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Abstract

Recent studies suggest that the magnetic switchbacks (SBs) detected by the Parker Solar Probe carry information
on the scales of solar supergranulation (large scale) and granulation (medium scale). We test this claim using high-
resolution Ha images obtained with the visible spectropolarimeters of the Goode Solar Telescope in Big Bear Solar
Observatory. As possible solar sources, we count all the spicule-like features standing along the chromospheric
networks near the coronal hole boundary visible in the Ha blue-wing but absent in the red-wing images and
measure the geometric parameters of dense sections of individual flux tubes. Intervals between adjacent spicules
located along the chromospheric networks are found in the range of 0.4—1.5 Mm (0°03-0° 12) tending to be smaller
than the medium scale of SBs. Interdistances between all pairs of the flux tubes are also counted and they appear in
a single peak distribution around 0.7 Mm (0°06) unlike the waiting-time distribution of SBs in a scale-free single
power-law form. The length-to-diameter ratio of the dense section of flux tubes is as high as 640, similar to the
aspect ratio of SBs. The number of spicules along a network can be as high as 40-100, consistent with numerous
SBs within a patch. With these numbers, it is argued that the medium scale of SBs can be understood as an
equilibrium distance resulting from a random walk within each diverging magnetic field funnel connected to the
chromospheric networks.

Unified Astronomy Thesaurus concepts: Solar magnetic fields (1503); Solar chromosphere (1479); Solar wind

CrossMark

(1534); Interplanetary magnetic fields (824)

1. Introduction

Spicules occurring in the chromospheric network, also called
network jets, are believed to play an important role in the
transport of energy and mass into the solar wind (Withbroe
1983; De Pontieu et al. 2017; Martinez-Sykora et al. 2018),
although quantitative estimates of their contribution are
debatable (Klimchuk 2012). These small-scale ejections from
the Sun are of renewed interest because of the unprecedented
near-Sun solar observation by the Parker Solar Probe (PSP)
mission (Bale et al. 2016; Fox et al. 2016; Kasper et al. 2016;
Verscharen 2019). One of the most exciting observations from
the PSP mission is that the near-Sun magnetic field is replete
with radial magnetic field reversals called switchbacks (SBs;
Bale et al. 2019; Kasper et al. 2019; Dudok de Wit et al. 2020;
Mozer et al. 2020). The observed SBs are mostly Alfvénic and
accompanied by velocity spikes associated with the sharp
increase in solar wind speed (Bale et al. 2019; Kasper et al.
2019; Dudok de Wit et al. 2020; Horbury et al. 2020; Mozer
et al. 2020; Rouillard et al. 2020; Tenerani et al. 2020). Similar
structures were seen earlier from the Ulysses mission too (e.g.,
Kahler et al. 1996; Yamauchi et al. 2004; Suess 2007). SBs
could be tracers of the underlying source imprints in the flow,
and can be energetically important for solar wind heating
during expansion.

The typical scale of SBs may give a clue to their origin.
Fargette et al. (2021) performed a wavelet analysis of PSP data
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to extract two scales that seem to bear solar origin: a large scale
of 1°1-4%4 and a medium scale, 0708 corresponding to 18"—
74" and 173 on the solar surface, which can be considered as
those of supergranulation (SG) and of granulation, respectively.
In earlier studies based on Ulysses’ observations, Yamauchi
et al. (2004) interpreted that such an SB size ~1° would
represent a closed magnetic loop with a network-scale
separation and that the SB structure would represent an
S-shaped kink formed upon interchange reconnection with
neighboring open fields (see, Fisk & Schwadron 2001). Bale
et al. (2021) found that SBs are packed within clusters in the
form of intermittent magnetic structures to interpret them as
in situ remnants of magnetic funnels on SG scales. Therefore,
the SG scale may not apply to one individual SB but rather to
one SB patch with numerous SBs packed inside.

