter-
vals displaying clear triple power law in trace z* PSD
with stable intermediate frequency range. Omne of the
best examples is shown in Figure 5, which is an interval
from E12, with (o.) = 0.82. Note that due to the low
resolution particle data, the time series is resampled to
5s, and hence the WL spectrum is very wavy. To ac-
quire a better moving fit a(f) profile, the moving power
law fit with window size of 1/3 decade is applied to the
smoothed FFT PSD (green line).

In the low frequency range, we see a stable ‘infrared’
spectrum with f79627. In the intermediate range, the
spectrum is very close to 1/f. And in the inertial range,
the scaling (can be converted to configuration space with
Taylor Hypothesis, Taylor (1986); Perez et al. (2021b))
is agreeable with the perpendicular spectrum of kf)/ 3
from the critical balance theory, which would mask the
steeper parallel spectrum because we are observing the
trace 2T PSD. This is also supported by Cuesta et al.
(2022); Sioulas et al. (2023b), which has shown that
when considering turbulence anisotropy, for fast streams
(Vsw 2 400km/s) close to the sun, the low frequency
spectrum is dominated by parallel fluctuations, and in
the inertial range, the perpendicular spectrum has a
f~%/3 scaling. This is also consistent with the simulation
by Verdini et al. (2012), where at higher frequencies the
steep parallel spectral slope (-2) is masked by the more
energetic perpendicular spectrum (slope -5/3). In sum-
mary, this triple power law is consistent with the simu-
lation result from C18, and further provide evidence for
the presence of parametric decay instability in the solar
wind (see e.g. Matteini et al. (2010); Tenerani & Velli
(2013); Zanna et al. (2015); Tenerani et al. (2017); Shi
et al. (2017); Bowen et al. (2018); Réville et al. (2018)).

It should also also noted that due to the existence
of the triple power law, the concept of ‘low frequency

break point’ is now questionable. For example the or-
ange dashed line in Figure 5 is obtained as the intersect
between the low frequency ‘infrared’ spectrum and the
MHD spectrum, and interpreted as the low frequency
break point fp psp. However, any frequencies in be-
tween these two ranges should be considered as the
‘break frequency’. Therefore, the low frequency break
point obtained with this method would have a unac-
ceptably large uncertainty. For this reason, we have not
shown any statistics of fg psp in this study.

5. CONCLUSIONS AND SUMMARY

In this letter we have selected 109 magnetically incom-
pressible intervals with total 1500 hours worth of data
from Parker Solar Probe encounter 1 to 13. All of the
intervals display double power law in the intermediate
to large scales in their trace magnetic power spectrum
density (PSD). Traditionally, the double power law in
PSD is characterized by power indices —5/3 and —1 at
the two scale ranges respectively, and there are many
models in the literatures to explain the origin of the
1/f range (e.g. Matthaeus & Goldstein (1986); Velli
et al. (1989); Dmitruk & Matthaeus (2007); Verdini et al.
(2012); Matteini et al. (2018); Chandran (2018); Mag-
yar & Doorsselaere (2022)). Previous observations from
Ulysses, Helios, WIND have only explored the helio-
sphere beyond 0.3 AU. In this study, we aim to use the
latest observations from PSP to provide constraints on
the origin of the 1/f range.

From the statistics of the 109 intervals, we found that
within 0.3 AU, the majority the intervals display spectra
that are much shallower than 1/f in the low frequency
range. And as advection time t,q, = R/Vsw increases,
the low frequency power law fit index ay o, asymptoti-
cally approach —1. This suggests a dynamical formation
of such range from the Alfvén point up to 0.3 AU. How-
ever when sorted with heliocentric distance, no obvious
evolution of ar,q, is observed. Moreover, for those ex-
tremely slow solar wind streams which were observed
very close to sun, the low frequency spectra scaling are
very close to 1/f. Therefore we can not rule out the
possibility that the 1/f originated from the corona and
are advected out (Matthaeus & Goldstein 1986). More-
over, it should be noted that such 1/f scaling is also
present at the density spectrum from Ulysses observa-
tions (Matthaeus et al. 2007), which appeared to have
latitudinal dependence at 1AU. At solar mid-latitudes,
such scaling matches reasonably well with the longitu-
dinal spectra of photospheric magnetic field (Nakagawa
& Levine 1974).

Unlike other models, Matteini et al. (2018) and Chan-
dran (2018) allow the low frequency spectrum to be shal-



lower than 1/f. In fact, as has been pointed out by
Chandran (2018), it has been reported by Tu & Marsch
(1995) that in the low frequency range, 2™ have spec-
trum as shallow as f~%°. The new observations provide
evidence inconsistent with the conjecture by Matteini
et al. (2018) because closer to the sun where 6B/B < 1
the low frequency spectrum does not gradually disap-
pear, but instead they are omnipresent. On the other
hand, some Alfvénic intervals display clear triple power
law in the z* spectra with 1/f scaling in the interme-
diate frequency range, and therefore provide some evi-
dence for the model from Chandran (2018).

The new observations from Parker Solar Probe en-
counter 1 to 13 provide abundant new evidence for the
origin of the low frequency trace magnetic 1/ f spectrum.
Unfortunately, up to this point, the existing models have
had difficulty covering all of the observed behaviors of
the 1/f scaling in trace magnetic PSD. In fact, it is
not even appropriate to call this part of the spectrum
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‘1/f spectrum because of the omnipresent shallower
spectra observed closer to the sun. However, based on
this study, the new evidence indicates that for differ-
ent intervals from different solar wind conditions, the
low frequency spectrum might have different formation
mechanisms. Therefore we need to accumulate more
observations from future PSP orbits to obtain a clearer
picture of the low frequency turbulence spectrum.
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