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In situ Remnants of Solar Surface Structures from Jensen-Shannon Scalogram
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ABSTRACT

The heliosphere is permeated with highly structured solar wind originating from the sun [7]. One
of the primary science objectives of Parker Solar Probe (PSP) is to determine the structures and
dynamics of the plasma and magnetic fields at the sources of the solar wind [18]. However, establishing
the connection between in situ measurements and structures and dynamics in the solar atmosphere is
challenging: most of the magnetic footpoint mapping techniques have significant uncertainties in the
source localization of a plasma parcel observed in situ [39; 4; 5], and the PSP plasma measurements
suffer from a limited field of view [26; 36]. Therefore it lacks a universal tool to self-contextualize the in
situ measurements. Here we develop a novel time series visualization method named Jensen-Shannon
Scalogram. Utilizing this method. by analyzing the magnetic magnitude data from both PSP and
Ulysses [10]. we successfully identify in situ remnants of solar atmospheric and magnetic structures
spanning more than seven orders of magnitude, from years to seconds, including polar and mid-latitude
coronal holes, [35; 5; 14] as well as structures compatible with super-granulation [9], “jetlets” [40; 48]
and very small scale flaring activity [13]. Furthermore, computer simulations of Alfvénic turbulence
support key features of the observed magnetic magnitude distribution. Building upon these discoveries,
the Jensen-Shannon Scalogram therefore not only enables us to reveal the fractal fine structures in the
solar wind time series from both PSP and decades-old data archive, but will also serve as a general-
purpose data visualization method applicable to all time series.
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MAIN

The solar atmosphere is highly structured both spatially and temporally [7; 27]. Recent studies have successfully
established connections between PSP in situ observations and solar atmospheric structures including mid-latitude
coronal holes [5; 14], pseudostreamers [28], and supergranulation [8; 17; 9], even though alternative explanations
remain [44]. Recent advances in remote sensing provide strong support for the minutes long small-scale jetting activity
from magnetic reconnection (“jetlets”) as a major source of the solar wind [40]. In addition, EUV observations from
Solar Orbiter [37] unveiled ubiquitous brightening termed “picoflare” [13] with associated jets that last only a few
tens of seconds, suggesting the solar wind source might be highly intermittent. However, magnetic footpoint mapping
methods [4; 39; 5] use photospheric magnetic field observations over the whole visible disk that are refreshed at best
once every six hours and lack, of course, any real temporal reliability for the far side. Therefore, such methods are
hardly able to reliably contextualize and explain the boundaries of the highly structured solar wind in situ time series,
except perhaps in a statistical sense.
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Two of the most interesting yet overlooked features of the time series of the solar wind magnetic field magnitude
B are that: 1. Sometimes B displays a surprisingly stable power law dependence on the heliocentric distance R; 2.
By applying a helio-radial power law fit between B and R, i.e. B « R™®, the fit normalized magnetic magnitude
B* = B(R/Ry)® sometimes displays a near-perfect Gaussian distribution. This is demonstrated in Figure 1 (a-c),
where the selected interval is highlighted with a golden bar in panel (a) and the helio-radial power law fit (fit index
s = 1.86) is shown in the inset figure. The histogram of B is shown in blue in panel (b) and the normalized B*
is shown in red. To illustrate the close proximity of the probability density function of B* (PDFp+) to a Gaussian
distribution (N'), a Gaussian curve is overplotted in panel (¢) (shifted with the mean value (B*) and scaled with
the standard deviation op~). The Jensen-Shannon Distance (JSD), a statistical distance metric between probability
density functions [32], is calculated between PDFp« and N to be JSD(PDFg«, N') = 1071431 'indicating considerable
closeness (see Benchmark in Methods). In addition, this highly Gaussian B* interval coincides with the radial solar
wind speed profile visualized with radial colored lines in panel (a) and Figure 10c (compiled with SPAN-ion from
SWEAP suite [26]). From Nov-17 to Nov-20, the spacecraft was immersed in the high speed solar wind. The JSD
produced by this process is represented as one pixel (tip of the green pyramid) in the Jensen-Shannon Scalogram (JS
Scalogram) shown in panel (d3), and the scalogram for the corresponding helio-radial power law fit index s is displayed
in panel (d4).

