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Ngampoopun et al.

Abstract Coronal hole boundaries are the interfaces between closed and open
magnetic field regions in the solar atmosphere. Many fundamental processes take
place at these regions, including magnetic reconnection that is responsible for
solar wind release and restructuring of the solar magnetic field. In this paper,
we present a case study in which we investigate the physical properties of the
boundary of a large low-latitude coronal hole. Differential Emission Measure
analysis is used to derive the plasma properties of these regions. We also apply
correlation dimension mapping analysis to measure the irregularities of the coro-
nal hole boundary. We find that the leading boundary of this coronal hole has
a slightly higher average plasma temperature, is associated with a stronger and
more unipolar magnetic field, and has a smoother boundary line than the trailing
counterpart. These differences are hypothesised to be direct consequences of the
local magnetic field configurations of the coronal hole boundary: the leading
boundary corresponds to large, well-organised coronal loops, and the trailing
boundary corresponds to more dispersed, randomly orientated small magnetic
bipoles. Hence, we suggest that the surrounding magnetic field structure and
the nature of magnetic reconnection influence the properties of coronal hole
boundaries.

Keywords: Coronal Holes; Corona, Structure

1. Introduction

Coronal holes (CHs) are long-lived regions of reduced extreme ultraviolet (EUV)
and X-ray emission in the solar corona. They are characterised by relatively low
plasma temperature (0.8 — 1 MK), low plasma density (1—3 x 1078 cm—3), and
weak magnetic field strength (1 — 5 G) compared to the surrounding quiet Sun
(see e.g., Cranmer 2009; Heinemann et al. 2019, 2021). While CHs are primarily
located in the polar regions during solar minimum, they are often found at lower
latitudes at other phases of solar cycles. The formation of these low-latitude CHs
is thought to be related to active regions (ARs) (Wang et al. 2010; Karachik,
Pevtsov, and Abramenko 2010; Petrie and Haislmaier 2013) or eruptions of solar
filaments (Heinemann et al. 2018; Hofmeister et al. 2025).
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Properties of CH boundary

Due to their open magnetic field configuration, they are widely regarded as
major sources of the fast solar wind. Meanwhile, the boundaries of CH have also
been proposed as one of the sources of the slow solar wind (see reviews by Abbo
et al. 2016; Viall and Borovsky 2020). At these boundaries, the slow solar wind
plasma may travel along open magnetic fields with high expansion factors (e.g.,
Wang and Sheeley 1990; Wang and Ko 2019) and/or it may be released through
the interchange reconnection between the closed and open magnetic fields at
various altitudes (e.g., Fisk 2003; Antiochos et al. 2011; Ngampoopun et al.
2025). Interchange reconnection also plays a major role in the short-timescale
evolution of CHs and their boundaries (Baker, van Driel-Gesztelyi, and Attrill
2007; Kong et al. 2018; Heinemann et al. 2023), as well as in maintaining the
quasi-rigid rotation of CHs in the corona, in contrast to the photosphere below
(Timothy, Krieger, and Vaiana 1975; Wang and Sheeley 2004). As this process
takes place primarily in the corona, the evolution of CH areas may not necessarily
correspond to the photospheric magnetic field beneath them (Heinemann et al.
2020).

Remote sensing observations have shown that bright points and jets are
present within CHs and their boundary regions and are believed to be related
to small-scale interchange reconnection and the evolution of CH boundaries
(e.g., Madjarska and Wiegelmann 2009; Subramanian, Madjarska, and Doyle
2010; Yang et al. 2011; Heinemann et al. 2023). However, some changes in
CH boundaries are not accompanied by obvious signatures in EUV or X-ray
observations (e.g., Kahler and Hudson 2002; Kahler, Jibben, and DeLuca 2010),
maybe because reconnection produces insufficient energy to noticeably heat the
plasma or reconnection occurs at much higher altitudes near the top of streamers
(Wang et al. 2000; Liewer et al. 2023).

Understanding the properties and dynamics of the CH boundary regions is of
great interest, as they have significant implications on the resulting solar wind
emanating from them and the structure of the heliosphere. The position, area
and morphology of CHs show correlation with the peak solar wind speed (Rotter
et al. 2012; Samara et al. 2022). In addition, the CH boundary regions that do
not appear dark in EUV observations may contribute to the open flux problem
(Linker et al. 2017, 2021; Heinemann et al. 2024), which is the observed mismatch
between the amount of open magnetic flux derived from remote sensing and in
situ observations by a factor of two or more.