The shape and orientation of SBs are characterized by a
surprisingly high aspect ratio of the order of 10, implying that
SBs are long and slender along the radial direction (Horbury
et al. 2020; Laker et al. 2021). Dudok de Wit et al. (2020)
investigated statistics of the waiting and the residence times
(Aschwanden et al. 2016) to find them following a single
power-law distribution extending over a long time range
without characteristic scales. Chhiber et al. (2020) studied
clustering of intermittent magnetic and flow structures using a
partial-variance-of-increments (PVI) analysis; the distributions
of waiting times between high PVI events also exhibit a power
law at the inertial range, but are followed by an exponential
decrease at longer, uncorrelated lags. Both works suggest a
long-term memory of SB structure, which is most likely
associated with the strong spatial connection between adjacent
magnetic flux tubes and their common photospheric footpoints.
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Figure 1. EUV images of SDO/AIA and Ho images of GST/VIS. (a) SDO/AIA 193 A image of the northern coronal hole on 2020 June 17 17:21:10UT, with the
FOV outlined by a white box. (b) The AIA 171 A image in the ROL (c) GST/VIS Ha image overlaid with an HMI magnetic field (red/blue contours in the levels
of £30 G). (d) Ha—0.8 A image overlaid with Ha+0.8 A image (red contours). (¢) Ha+0.8 A image with contours.

Pecora et al. (2022) revisited these statistics using a larger PSP
database to find the occurrence rate of SBs per unit distance fall
off sharply below 0.2 au, and rise gently beyond 0.2 au.

Occurrence rate of potential solar sources became an
important issue for discussing the origin of SBs. Whether the
Sun can produce enough ejections to be detected as SBs at the
time and location of PSP is yet unclear. Sterling et al. (2016,
2020) argued for a sufficient number of small-scale ejections
based on the three-point distribution, citing Savcheva et al.’s
(2007) rate of about 60 events per day in polar coronal holes of
size ~50,000 by 8000 km. Nevertheless, Bale et al. (2021)
claimed that SB patches must be a spatial structure on SG
scales based on the pressure balance across the SB boundary, in
which case the corresponding solar sources should nearly
always be occurring in time. In the Sun, most small features
under arcsecond scales are so highly transient that they may
appear as tracers of a spatial structure.

Among specific solar candidates for SBs, small-scale twisted
magnetic structures were of interest in the setting of jet-producing
minifilament (Sterling et al. 2020). Jetlets and plumelets from
embedded magnetic bipole structure are also proposed as the
candidates (Raouafi & Stenborg 2014; Raouafi et al. 2016; Roberts
et al. 2018; Uritsky et al. 2021; Kumar et al. 2022). Theoretical
models for SBs also address either formation of S-shaped kink in
the Sun via interchange reconnection (Fisk & Schwadron 2001) or
the transfer of helicity via interchange reconnection between open
and closed fields (Drake et al. 2021; Agapitov et al. 2022). On the
other hand, Schwadron & McComas (2021) proposed that a field

line interacts with adjacent solar wind flows to reverse itself into an
SB. Shoda et al. (2021) also propose that field lines rooted in the
Sun develop the kinks in the Alfvénic solar wind. Other models
propose magnetized Kelvin—Helmholtz-like dynamics (Ruffolo
et al. 2020) and expanding solar wind (Squire et al. 2020) for
in situ generation of SBs, in which case S-shaped kinks do not
necessarily form in the Sun.

In this Letter, we study solar network fields detected in the Ho
line as solar features that can be potential seeds for SBs. We
investigate their length, width, and interdistances between them to
build statistical distributions of these geometrical quantities, which
hopefully yields a clue to the solar origin of SBs.

2. Observations

We use the Ha images taken by the Visible Imaging
Spectrometer (VIS; Cao et al. 2010) of the 1.6 m Goode Solar
Telescope (GST; Goode et al. 2010) in Big Bear Solar
Observatory (BBSO). The GST observations were made on
2020 January 17 during the fifth perihelion period of PSP. The
target region was on the northern coronal hole boundary. The
GST/VIS images have a pixel size of 07.029 and actual
resolution is about 0”.10 depending on seeing. The time
cadence for a set of 11 wavelengths was 28s for a fixed
wavelength. All of these instrumental capabilities affect the
measurement of the geometrical parameters as they are very
small and highly transient.