IDENTIFYING CORONAL HOLES FROM IN SITU TIMESERIES

Each pixel in the JS scalogram is characterized by a timestamp (t,.q) and window size (win). The step size in
win (vertical axis) is chosen to be twice the step size in t,,;4 (horizontal axis), and thus the time range covered by
one pixel corresponds to the same time range covered by three pixels in the following row, and so on towards the
smallest scales. Therefore, if an interval and the nested sub-intervals possess similar characteristics (e.g. relatively
small JSD regardless of t,,;q and win within the interval), a pyramidal structure is expected from the JS scalogram,
and the base of the pyramid indicates the start and end time of the interval. One example is highlighted by the green
dashed pyramid in panel (d3), where the tip of the pyramid is in fact selected a posteriori as the local minimum in the
JS scalogram (PDFpg+ being closest to Gaussian). Ample information can be inferred from the JS scalogram: 1. A
semi-crossing of the heliospheric current sheet (HCS) at noon of Nov-22 is visualized as an inverted black pyramid; 2.
It is well-known that the solar wind sourced from a single mid-latitude coronal hole from Nov-17 to the end of Nov-20,
and from another coronal hole for the whole day of Nov-21 [39; 5; 9]. The coronal holes are naturally visualized here
as two white pyramids (green and red dashed lines) separated by a dark region around the mid-night of Nov-20; 3.
The helio-radial power law fit index s is unexpectedly stable and systematically deviates from R~2 (s ~ 1.87 £ 0.02).

The clear correspondence between the white pyramid and coronal hole encourages us to predict intervals of solar
wind originating from coronal holes with JS scalograms compiled from PSP data. Unfortunately, among the first 14
encounters (Nov-2018 to Dec-2022), we only identified one more (for a total of 2) long intervals (> 3 days) characterized
by high Gaussianity in B*. A panoramic view of these two long intervals is shown in Figure 10. The newly found
interval from the inbound of E12, shown in Figure 12 and Figure 10 (d), is characterized by a 5-day long highly
Gaussian B* time series. For illustration purpose, the green pyramid in Figure 12 (d3) is selected as the deepest local
minimum in JS scalogram for win > 3 days. The histogram of B* is remarkably concentrated (panel (b)) and aligns
with Gaussian almost perfectly within 4 standard deviation (panel (c)). Similar to Figure 1 (c), the non-Gaussian part
of PDFp- has a systematic bias towards magnetic holes (weaker magnetic magnitudes), and the helio-radial power law
fit index scalogram also shows a systematic deviation from s = 2, similarly s ~ 1.8740.02. To validate this prediction,
independent results from Potential Field Source Surface (PFSS) model shown in Figure 8 (see [39] for more details)
indicate that the selected interval is magnetically connected to a mid-latitude coronal hole.

SWITCHBACK PATCHES, JETLETS AND PICOFLARES

To substantiate the potential of JS scalogram, we demonstrate here several applications that visualize the fractal
spatial-temporal structures in the solar wind (Due to the rapid movement of PSP around perihelia, the structures in
the in situ time series can be categorized into two kinds. Spatial: transverse longitudinal structures traversed by PSP;
Temporal: radial structures advected by the solar wind and/or propagation of Alfvén waves), from the largest scales:
Ulysses, years-long polar coronal hole [35], towards the smallest scales: hour-long switchback patches [8; 17; 44; 9];
minute-long structures compatible with “jetlets” [40]; and second-long structures consistent with “picoflare” [13].

Figure 2 shows the JS scalogram of the first Ulysses orbit, and the colorbar in panel (b) is enhanced compared
to Figure 1 (d3) for illustration purposes. The solar latitude and wind speed profile in panel (a) indicate that the



Solar Wind Speed [km/s]

100 200 300 400 500 600
o E10, 2021-11-17 03:54:00 --> 2021-11-20 17:14:00 0.035 B
-1.0
Selected Stream 0.0307 1B*1= 18] (&)°
., 20001 s=1.86019
400.0 0.025 A .
20 + 1
200,01 0.015 4
= —
= g 0.0101
10 1 10007 E 0.005
—_ ; -12.Q
© - Q 0.000- — : .
x --- R~186019£000013 F = 0 100 200--300 400 500
= - v — r > /' [B] [INT] "~~~<___
© 20 30 40 50 o _ -
01 4 - = 10714 _
(>-I-) R [Rol 81 JSD = 10;)#31 *\\\
_ P
L3 — 10724 ___ (B )E£1227170
T 0p*,/~5.5880 N
1 4 Y
< 10734 Y k
~10- N / N
7 \\
1074 5 !
; -1.4 ,' \\
) / \‘
1054 [
20 ‘4 1', \\\
a / 10—6-/ \\
C
- . . : -15 - - . . . .
0 10 20 30 40 50 100 110 120 130 140 150
X-Carr [Ro] [B™| [nT]
200 180 o
3 4 dl Q)
o 100 — . o =
— RIRo —— Carr Lon I
x 20
-180 S
i s00qd2 ™ B — 8|
= 0 - it r
m -500 | PR
-0.6
(0] -0.8 8
N <
wn -1.04%
2 a
3 @
< -1.2 DS:
o
= -1429
—1.
716
8 3
2 S
2 2
° ic
£ P
= 1
0
30 01
Dec
2021