Heinemann et al. (2019) demonstrated that the intensity gradient across the
boundary of low-latitude CHs is dependent on the surrounding magnetic field
configuration (e.g. ARs, filaments, coronal loops) and as such on the solar cycle.
This dependence consequently affects the optimal threshold and uncertainties for
the extraction of the CH boundaries (Reiss et al. 2021, 2024). Using Differential
Emission Measure (DEM) analysis, Saqri et al. (2020) showed that there are
clear differences in the DEM distribution between regions inside and outside
the CH. Statistical analysis by Heinemann et al. (2021) further revealed that
plasma density and emission measure change drastically at regions within ~ 15
Mm (20”) of the CH boundaries, whereas plasma temperature variations in the
same regions are much smaller. Koukras, Savin, and Hahn (2025) investigated the
plasma composition in the CH boundary regions by calculating the abundance
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ratio of the elements with low and high first ionisation potential (FIP). They
found that these abundance ratios (i.e. FIP bias) increase monotonically from
the CH boundaries until they reach the quiet Sun level at ~ 30 — 60 Mm from
the CH boundary.

In many cases, the CH boundaries appear to be spatially complex with a
fuzzy or ragged appearance (Kahler and Hudson 2002; Heinemann et al. 2020).
Aslanyan et al. (2022) proposed that the global magnetic field topology and
dynamics directly influence the complexity of the CH boundaries, as their magne-
tohydrodynamic (MHD) simulation showed that the CH-helmet streamer bound-
ary is more complex than the CH-pseudostreamer boundary. Their finding is
further supported by the analysis presented by Mason and Uritsky (2022), who
quantified the irregularity of the CH boundary lines observed in EUV images
using the correlation dimension mapping (CDM) method. The authors also pro-
posed that the most relevant physical scale of the CH boundary is on the order of
5 — 20 Mm, corresponding to small-scale plumelets and supergranulation. Lastly,
Samara et al. (2022) found that the correlation between CH area and solar wind
speed decreases significantly for CH with more complex boundaries.

However, it remains unclear how these spatial irregularities may be related to
the observed physical properties (e.g., plasma temperature, magnetic flux) of the
CH boundary regions. In this paper, we study the possible connection between
plasma properties, magnetic field properties, and the spatial irregularity of the
boundary of a long-lived low-latitude CH using high-cadence remote sensing
observations from the Solar Dynamics Observatory (SDO; Pesnell, Thompson,
and Chamberlin 2012). The paper is outlined as follows. The datasets used in
this study and the CH boundary extraction methods are described in Section 2.
The structure of the extrapolated CH magnetic field is detailed in Section 3.
In Section 4, we present the results of the analysis of the properties of the
CH boundary using DEM analysis on EUV images, the CDM method on the
CH boundary line, and photospheric magnetograms. Finally, a discussion of the
results and their implications is presented in Section 5.

2. Remote Sensing Observations

On 2018 November 1, a large low-latitude coronal hole was observed on the solar
disc from Earth. There were no emerging ARs or solar eruptions that occurred
on that date that could significantly deform the CH boundary. Hence, this CH is
a suitable target for this analysis, as we focused on the intrinsic properties of the
CH boundary and its surrounding quiet Sun. To minimise the uncertainties of
CH boundary detection due to line-of-sight (LOS) integration effect, we focus the
analysis on a 1-hour period from November 1, 04:00 UT to 05:00 UT, coinciding
with the time this CH passed the central meridian as observed by SDO.

EUV images in seven passbands, taken by the Atmospheric Imaging Assembly
(AIA; Lemen et al. 2012) onboard SDO, were used to identify the CH and
investigate its evolution. The plate scale of the instrument is 0.6” per pixel
(equivalent to ~ 435 km) and the temporal cadence is 12 s. To mitigate stray
and scattered light in the CH observations (Saqri et al. 2020; Heinemann et al.
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Properties of CH boundary

Image time: 2018-11-01 04:00:28
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Figure 1. SDO observations of a low-latitude coronal hole on 2018 November 1 at 04:00:28
UT. Panel a displays the processed and PSF-corrected AIA 193 A (see Section 2).The white and
red arrows indicate the filament channel and coronal cell structure, respectively. Panel b shows
the CH boundary derived using the CATCH algorithm in a red contour, with the uncertainties
of the boundary shown in blue. Panel ¢ corresponds to HMI LOS photospheric magnetogram,
with the final CH boundary contour overplotted in orange. The final CH boundary is obtained
from filling the holes in the CATCH CH boundary contour.