In Figure 1 we present the location and GST field of view
(FOV) of the Ha images, and compare them with SDO/AIA
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Figure 2. Proposed hypothesis for the transformation of solar flux tubes into SBs in space. (a) An inverted Ha image showing three SGs (marked with dotted lines)
and two hypothetical trajectories of PSP (red arrows). (b) Flux tubes (represented by lines) rooted along the network boundary expand into space. (c) Flux tubes are
allowed to randomly walk to fill up the magnetic funnel yet rooted along the network boundary. (d) Locations of flux tubes on the x—y plane at the height of PSP are
plotted (colored dots) together with the trajectory of the network boundary (white curve). (e) Proposed transformation of a flux tube to an SB: initially a straight flux
tube (green) with a dense section (red) turns itself over to form an S-shaped kink with the aspect ratio as high as that of the dense section.

(Lemen et al. 2011) EUV images. Figure 1(a) shows the AIA
EUV 193 A image including the coronal hole in the northern
polar region. The white box is the FOV of panels Figure 1(b)
and (c). The AIA 193 A shows a feature looking like a closed
loop wrapping around the bright core (Figure 1(b)), which does
not resemble the fine structures in the Ha image (Figure 1(c)).
Similarity between Ho and EUV images is commonly found
for active regions, but not necessarily for small Ha features in
the chromosphere. The dark features, which we identify with
spicules or flux tubes, have a width of about 0”1 and the
interdistance between the dark features is also in the range.
Such fine structures are not clearly discernible in EUV. Those
fine structures in Ha are visible not only due to the high
resolution of the GST/VIS, but an intrinsic property of the
chromosphere. Figure 1(c) also shows an Helioseismic and
Magnetic Imager (HMI) (Schou et al. 2012) magnetogram over
an Ha image as colored contours at 40 G level. The magnetic
field measurement in locations closer to the limb is harder, and
from the average magnetic field in the background, we estimate
that field strength lower than 40 G is not trustworthy.

Figures 1(d) and (e) shows GST/VIS images taken in the
blue and red wings of the Ha line. There is a significant red—
blue asymmetry so that we can see the network structure more
clearly in the Ha blue wing, and less apparent in the red wing,
meaning that most materials in the network are in the upward
motion. In this study we regard any thin elongated features

visible in the blue wing but not in the red wing as the
chromospheric ejecta.

3. Analysis

Prior to the analysis, we need to set a conceptual relationship
between solar features in Ha images and SBs in the PSP data,
because neither the S-shaped kink structure is visible in the Sun
nor any small-scale ejecta are traceable from the chromosphere
to the position of PSP.

3.1. Hypotheses

Figure 2 shows our proposed hypothesis on how flux tubes
in the chromosphere can be related to SBs in the height of
PSPs. In Figure 2(a) we schematically mark three SG cells
visible in an inverted Ho image. Since our goal is to study fine
spatial structures within an SG, the present FOV of the GST/
VIS is, in fact, adequately largg. Each SG has a diameter of
~25" In this inverted Ha—0.8 A image, the spicules appear as
bright fine structures. The spicules are mostly lined up along
the SG boundary with intervals of a few arcseconds, and have a
length of arcseconds and a width of subarcseconds. We do not
count the closed flux tubes in the middle of the SG, because
they will not reach the heliosphere.

Figure 2(b) shows imaginative flux tubes lining up along the
SG boundary. Each line represents a flux tube extending from
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Figure 3. Geometrical parameters of flux tubes on SG boundary. The panels in the left-hand side show the lengths (widths) of flux tubes marked with red (white) bars
in an inverted Ho image (a), histograms of length (b) and width (c) of flux tubes, and interdistances between nearby flux tubes (d), and those between all pairs of flux
tubes (e). The panels in the right-hand side (f)—(j) are the same as (a)—(e) for a different time frame.

the chromosphere to the height of PSP flight, which is colored
for the identification of the footpoint location. We assume that
the chromospheric structure is expanding into space in
proportion to the radial distance of PSP but maintaining its
original shape so that it will form a funnel with diameter of an
SG (in the units of angular size) as claimed by Bale et al.
(2021). If PSP flies through such a funnel along trajectory A, it
will encounter only a single flux tube. Along B, PSP may
encounter up to two flux tubes. Either way, PSP cannot detect
SBs within a funnel as numerous as observed.