Figure 1. Selected interval from November 2021, encounter 10 of Parker Solar Probe. Panel (a):
spacecraft trajectory in the Carrington corotating frame from the afternoon of November 16, 2021, to the afternoon of November
22, 2021. Each day’s start is indicated with black circles. The ballistic solar wind streamlines are plotted at a 2-hour cadence
and colored according to the 10-minute averaged solar wind speed profile from SPAN-ion moment. The selected interval is
emphasized with a golden bar, and the 24-Hour window Jensen-Shannon Distance (JSD) of normalized magnetic magnitude B*
is represented by the colored band. An inset displays the helio-radial power law dependence of B. Panel (b): The histogram of
B and B* from the selected interval. Panel (c): The histogram of B* and JSD(PDFp~). Panel (d1): Spacecraft heliocentric
distance (black) and Carrington longitude (orange). Panel (d2): Magnetic field radial component B, and magnitude B. Panel
(d3): Jensen-Shannon Distance Scalogram. The selected interval is highlighted with the green pyramid. Panel (d4): Helio-radial
power law fit index scalogram of B.

This panel presents the
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Figure 2. Jensen-Shannon Scalogram from Ulysses first orbit from 1993 to 1998. Panel (a): Ulysses heliocentric distance
R (black line) and heliographic latitude colored with local 48-hour averaged solar wind speed. Panel (b): Jensen-Shannon
Scalogram compiled from magnetic magnitude B (lower half) and helio-radial power law normalized magnitude B* (upper
half). Panel (¢): Rmaaz/Rmin of each interval (pixel), the cut-off value is chosen to be Rmaz/Rmin = 1.5, beyond which B is
normalized into B* using helio-radial power law fit.

spacecraft was in southern and northern polar coronal holes in the whole year of 1994, and from 1995 to 1997 (see also
[35]). The two large white pyramids in the JS scalogram clearly correspond to the two polar coronal holes. Notably,
the boundary observed in panel (b) results from an artificial cut-off in the helio-radial power law fit, as shown in panel
(c¢). For more details on the cut-off boundary, refer to the caption of Figure 2. However, the JSD are much larger
in the polar coronal holes compared to the mid-latitude coronal holes observed by PSP at much smaller heliocentric
distance, and the histograms of magnetic magnitude show much more significant fat tail towards the magnetic holes side
(not shown here). This indicates that the Gaussianity of magnetic magnitudes decreases with increasing heliocentric
distance and magnetic holes are much more preferred than spikes in the solar wind.

Figure 3 shows the hour-long switchback patches from a single mid-latitude coronal hole in PSP E10, which have
been recently argued to be the remnants of the solar supergranulation [8; 17; 9]. The Carrington longitude of the
spacecraft is plotted every one degree on the top bars of both panels (a) and (b), and the color indicates spacecraft
angular velocity in the corotating frame (blue: prograde, red: retrograde). The magnetic magnitude is normalized
with a universal helio-radial power law fit index (s = 1.87) and the JS scalogram is compiled with the full-resolution
fluxgate magnetic data (~ 292 Hz, see [6; 12]). The red dashed pyramids in panel (a) and (b) are drawn to highlight the
B* intervals with high level of Gaussianity. The selected intervals in panel (a) show that the JS scalogram effectively
captures the switchback patches. When these are compared with the Carrington longitude, it becomes evident that
some of the structures align with the size of supergranulation, as discussed in [9]. However, other structures, which
are smaller in angular size and likely temporal in nature, could be more accurately attributed to the ’breathing’
phenomenon of the solar wind, as explained in [11; 44]. After the “fast radial scan” phase on Nov-18, the spacecraft
began to rapidly retrograde on Nov-19 and Nov-20 (see Figure 1 (a) for the spacecraft trajectory in the corotating
frame). For better comparison, an expanded view is shown in panel (b). The second and third pyramids also show
decent capability of capturing the switchback patches, whereas the first pyramid seems to capture a boundary between
the patches. Starting from 7:00 on Nov-20, the remaining patches consistently exhibit a high level of Gaussianity
across all scales and locations, resulting in indistinct boundaries between them.