2021; Young and Viall 2022), the ATA images were deconvolved using the revised
point spread function (PSF) for AIA derived by Hofmeister, Savin, and Hahn
(2025). The deconvolution is performed using the Basic Iterative Deconvolution
algorithm by Hofmeister (2024). The images were also registered, normalised to
a one-second exposure time, and corrected for instrument degradation using the
alapy (Barnes et al. 2020) Python library. These steps were performed on all
ATA images prior to analysis.

The magnetic properties of the CH boundary were derived from LOS pho-
tospheric magnetograms obtained from the Helioseismic and Magnetic Imager
(HMI; Scherrer et al. 2012), also onboard SDO. The noise level is ~ 7 G (Cou-
vidat et al. 2016) and the temporal cadence is 45 s. As the HMI plate scale is
0.505" per pixel, the HMI magnetograms were rescaled and coaligned with ATA
images to have the same spatial resolution.

Figure 1 shows the cutouts of ATA 193 A (panels a and b) and HMI (panel c)
observations of the low-latitude CH. There is a dark filament channel (shown by
the white arrow in Figure 1) present to the west of the CH, and there are several
small coronal bright points located inside the CH and along its boundary. The
dominant magnetic field in the CH is of positive (outward) polarity, as indicated
by the LOS magnetogram in the right panel. We derived the CH boundary
from the prepped AIA 193 A images using the Collection of Analysis Tools for
Coronal Holes (CATCH/pyCATCH; Heinemann et al. 2019) algorithm. This
method defined the optimal CH boundary threshold as the value at which the
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uncertainties of the CH area, obtained from varying the thresholds by small
value ranges, are minimum. Hence, the derived boundary should correspond to
locations between CH and the quiet Sun with maximum intensity gradients. For
our case, we found that the threshold of 35 DN s~! is optimal. The CH boundary
and associated uncertainties obtained from the optimal value are shown in panel
b of Figure 1. The uncertainties obtained from varying the threshold by + 2
DN s~1. As we focused only on the leading and trailing boundaries of the CH,
interior holes in the CH boundary contour caused by bright points inside the
CHs were then filled using binary operators. The final CH boundary that we
used in the analysis is then shown in panel ¢ of Figure 1.

The derived CH boundary from CATCH should not be highly sensitive to
small changes in quiet-Sun intensity. Still, to investigate the effect of varying the
CH boundary threshold, we also derived the CH boundaries using the thresholds
of 30 DN s~! and 40 DN s~ ! and discussed their implications in Appendix A.
In short, the small changes (£ 5 DN s™1) in CH boundary extraction thresholds
do not qualitatively affect our main conclusion. However, it should be noted
that the derived CH properties can still vary significantly when using different
CH detection schemes that have different underlying principles (e.g. Reiss et al.
2021, 2024).

3. Global Magnetic Field Configuration

Potential field source surface (PFSS) extrapolations were performed to infer the
magnetic configuration of the CH and the surrounding region. The Air Force
Data Assimilative Photospheric Flux Transport (ADAPT; Arge et al. 2010;
Hickmann et al. 2015) magnetograms, which incorporate a surface flux transport
model to the HMI LOS magnetogram, were used for the boundary condition
of the PFSS extrapolation. The transport model generated 12 realisations of
the synoptic magnetogram, and the average of all realisations was used in this
analysis. The pfsspy Python package! (Stansby, Yeates, and Badman 2020) was
used to compute the PFSS solutions in a 3D grid equally spaced in sin(latitude),
longitude, and heliocentric distance. The radius of the source surface (Rss) was
chosen to be 2.0 Rg. By comparing the magnetic field values from modelling
and in-situ observations, Badman et al. (2020) found that this Rss = 2.0 Rg
value is optimal for modelling the magnetic connectivity between the Parker
Solar Probe (PSP; Fox et al. 2016) and the Sun during the first encounter, when
the spacecraft was magnetically connected to this CH.