In Figure 2(c), we let the flux tubes rearrange themselves to
fill up the funnel via stochastic meandering (see Chhiber et al.
2021). The same color code is used for identifying the footpoint
location of the flux tubes. In this case, PSP may encounter the
SBs as numerous as observed. In Figure 2(d), the positions of
flux tubes after the random walks (Figure 2(c)) are plotted with
symbols and those under the simple lateral expansion
(Figure 2(b)) are represented by the white curve. The stochastic
meandering may not necessarily result in a uniform distribution
of flux tubes in space, because some flux tubes may be more
concentrated in some location. For instance, at a sharply
turning point or in the interface between two sides of a
network, PSP may find flux tubes more densely populated.
Such asymmetric distribution of flux tubes within an SG funnel
may result in asymmetric SB distribution, depending on the
direction of PSP flight (Bale et al. 2021).

All these arguments hinge on how SBs form. We illustrate
our idea on the kinking in Figure 2(e). Here we assume that

plasma behind the dense section (red) of the flux tube moves
faster and pushes the flux tube to kink. If the dense section of
the flux tube is more rigid to resist against folding itself, the
folding occurs at the top and at the bottom to maintain the
aspect ratio. Such kinking might also occur via Kelvin—
Helmbholtz instability at the SB boundaries (Mozer et al. 2020;
Ruffolo et al. 2020) or under the mechanisms proposed by
Shoda et al. (2021) and Swadron & McComas (2021). Based
on this thought experiment, we set the following strategy of
data analysis:

1. We count all flux tubes that transiently appear in Ho
blue-wing images under the assumption that flux tubes
may develop an S-shaped kink during transit.

2. We measure interdistances between flux tubes for
comparison with the waiting time of SBs multiplied by
the PSP speed. This actually replaces the concept of
temporal occurrence rate at a given position.

3. We measure the length of the mass-loaded section of flux
tubes for comparison with the SB residence time
multiplied by the speed of the ejecta.

4. We measure the aspect ratio of the mass-loaded section
for comparison with that of SBs under the assumed
mechanism for S-shaped kink formation in space.

3.2. Individual Features

Figure 3 displays the GST/VIS images (top panels) and the
measured parameters (bottom) for two contrasting frames. We
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counted only those belonging to the middle one (the dashed
ellipse in Figure 2(a)), excluding spicules belonging to
neighbor networks to study characteristics of one magnetic
funnel. Closed fields inside the network are also excluded as
they would not reach the heliosphere. In the frame shown in
Figure 3(a), we count 100 flux tubes, which must be high
enough for explaining the large number of SBs within a patch.
It is generally debatable whether spicules can reach helio-
sphere; of the two types of spicules, type II spicules are
believed to be more likely to escape the Sun (Klimchuk 2012;
Martinez-Sykora et al. 2018). We are unable to distinguish type
IT from type I with the current data and count all of the thin
structures, which is one property of type Il spicules. As a result,
the total number of the flux tubes related to SBs can be
overestimated.

We measure the length and diameter of the dense section of
each flux tube solely based on the intensity appeared in the Ho
image, i.e., the bright fine fibrils in this inverse Ha image. We
first create a skeleton image by marking the locations of local
minimum Hea intensity. We then manually mark the top and
bottom of each flux tube based on its intensity against the
nearby background, after which we use an algorithm to
determine its length and width. The measured parameters are
shown in Figure 3(b) and (c) in the form of a histogram. The
length distribution tends to show two peaks followed by slow
decays on both sides (Figure 3(b)). In a log—log plot they do
not form a single power law decreasing toward the larger scale
unlike the statistical distribution of either waiting time or
residence time (Dudok de Wit et al. 2020). The diameters are
much smaller than any other parameters and form a narrow
distribution below 0.5 down to 0.07 Mm (Figure 3(c)).