Figure 4 presents a hierarchic JS scalogram of the mid-latitude coronal hole from E12 of PSP. In panels (d) and
(e), focusing on the smallest scales resolvable by the Jensen-Shannon distance (approximately 1 minute, corresponding
to around 20,000 data points for the shortest interval), we observe a surprising number of structures with distinct
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Figure 3. Jensen-Shannon Scalogram of Parker Solar Probe E10 inbound mid-latitude coronal hole. Panel (a): From top to
bottom: Carrington longitude plotted with 1 degree cadence colored with spacecraft angular velocity in the corotating frame
(blue: prograde, red: retrograde); JS scalogram with l-minute resolution; Normalized magnetic magnitude B* and radial
component B;; Radial solar wind speed V;; Panel (b): Expanded view of panel (a) with 10-second resolution.

boundaries. For details on how the number of data points influences this analysis, see the Methods section. In
fact, these structures, typically lasting 1-10 minutes, are omnipresent in the Alfvénic solar wind observed in all PSP
encounters. Notably, they are not limited to winds with a clear coronal hole origin, such as those in the outbound
paths of E12 (for more details, see the video in the supplementary materials). These structures are typically separated
(interrupted) by radial jets (or switchbacks), with these separations frequently accompanied by kinetic-scale (< 5
seconds) fluctuations that are bursty and short-lived in all three components. Once smoothed, these fluctuations
resemble magnetic holes. For further illustration, refer to the skewness scalogram video in the supplementary materials.
Unlike the spatial structures shown in panels (a), (b), and (c) (as well as in Figure 1 and Figure 2), the longitude
change of the spacecraft for each structure in panel (d) and (e) is less than 0.1 degree, as indicated by the crosses
plotted every 0.1 Carrington longitude in the top bar. Therefore, these structures are likely temporal, advected by the
solar wind. All of these features are highly compatible with the “jetlets” observed in equatorial coronal holes [40], and
therefore could potentially be the “building blocks” of the solar wind. In fact, even finer structures can be found with
the normalized standard deviation (op-/{B*)) scalogram and skewness scalogram shown in Figure 11. For example,
the small white pyramid around 8:36 in Figure 4e has two 30-seconds long substructures nested beneath in Figure 11.
These seconds-long structures are intervals with smaller standard deviation compared to the surroundings, and their
interruptions are temporally compatible with the “picoflare” [13].

ORIGIN OF GAUSSIAN B: TURBULENCE RELAXATION AND MAGNETIC PRESSURE BALANCE

These observations indicate that the Alfvénic solar wind is permeated with highly Gaussian magnetic magnitude
intervals that are often interrupted by radial jets (switchbacks) every 1-10 minutes. In addition, the magnetic fluctua-
tions inside the intervals often resemble the outward propagating small amplitude linear Alfvén waves. Therefore, it is
reasonable to model the system as small amplitude Alfvénic MHD turbulence. Figure 9 shows the temporal evolution
of the JSD(PDFpg,N) of a 3D MHD small amplitude Alfvénic turbulence simulation [42]. The simulation is run with
5123 periodic box, and is initialized with unidirectional small amplitude linearly polarized Alfvén waves with isotropic
wave vector spectrum (see Methods section for more details). At ¢ = 0.00 ¢4 (Alfvén crossing time t4 = L/v4, where
L is the simulation box size), PDFp deviates significantly from a Gaussian distribution due to the small amplitude
shear Alfvén wave initialization (fluctuations in B are positive definite). The corresponding JSD is highlighted as the
first red dot in the lower panel and is much larger than 0. Surprisingly, within one Alfvén crossing time at ¢ = 0.40 ¢ 4,
the distribution of B rapidly relaxes to a near-perfect Gaussian, and the JSD rapidly drops towards the ground truth
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Figure 4. Hierarchic multi-scale Jensen-Shannon Scalogram illustration of mid-latitude coronal from PSP encounter 12 inbound.
For all subplots, the Carrington longitude of the spacecraft is shown in the top panel. For subplots (a) to (c), the bars are plotted
every 1 degree, with colors indicating the heliocentric angular velocity in the solar corotating frame (blue: progradation, red:
retrogradation). For subplots d and e, the crosses are plotted every 0.1 degree. The corresponding magnetic field magnitude
B and radial component B, are shown in the second panel of each subplot; and except for subplot (a), the magnetic field is
normalized with helio-radial power law fit. The radial solar wind speed V. is also shown in subplot (b) to (e).
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value (see Benchmark in Methods). As the simulation evolves, the JSD remains considerably small and thus the
distribution of B remains very close to Gaussian. The simulation indicates that Gaussian is the natural relaxation
state for magnetic magnitude in small amplitude Alfvénic turbulence, consistent with the ubiquitous 1-10 minutes
Gaussian intervals found in the solar wind.