Figure 2 shows the summary of the PFSS extrapolation. The input ADAPT/HMIJ}
magnetogram is displayed in panel a. The higher resolution portion of the input
map is the measurement from the HMI obtained near the CH passage over the
central meridian, while the lower resolution portion corresponds to the magnetic
field derived from the flux transport model. Note that the map was reprojected
so that the central meridian is located at 180° longitude. Panel b shows the

INow available as the sunkit-magex package:https://docs.sunpy.org/projects/sunkit-magex/
en/latest/
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Figure 2. Global magnetic field configuration from the PFSS extrapolation. (a) The
ADAPT/HMI magnetogram used as input for the PFSS extrapolation, saturated at £50 G.
(b) The magnetic field polarity at the source surface of 2 R, saturated at £0.5 G. The blue
line represents the heliospheric current sheet, and the location of helmet streamers (HS) and
pseudostreamers (PS) are labelled. (¢) The footpoints of positive (blue) and negative (red)
open magnetic field lines. The low-latitude CH is located at 180° Carrington longitude. (d)
The extrapolated magnetic field lines plotted over the zoomed-in AIA 193 A image of CH. The
positive open field lines are plotted in blue, while the closed field lines are plotted in black.

magnetic field polarity at the source surface (r = 2.0 Rg), showing positive
(blue) magnetic polarity in the northern hemisphere and negative (red) polarity
in the southern hemisphere separated by the heliospheric current sheet (HCS;
blue line). The footpoints and their polarity of open magnetic field lines are
shown in panel ¢, and the extrapolated field lines are illustrated on top of the
ATA 193 A image in panel d.

As this observation period is close to solar minimum, the polar regions are
dominated by open-field footpoints that manifest themselves as polar CHs. The
targeted low-latitude CH corresponds to the positive open-field regions located
at 180° longitude. This CH extends beyond the equator into the southern hemi-
sphere, resulting in a warped HCS that runs adjacent to the leading, trailing,
and bottom boundaries of the CH, as shown in panel b of Figure 2. Hence, these
regions adjacent to three sides of the CH should correspond to helmet streamers,
with the leading and bottom boundaries located closer to the streamers than
the trailing boundary. Meanwhile, the north section of the CH corresponds to a
pseudostreamer, which also connects to the northern polar CH. The approximate
locations of the helmet streamers and a pseudostreamer are indicated in panel
b of Figure 2.
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The location of open-field footpoints, as shown in panels ¢ and d of Figure 2,
seems to generally agree with the CH area identified using ATA 193 A images,
although some mismatches are still evident. It has been demonstrated that the
open-field regions derived from coronal modelling can differ considerably from
CH areas derived from EUV observations (e.g., Heinemann et al. 2023; Asvestari
et al. 2024; Heinemann, Pomoell, and Temmer 2026), highlighting the limitation
of current modelling in accurately representing the solar corona. Nevertheless,
the PFSS model result shown here should still be useful as a simple represen-
tation of the magnetic field configuration of the targeted CH and surrounding
regions.

4. Results
4.1. Differential Emission Measure Analysis

Assuming that EUV emissions in the solar corona are emitted from optically thin
plasma in thermal and ionisation equilibrium, the amount of emitting plasma in
a small volume can be described by emission measure (EM). For each column
covering a small region on the solar disc (corresponding to a pixel in spatially
resolved observations) with height h, the EM is given by,

EM = /Nfdh. (1)

In the case of multi-thermal plasma, the temperature distribution of the plasma
with column height h is described by the differential emission measure (DEM)
function ¢(T), given by

d EM dh
o(T) = 9T = Nfﬁ- (2)

Consequently, DEM-weighted averaged electron temperature T and averaged
electron density of the plasma along the LOS N, are then given by (e.g., Cheng
et al. 2012; Long, Jenkins, and Valori 2019; Saqri et al. 2020),

7 JOM) T AT _ [¢(T) T dT
T Je(mdr ~  EM

I (4)

where h is the LOS integration height. In this analysis, h is approximated to be
the hydrostatic scale height defined as

3)

and,

h= el (5)
mgp

SOLA: main.tex; 8 May 2026; 0:43; p. 8



Properties of CH boundary

where kg is the Boltzmann constant, T is the EM-weighted temperature, m =
1.67x 10727 kg is proton mass, ¢ = 274 m s~ 2 is the Sun’s gravitational constant,
and g = 0.6 is the mean molecular weight assuming fully ionised plasma. Note
that the hydrostatic scale height may not accurately represent the actual column
height of emitted plasma, as the CH boundary regions contain a mixture of open
and closed magnetic field configurations.