Figure 3(d) shows that the interdistances between nearby
flux tubes form a wider distribution, but it is still confined to a
narrow range from 0.1-2 Mm. We also calculate the
interdistances for all pairs of flux tubes, as a possible
counterpart to the waiting-time distribution of SBs. PSP may
hit any pair of flux tube lying on the edge of the magnetic
funnel depending on its direction of flight. In reality, PSP will
pass through a particular funnel only once, but may encounter
multiple funnels on the trajectory. The interdistances of all
pairs of flux tubes within a funnel can thus hint on the statistical
behavior of the waiting times if all funnels are more or less
alike. In this case, the total number of data points increases
from n to C(n, 2), where n = 100 in Figure 3(a) and n =74 in
Figure 3(f). Two peaks are located at 1.4 and 7.3 Mm as
indicated by the two vertical guide lines, which correspond to
0?12 and 0260, respectively, consistent with the medium scales
found for SBs (Fargette et al. 2021).

In the right-hand side of Figure 3, we repeat the same
procedure to another frame. The derived parameters from the
image (Figure 3(f)) follow the above trend: the diameters are in
the shortest scale and the lengths in the next shortest scale. The
main noticeable difference is the interdistances from all pairs of
flux tubes show two peaks clearly. The smaller one around
5 Mm corresponds to the medium scale of SBs, and the larger
one around 14 Mm, to the medium scale of SBs. While such
agreement may seem supportive of the solar origin for SBs, we
must note that this SG scale is less apparent in Figure 3(a). It
may be that the presence of numerous flux tubes (Figure 3(a))
leads to a continuously decreasing interdistance distribution
across the SG scale and the lesser number of flux tubes along
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the SG boundary produces the SG scale more clearly
(Figure 3(f)). The latter is actually more common. Since
almost all chromospheric features at these small scales are
highly transient, no time-invariant distribution could be
constructed, and the result should be interpreted with caution.

Since we measured these parameters solely based on the
apparent appearance on the Ha-0.8 A images, the results
depend on both the line opacity and projection effect. We may
expect that width suffers less from the projection effect, and
that the interdistance between a pair of flux tubes is free of the
radiative transfer effect. However, the distance is also subject to
the projection effect in the case that pairs of flux tubes do not
lie on the same sky plane. We might expect the ratio of the
length to width to be less sensitive to the radiative transfer
effect, but is still subject to the projection effect. We thus
expect that length, aspect ratio, and interdistance are under-
estimated due to the projection effect. Our interpretation on
these quantities will be made under such limitations.

3.3. Total Distributions

We combine the results of the geometrical parameters
measured from three Ha images altogether, and plot the results
in Figure 4. The first column shows scatterplots of the length
(Figure 4(a)) and the interdistance (Figure 4(b)) versus the
diameter where a total of 250 data points are used. As a result
no good correlation is found either between length and
diameter or between the interdistance and the width. This
means that any similarity in the number distribution of these
quantities is not due to good correlation between length and
width.

The middle column shows the lengths (Figure 4(c)) and the
interdistances of flux tubes (Figure 4(d)) in histograms. Both
quantities are shown in units of Mm along with corresponding
times in units of seconds, the latter of which are intended for a
crude comparison with the residence-time and the waiting-time
distributions of SBs. The lengths of spicules lie in the range of
0.55-5.6 Mm. To convert these to turnover times, we assumed
that a nominal speed of 500 km s~ for the ejecta, and the length
of the spicule is doubled reaching the height of PSP perihelion
(see the calculation result in Figure 4(f)). We then find the
corresponding turnover times ranging from 4.0-20 s, which
roughly matches the width of the residence-time distribution of
SBs (Dudok de Wit et al. 2020). However, the former
distribution has two peaks, whereas the residence times form a
single power-law distribution. The interdistances lie in the range
of 0.057-22 Mm, which can be translated to 3.4—1300s if PSP
runs across these structures with the nominal speed, 500 km s~
at the radial distance of 30 R.,. This range is close to that of the
waiting-time distribution of SBs, but the distribution has a peak
around 7 Mm unlike the scale-free single power law (Dudok de
Wit et al. 2020). The actual speed and radial distance will vary
from these nominal values and our assumptions are too simple.
Nevertheless the difference between chromospheric parameters
and their solar wind counterparts is obvious.