Nevertheless, the simulation suggests that information is fully exchanged within the system, as it propagates at
Alfvén speed throughout the simulation box. This allows B to relax to a Gaussian distribution, which occurs within
about 0.5 t 4, the time it takes for Alfvén waves to carry information from the center of the simulation box to its edges.
It is not reasonable to assume that the information is fully exchanged for the hours, days or even months long structures
shown in Figures 1, 2 and 3, due to the super-Alfvénic nature of the solar wind close to the sun. Beyond the Alfvén
surface [28], the information can only propagate radially outwards in the solar wind. Moreover, the structures that last
an hour or longer are likely spread spatially and longitudinally. However, Alfvén waves, along with the information
they carry, are guided by the background magnetic field, which predominantly points radially outwards around PSP
perihelia. Therefore, an alternative explanation is needed for the hour-long (and longer) Gaussian structures. The
simplest explanation for the Gaussian B structures originating from coronal holes (mid-latitude coronal holes from
E10 and E12, and polar coronal holes from Ulysses) is the pressure balance between the open coronal field lines. Close
to the sun, the solar wind originating from the coronal holes is mostly magnetic dominant (plasma 8 = 2uqP/B? < 1,
see e.g. [28]). Therefore, to maintain pressure balance, the open field lines from the same coronal hole tend to evolve
to a state in which the magnetic pressure Pg = B?/2uq is mostly uniform for a given cross section of the magnetic
flux tube. In Figure 1, the helio-radial power law normalization of B essentially maps the magnetic field line density,
which is effectively the magnetic flux density due to the spherical polarization of the Alfvén waves, from various radial
distances and transverse locations to a single cross-section of the flux tube (for more details, see the Methods section
and [33; 34]). As a support of this idea, from the PSP observations of E10 and E12 (Figure 1 and Figure 12), the
helio-radial power law normalization of B effectively collapses the histogram of B into a delta-function-like histogram
of B*. This is indicative of identical field line density within a single coronal hole due to the magnetic pressure balance.
The detailed distribution of B* is hence the feature of the noise in magnetic magnitude within the coronal hole, which
can be considered as a stopped one-dimensional random walk (additive noise sourced from the base of the corona).
Therefore, the Gaussian distribution of B* can be easily explained as the result of the random walk according to
central limit theorem. Nevertheless, difficulties remain for the origin of the hour-long structures. They may be the
manifestation of the denser field line density originating from a single supergranule, but the more detailed discussion
lies beyond the scope of this study.

Finally, the existence of a stable power law dependence of B with regard to heliocentric distance R itself already
sheds light on the physics of the solar wind originating from coronal holes. As solar activities ramp up for solar cycle
25, 4 out of the 5 recent encounters (E10, E11, E12, E14) of PSP show systematic preference for a single helio-radial
power law index, which confidently deviates from R~2. However, the R~2 power law, expected only from the dominant
radial component B, as a result of the Parker Spiral (conservation of magnetic flux in spherical expansion), is not
strictly applicable to B, especially for PSP, due to the ubiquitous switchbacks. Due to the relation between B and
the local magnetic flux density, this is indicative of a stable expansion rate for the magnetic flux tube in the magnetic
dominant wind (8 < 1) close to the sun. Such an expansion rate is crucial for the estimation of the WKB evolution
of the fluctuation quantities like the magnetic and velocity field [21; 20; 50; 23]. It should be noted that the fit indices
of B coincide with the helio-radial dependence of the electron density compiled from Quasi Thermal Noise [29; 36],
indicating that the deviation from R~2 could be the evidence of active acceleration of the solar wind.

Compiled from the almost featureless magnetic magnitude time series from the solar wind, the Jensen-Shannon
scalograms unveiled a striking number of fractal magnetic structures spanning across over seven orders of magnitude
in time. These structures include spatial structures like polar coronal holes [35], mid-latitude coronal holes [5], and
switchback patches [9]. They also include temporal structures compatible with “jetlets” [40] and “picoflare” [13], which
are often interrupted by the radial jets (switchbacks). In addition, three-dimensional MHD simulations have shown
that Gaussian is the natural relaxation state for small amplitude unidirectional Alfvénic turbulence. The minute-long
structures are hence likely to be the natural products of Alfvénic MHD turbulence. Thus, it is now clear that the
Alfvénic solar wind is permeated with these intermittent Gaussian B structures, which are self-similarly organized
from seconds to years, and are likely the remnants of the magnetic structures on the solar surface [47; 2; 3; 9; 40; 13].
This paper reveals just a fraction of the rich structures uncovered by the JS scalogram from the solar wind time
series. The JS scalogram proves to be a versatile tool, essential not only for deciphering the structure and dynamics of
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plasma and magnetic fields—key objectives of the PSP mission [18]—but also for revitalizing decades-old solar wind
data from missions like Helios, Ulysses, and WIND. These efforts unveil new physics previously hidden within these
data sets. Additionally, the JS scalogram’s applicability extends beyond solar wind analysis, serving as an effective
general-purpose method for visualizing a wide range of time series data.
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METHODS
JENSEN-SHANNON DISTANCE, JENSEN-SHANNON SCALOGRAM AND BENCHMARK
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Figure 5. Benchmark of all three free parameters: number of standard deviation o, number of bins, and number of points.
Panel (a): the Jensen-Shannon distance between a given probability distribution function and the standard Gaussian distribution
N(0,1); Panel (b): the “Ground Truth” values, i.e. the JS distance of the histogram with N, number of bins estimated from
N, number of points from A(0, 1); Panel (c): the same x and y bins as panel (b), with values of JSD(PDFrogistic || N(0,1)).