The DEM function ¢(T") of the multi-thermal coronal plasma can be obtained
from the EUV emissions observed by AIA. The AIA observables in the EUV
passband can be described as a set of linear equations (Hannah and Kontar
2012, 2013) as follows:

9i = K j &(T) + dg; (6)

where g; (i = 1,..., M) is the observed intensity of each passband with obser-
vational uncertainties dg;, T; (j = 1,...,N) denotes the specific temperatures
of the DEM function, and K; ; is the kernel corresponding to the temperature
response function of each ATA passband (Boerner et al. 2012). The temperature
response function is derived using the emissivity model from the CHIANTI
atomic database version 9.3 (Dere et al. 1997, 2019), assuming coronal abun-
dance. Note that the plasma composition at the CH boundary regions is likely
to be in the middle between photospheric and coronal abundance (Koukras,
Savin, and Hahn 2025).

The DEM function in each temperature bin ¢(7}) can then be derived by
solving the inversion problem in Equation 6. In this analysis, we employ the
regularised inversion method developed by Hannah and Kontar (2012, 2013) to
calculate the DEM of the plasma at the CH boundary. The prepared AIA data in
six EUV passbands (M = 6): 94 A, 131 A, 171 A, 193 A, 211 A, and 335 A, are
used as input. The instrumental uncertainties, the uncertainties of the atomic
model, and the mean value of the residual light observed during lunar eclipses
(Heinemann et al. 2021) are taken into account to estimate the error of each
pixel in the input EUV images. The analysis is performed over the temperature
ranges of log(T) = 5.5 - -6.5 (T' = 0.3 — 3 MK), equally spaced logarithmically
into 20 temperature bins (N = 20). We chose this temperature range to avoid
artefacts in DEM analysis from low count rates in some passbands (Hofmeister,
Savin, and Hahn 2025).

Figure 3 displays the results of the DEM analysis using the ATA observations
at 04:00 UT. Panel a shows the DEM map of the CH in each temperature bin.
Note that there are several data points for which the DEM inversion method
cannot compute valid results in a reasonable amount of time. The invalid data
points scatter uniformly throughout the images, as shown by the white pixels
in the upper left of panel a. For the remaining subpanels, we interpolated the
invalid data points for illustrative purposes only. These data points are then
excluded from further analysis.

The CH can be clearly identified at log(7) = 6.1 — 6.2 and log(T) = 6.1
— 6.3, where the DEM values in the CH are significantly lower than those of
the surrounding regions. The DEM distributions of QS regions adjacent to each
CH boundary side also show a noticeable difference. In particular, the DEM at
log(T) = 6.1 — 6.3 of the QS region at the western side of CH is higher than

SOLA: main.tex; 8 May 2026; 0:43; p. 9



Ngampoopun et al.

DEM at at 2018-11-01 04:00:23 UT
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Figure 3. DEM of the CH plasma on 2018 November 1 at 04:00 UT. (a) The spatially resolved
DEM distribution of the CH and surrounding regions in 10 temperature bins. The red, blue
and yellow contours indicate the bottom, trailing and leading boundary regions of the CH. The
dashed-line squares indicate the sample of quiet Sun regions in south (red), east (blue) and
west (yellow) direction from the CH. (b) Average DEM distributions of the bottom, trailing,
and leading boundary of the CH. The average DEM distributions of quiet Sun regions are also
plotted in coloured dashed lines. The black errorbar indicates the representative uncertainty
of DEM.

other sides, resulting in a visually clear contrast between the CH and non-CH
plasma and a well-defined visual boundary at those temperature ranges.