The rightmost column is devoted to the discussion of the
aspect ratio of SBs. Figure 4(e) shows the ratios of the length to
the diameter of the dark sections of the flux tubes, which we
equate to the aspect ratio of an S-shaped kink, as shown in
Figure 2(e). This parameter mostly lies in the range of 6—40,
which well fits the range of the aspect ratio of the SBs detected
by the PSP. Figure 4(f) presents a simple calculation result on
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Figure 4. Distributions of geometrical parameters. Scatterplots of (a) length of flux tubes vs. their widths and (b) interdistance between nearby flux tubes vs. widths.
Middle column shows the histograms of length of the dark section of flux tubes (c) and the interdistance of all pairs of flux tubes (d). Right column shows the
measured length-to-diameter ratio of flux tubes (e) and a model aspect ratio (f). The model calculation of the aspect ratio starts with the nominal initial value of one in
the Sun and traces its evolution through its transit to space under four combinations of assumptions on the radial and lateral expansion.

Table 1
Properties of SBs Investigated

Medium Scale, d Large Scale, D Aspect Ratio Number Per Patch, N Frequency Distribution

Expected 0°08* 126-622%

PSP 0°12-0°7% 1°1-4°4* >10° .. Broad without characteristic scales®
GST 0°04-0°12 0°6-1°8 6-40 40-100 Narrow with characteristic scales
Notes.

 Fargette et al. (2021).
® Laker et al. (2021).
¢ Dudok de Wit et al. (2020).

how the aspect ratio of a flux tube varies as it propagates out
with a unit aspect ratio in the Sun. This calculation is made
using the Alfvén speed V, and solar wind speed Vgy presented
in Adhikari et al. (2020). If the tube moves at V,, which is
decreasing with radial distance, the top part is moving more
slowly than the bottom part, and the tube becomes compressed
in length and thus the aspect ratio decreases regardless of the
assumption on the lateral expansion. If it moves at Vgw, which
is increasing with radial distance, its length increases, and the
aspect ratio may increase for an invariant diameter. Even in this
most favorable scenario, the aspect ratio increases only by a
factor of 2; otherwise it only decreases with radial distance.
This simple exercise implies that a flux tube should have
already had a highly elongated shape at the start in order to
reproduce the high aspect ratio of SBs in space.

3.4. Redistribution of Flux Tubes in Space

We list our results in the bottom row of Table 1, along with
the other results from the PSP data in upper rows, for
comparison. We hoped that the chromospheric scales, when
expressed in angular distance, may be comparable to the
medium scale (d) and large scale (D) of SBs (Fargette et al.
2021; Bale et al. 2021). However, the chromospheric scales
found in this study tend to be smaller than d and D determined
from the PSP data overall (Table 1). In the presence of solar
wind turbulence, it is obvious that at some point far away from
the Sun, the chromospheric scale information will be lost as a
result of a random walk of field lines in solar wind. Ruffolo
et al. (2003) and Tooprakai et al. (2016) calculated the
heliocentric distances up to which field lines originating in
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magnetic islands can remain topologically trapped and
estimated this so-called filamentary distance as 40-150 R..
The PSP data used in the scale analysis (Fargette et al. 2021)
were gathered at its perihelion distance ~30 R, and therefore
the filamentary structure could barely be maintained. Chhiber
et al. (2021) used a turbulence transport model to estimate that
the diffusive field line spreading at 1au is about 20°-60°. A
linear interpolation of this value to the height of 30 R, yields
2°8-8%4, which must be an overestimation. We may still
expect that the size of the funnel structure at the height of PSP
perihelion, expressed in angular distance, can be larger than an
actual chromospheric SG (Table 1) as a result of lateral
displacement and spread.