The Jensen-Shannon Distance is the square root of Jensen-Shannon Divergence [32] which is the symmetrized
and smoothed version of KullbackLeibler Divergence [30]. Due to its symmetry and smoothness, Jensen-Shannon
Distance is an ideal metric for the similarity between the observed magnetic magnitude distribution and the Gaussian
distribution. For two discrete probability distribution functions P and @ defined in the same space X, the Jensen-
Shannon Divergence is calculated as following;:

ISD(P|Q) = § D (PIM) + 5 Dic. QM) (1)

where M = (P + Q)/2 is the mixture distribution of P and @, and Dkr,(P]|Q) is the KullbackLeibler Divergence:

Dra(PIQ) = 3 Ployios (53 ) )
reX

In this study, we use scipy.spatial.distance.jensenshannon [51] to calculate the Jensen-Shannon Distance. This
program uses natural base logarithm in KullbackLeibler Divergence, and therefore the final Jensen-Shannon distance
is bounded by [0, 1/In(2)].

The Jensen-Shannon scalogram (JS scalogram) is a map where the vertical axis is window size (win) and the
horizontal axis is the central time of each interval (¢,,:q4), together forming a scalogram of Jensen-Shannon distance
between the normalized probability density function of a given interval PDF(t,,;4, win) and the standard Gaussian
distribution N(0,1), i.e. JSD(PDF (tmia, win),N(0,1)), or simply JSD(PDF,N). To calculate PDF (t;a, win)
from the ensemble of samples from a given interval, there are three controlling parameters: sample size N,, number
of bins N, and number of standard deviation considered o. In addition, for benchmark purposes, it is necessary
to calculate the JSD between some well-known symmetric distributions and standard Gaussian distribution. The
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summary of the influence of the controlling parameters and the comparison with well-known distributions are shown
in Figure 5.

The JSD between Laplace and Logistic distributions and Gaussian distribution as a function of standard deviation
range considered is shown in panel (a). The JSD value stablizes approximately at 5 o, and therefore for all JS
scalograms shown in this paper, the PDF' are all compiled for £50. To see how N, and N, control the JSD value,
samples are repeated drawn from a true Logistic distribution to calculate JSD(Logistic, N|N,, Np). In panel (c),
we see a much stablized region for large enough N, and not-too-large N, (The stable region is orange-ish because
theoretical value at 5 o is slightly smaller than the true value shown in panel (a) as dark red horizontal dashed line).
Two purple dashed regions are highlighted in panel (c), where the right one indicates the parameter space used for low
resolution JS scalogram shown in Figure 1 and 12, and the left one corresponds to the high resolution version shown
in Figure 4 (c-e).

In addition, N, and N, also influence the ground truth value, i.e. the Jensen-Shannon distance between an ensemble
statistically drawn from Gaussian generator and the real Gaussian PDF, which is not available in closed form [38]. To
obtain the ground truth value, the PDF is a histogram of equally spaced N, bins located within + 5 o compiled from
N, independent samples drawn from a standard Gaussian source numpy.random.randn [19], and then the JSD is the
averaged distance between the statistically calculated PDF(N,, N;) (repeated 30 times for each N, and N;) and the
true Gaussian PDF. The standard deviation is found to be small for a given tuple of N, and N;. The resulting N,,-INV,
map is shown in panel (b), and the two parameter space considered are also shown as purple dashed regions. Even for
the poorest case (N, ~ 20000), the ground truth value is still sufficiently away from JSD(Logistic, ).

SPHERICAL POLARIZATION OF ALFVEN WAVES

Figure 6. Spherical Polarization of Alfvén waves

Although spherical (arc) polarization of Alfvén waves is well-known [15; 41; 49; 46; 52; 16; 25; 22; 45], for completeness,
here we provide a simple model for the spherically polarized Alfvén waves in the magnetically dominated plasma
(plasma 3 = 2uoP/B? < 0.1, typical for Alfvénic solar wind measured by PSP around perihelion [28]) to contextualize
the switchbacks and its relation to conservation of magnetic flux. Similar to [33], this model consider the background
magnetic field éo to be the same as the constant magnetic magnitude |B|, but is different from [22] where éo is
calculated as the spatial average (B).

For the fluctuation-free magnetic flux tube originated from a coronal hole, the magnetic field is pointing mostly
radially higher in the corona and in the solar wind close to the sun. The spherically polarized Alfvén waves can
therefore be considered as perturbations to this otherwise quiet system. To maintain the constant B state observed
in the solar wind, the additive magnetic perturbation has to “switchback” on top of the radial background field. This
scenario is depicted in Figure 6. The constant magnetic magnitude B is shown as the radius of the circle and the
static radial field from coronal hole is By. To maintain the constant B state, the perturbation to the system B; is
restricted to the semi-circle, and the resultant magnetic vector B = By + B can thus fluctuate on a constant sphere
of B. Following this setup, the magnetically dominant (p < B?/2p) incompressible MHD equations can be rewritten
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as follows (p = const, p = const, B = const, B=DBy+ El):

%:Rvg—ﬁ.va’ (3)
o - .

D rvi—i 4
T b-Viu—ua-Vb (4)

where b = B'/w/,uo = go/,/uop + él/, [liop = 50 + 51. Assuming the frame is co-moving with the bulk flow and the
perturbations are Alfvénic, i.e. 4@ = % and U1 = igl, the equations can be further reduced into a wave equation:

0%b B -
W; = (¥, - V)%by (5)

where v, = 50 = §0 /+/top- This equation is identical to the circularly polarized shear Alfvén wave equation, except
that By can be large but restricted to a semi-circle and the Alfvén phase velocity ¥, is precisely defined (not defined
with time-averaged field).

This model leads to some important implications: 1. The spherically polarized Alfvén wave is an exact solution and
is mathematically identical to the small amplitude shear Alfvén mode; 2. If radial jet is present in the system, i.e.
U1y || EO, in accordance with the observed “switchbacks”, the spherically polarized Alfven waves can only be outward-
propagating. This is because to maintain the constant B state, the only possible polarization is u; = —gl/\/ﬂ; 3.
There exists a well-defined background field EO for the constant B state, and hence the constant magnetic magnitude
B can be regarded as a good proxy for the local E(), i.e. the local magnetic flux density.

In fact, the reversal of the magnetic field line (switchback) does not increase the number of field lines (thus field
line density) and the Alfvén wave, being a solenoidal mode, is not possible to change the local magnetic flux density.
This establishes a connection between the magnetic magnitude (magnetic field line density) and the local magnetic
flux density within the magnetically dominated coronal holes close to the sun. The helio-radial normalization of B in
the main text can therefore be regarded as mapping the magnetic flux density measured at different radial distances
and longitudinal locations back to a cross section of the magnetic flux tube originated from the coronal hole.

PSP AND ULYSSES DATA ANALYSIS

The Jensen-Shannon scalograms in this paper are compiled from magnetic magnitude time series of PSP and Ulysses.
The fluxgate magnotometer of PSP [6; 12] offers two versions of level-2 data in RTN coordinates: mag rtn_4_per_cyc
and mag rtn. The JS scalograms for intervals longer than one day are compiled with the low resolution (4 samples
per 0.874 second) data product and the rest are compiled with the high resolution (256 samples per 0.874 second)
mag rtn. All magnetic magnitude data points for each interval are treated as independent samples drawn from a
stochastic source and therefore the invalid (NaN) values are discarded and no interpolation is applied. The Ulysses
magnetic field data is treated the same way.

THREE-DIMENSIONAL MHD ALFVENIC TURBULENCE SIMULATION

The simulation is conducted using a 3D Fourier-transform based pseudo-spectral MHD code [43]. MHD equation
set in conservation form is evolved with a third-order Runge-Kutta method. A detailed description of the simulation
set-up and normalization units can be found in [42]. Here we briefly summarize the key parameters.

The domain of the simulation is a rectangular box with the length of each side being L = 5. The number of grid
points along each dimension is 512. To ensure numerical stability, explicit resistivity and viscosity n = v = 2 x 107>
are adopted besides a de-aliasing.