Likewise we may expect that d determined from the PSP
data should be also larger than the actual granule size.
However, we further assumed the presence of a random walk
of magnetic flux tubes within each SG in addition to the
expansion and spread, because in order for a number of the flux
tubes rooted in the SG boundary to be detected by a satellite
they should fill up the funnel quite significantly (Figure 2). The
size of granules would be forgotten after this random walk,
even though granules are involved with the flux tubes. We
consider an extreme case in this line that they are completely
rearranged in position so that the interdistance between
filament becomes the same for every pair of the nearest
neighbors, and d is expressed as D/N' /2. With the chromo-
spheric parameters, 076 <D < 198 and 40 < N < 100, we find
0206 < d < 0228, which is similar to size of one granule, and a
little shorter than the medium scale of SBs. On the other hand,
if we use the large scale of SBs, 171 < D <4%4, we end up
with 011 < d < 0°7 in good agreement with the medium scale
of SBs (Table 1). In this scenario, d is not the intrinsic size of a
granule, but an equilibrium scale resulting from the random
walk of flux tubes within a magnetic funnel.

4. Discussion

We have studied the geometrical parameters of the chromo-
spheric fibrils lying along a coronal hole boundary in search of
solar sources for SBs. The test criteria are the spatial dimension
of SBs (Fargette et al. 2021; Bale et al. 2021), the highly
elongated shape along the radial direction (Horbury et al. 2020;
Laker et al. 2021) and clustering with a long-term memory
(Chhiber et al. 2020; Dudok de Wit et al. 2020). With the
unprecedented high-resolution Ha blue-wing images from
GST/VIS of BBSO, we were able to determine those
properties of small ejective features down to a 100 km scale.

The chromospheric scales (Table 1, columns 2 and 3)
measured from the spicules located along the chromospheric
networks have a little overlap with the medium and large scales
of SBs found from the PSP data (Fargette et al. 2021; Bale et al.
2021) but with a tendency of being smaller than those derived
from PSP data. The distribution of length and that of
interdistance between every pair of flux tubes also overlaps
with the residence- and waiting-time distributions of SBs, but
does not show the characteristics of the scale-free single power-
law distribution. These results raised a couple of issues as to
whether a similarity of the SB scales to the SG and granule can
evidence solar origin and which else chromospheric parameters
can be important for connecting the Sun to SBs.

First, the argument for SB modulation by SG does not mean
that an SG itself expands to an SB patch maintaining its
structure. It means that the open fields lying on the SG
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boundary lane should expand to form a funnel. Therefore the
similarity as evidence for solar origin is justified only when the
edge of one funnel pushes against its neighbor funnel to
reproduce their footpoint scale into space. What really matters
is then not the original size but the size after the expansion can
recover the SG scale. This need is in line with our ad hoc
assumption that flux tubes undergo a random walk to fill an SG
(Figure 2); otherwise no numerous SBs inside a patch can be
detected, and only one or two SBs in the SG funnel will be
detected. This hypothesis leads to the relation of the medium
scale to the large scale of SBs as D/dle/z. Spatial
frequency, N, is therefore important not only in that it connects
spicules to SBs, but explains how to link the two scales, D
and d.

Second, we draw attention to the length-to-diameter ratio of
the dense section of flux tubes, because the aspect ratio of a
flux tube can hardly increase during its transit to space in our
simple calculation. Its value of 6 <A <40 (Table 1, column 4)
is already as high as the aspect ratio of SBs (>10) measured in
space. Such a high aspect ratio may also allow a sufficiently
high probability of individual reversals to be crossed by PSP. A
hypothesis that solar flux tubes should develop S-shaped kinks
during their transit into the heliosphere is though needed, and
our argument is simply that no such structure is found in the
Sun. Otherwise we refer to the recent finding of no full SBs
inside 0.2au (Pecora et al. 2022) and theoretical models
proposing in situ generation of SBs (e.g., Schwadron &
McComas 2021; Shoda et al. 2021). In this scenario, whether
or not the twisted structure should form in the Sun is
unimportant, but whether the aspect ratio and spatial frequency
are sufficiently high is important.

Finally we note that we were unable to find a scale-free
single power-law distribution from either flux tube lengths or
their interdistances (Table 1, column 6). This result suggests
that the residence- and waiting-time distributions of SBs are not
directly originating from the chromosphere. We conclude that
solar chromosphere may produce seeds for SBs, but solar flux
tubes should undergo not only positional rearrangement but
also aggregation and cascade to other scales during transit from
the Sun to solar wind.
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