For the initial configuration, uniform density, magnetic field and pressure are added: pg = B = 1, Py = 0.1006. The
magnetic field has a small angle (8.1°) with respect to z-axis, and it is inside  — y plane. On top of the background
fields, we add correlated velocity and magnetic field fluctuations, i.e. the fluctuations are Alfvénic, with 3D isotropic
power spectra. The reduced 1D spectra roughly follow |k|~13. The strength of the fluctuations is b.,s/B ~ 0.14
where b,.,,s is the root-mean-square of the magnetic field fluctuation.

FLUXGATE MAGNOTOMETER NOISE AND ZEROS-DRIFT

There are several sources of error in the PSP fluxgate magnetometer measurements [6], including the instrumental
noise as well as uncertainty in the zero offsets which drift in time [12]. The instrumental noise of each vector component
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Figure 7. Jensen-Shannon scalogram of magnetic magnitude from the fluxgate magnotometer noise. From top to bottom:
magnetic magnitude B timeseries; JS scalogram of B; standard deviation scalogram of B.

is approximated as Gaussian white noise with a standard deviation o ~ 0.05nT, and together produce a noise with a
standard deviation of o,4i5¢ ~ 0.1nT for the magnetic magnitude. 0,0ise is usually much smaller than the standard
deviation of the in situ measured op for all scales that we are interested in. Nevertheless, the JS scalogram of a
ground measured one-hour magnetic field time series for calibration is shown in Figure 7. The distribution of the noise
signal is universally Gaussian regardless of scales and location, and the standard deviations are unanimously small.
Therefore, most of the Gaussian structures we show in the paper are real signals rather than instrument noise.

The error from drifting spacecraft offsets is a significantly larger contribution to the error as the approximated zero-
offsets drift over time and are calibrated each day [12]. The drift of the spacecraft offsets, which is thought to occur
due to slowly varying currents on the spacecraft is not well constrained and varies over time. This error is not Gaussian
in nature, but should introduce small offsets in the measured field from the real background magnetic field. Spacecraft
rolls are used to determine zero-offsets in both the inbound and outbound phases of each orbit, and are updated
daily through optimizing the measurements to ensuring that spherically polarized magnetic field intervals maintain
a constant magnitude. Typical offset values drift about 0.5nT/day. Due to the continuous drift and non-Gaussian
nature, the sub-day (< 5Hr) structures are not strongly affected by the zeros-drift. And the days-long structures are
also not affected because of the instrument calibration of the zeros-offset.

SUPPLEMENTARY MATERIALS
SUPPLEMENTARY VIDEOS

This manuscript contains two supplementary videos: js_scalogram E12.mp4 and skewness_scalogram E12.mp4.

js_scalogram E12.mp4 shows the Jensen-Shannon scalogram and normalized standard deviation scalogram of mag-
netic magnitude with window sized from 30 second to 15 minutes for the whole Parker Solar Probe E12. This video
aims to show the self-similar magnetic structures revealed by JS scalogram and the corresponding sub-structures from
the normalized standard deviation scalogram. For the first one minute, the JS scalogram looks different because of
the low sampling rate of the fluxgate magnetometer.

skewness_scalogram E12.mp4 shows the Skewness scalogram and normalized standard deviation scalogram of mag-
netic magnitude with window sized from 1 second to 5 minutes for the whole Parker Solar Probe E12. This video aims
to show the systematic tendency for magnetic holes in the magnetic magnitude distributions.
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SUPPLEMENTARY FIGURES

E12 2022-05-26 12:04UT 1.05Rs Rss=2.5 / AdvHelio

Latitude (degrees)

120 140 160 180

Carrington Longitude (degrees)

Figure 8. Magnetic field connectivity with the solar sources during inbound of PSP encounter 12. The thick black lines are the
model neutral lines. Black contours indicate magnetic field pressure at 1.05 Rs. The ballistic projection of the PSP trajectory
(blue diamonds) on the source surface (blue crosses) and down to the solar wind source regions (blue circles) is calculated for
source surfaces Rss/Rs = 2.5 (see [39] for details) and measured in situ solar wind speed £80 km sl1. Open magnetic field
regions are shown in blue (negative) and green (positive).
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Figure 9. Relaxation of magnetic magnitude B in Alfvénic MHD turbulence simulation. Upper panels: (Left) Probability
distribution of B (PDFg) at t = 0.00 ta, where t4 = L/va is the Alfvén time and L is the size of simulation box, va is the
Alfvén speed; (Right) PDFp at t = 0.40 t4. Lower panel: Time evolution of the Jensen-Shannon Distance between PDFpg and
Gaussian Distribution (blue line), and the normalized standard deviation of B (dash dotted line). The time axis is normalized
with the Alfvén time t4. The simulation time step of the upper left and right panels are highlighted with two red circles in the
lower panel.
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