To highlight the difference in the DEM distributions in each part of the CH
boundary, we define the CH boundary region as regions within 25 pixels of the
derived CH boundary line on each side, resulting in the band of ~ 21 Mm
width, with the CH boundary at the centre of the band. The width is chosen
to correspond approximately to the characteristic scale of the CH boundaries of
~ 15— 30 Mm (cf. Heinemann et al. 2021; Koukras, Savin, and Hahn 2025), as
well as to the scale on which the irregularities of the CH boundary are computed
in Section 4.3. Then we further divided this boundary region into three sections:
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bottom, trailing, and leading boundaries. Each section is highlighted in colour
contours in panel a of Figure 3 (red: bottom, blue: trailing, yellow: leading),
and the comparison of the average DEM distribution of three CH boundary
sections is shown in panel b. The representative uncertainty in the derived DEM
is indicated by a black error bar. Note that the uncertainty in the DEM axis is
dominated by systematic errors in the atomic model that are used to derive the
temperature response function, while the error in the temperature axis is related
to the temperature resolution of the DEM fitting (Hannah and Kontar 2012).

The DEM distributions peak at log(T) = 5.9 - 6.0 (T' ~ 0.8 — 1.0 MK) for
all CH boundary sections, which is consistent with the peak temperature of the
CH plasma (Heinemann et al. 2021). The DEM peak of the bottom boundary is
slightly lower than that of the leading and trailing counterpart. The difference
in the DEM value is also noticeable at log(T) = 6.0 — 6.2, indicating that there
is more plasma with log(T) > 6.0 at the leading boundary compared to the
trailing and bottom boundaries. While the DEM for the trailing boundary drops
significantly at log(7T) > 6.0, the DEM curve of the leading boundary has a
broader peak and decreases less rapidly with temperature. Interestingly, the
shape of the DEM distribution of the bottom boundary is similar to that of the
leading boundary, although the actual DEM values are lower in the range log(T')
=58-6.3.

To confirm that the difference in the DEM distribution is not an artefact
of the DEM calculation, we also checked the average EUV intensities of the
leading, bottom, and trailing boundaries. The results are shown in Figure 9 in
Appendix B. The average intensity of the 193 A passband (characteristic log(T’)
= 6.2) is noticeably lower in the trailing boundary than in the leading boundary,
which is consistent with our DEM calculation.

The average DEMs of the QS regions (east, west, and south of the CH) are
also shown in panel b of Figure 3 as comparisons. Overall, the DEMSs of the
QS regions peak at a higher temperature than those of the CH boundaries, and
the peak temperature and distribution shape are comparable to previous work
(Brooks et al. 2009; Milanovi¢ et al. 2025). The DEM of the east QS region peaks
at a temperature of log(7T") = 6.0-6.1. For the south QS region, the DEM peaks
at a similar temperature, although the distribution is skewed towards higher
temperatures. The west QS region has a clear peak in DEM at log(7T') ~ 6.2 and
a significantly different DEM distribution compared to the east and south QS
regions, indicating that the west QS region has more hot plasma than others.

4.2. Magnetic Field Properties

The evolution of the magnetic field in the CH can be investigated by calculating
several magnetic field properties derived from HMI observations. For each pixel
of the HMI magnetogram, the magnetic field strength and the projected area
on the disc must be corrected for projection effects (Hofmeister et al. 2017). By

SOLA: main.tex; 8 May 2026; 0:43; p. 11



Ngampoopun et al.

Table 1. Magnetic field properties of each CH boundary section (as indicated by colour
contours in Figure 3) on 2018 November 1, 04:00 UT. B and By refer to signed and unsigned
magnetic flux density, respectively. The flux imbalance ratio corresponds to the ratio between
signed and unsigned magnetic flux densities.

Sections B (G) Bus (G) Flux Imbalance Ratio
Bottom boundary 1.4 7.1 0.19
Trailing boundary 1.2 7.5 0.16
Leading boundary 3.0 8.4 0.36

assuming that the magnetic field is radial, the corrections are

B;

B, = DiLos, (7)
COSQ;
Ai T0J

Ai _ ,PToJ , (8)
CcCoSsQ;

where B;, A; is the projection-corrected magnetic field strength and the solar
disc area for each pixel, B; pogs is the LOS magnetic field strength, A; o, is the
pixel area of 0.505”x0.505”, and «; is the angle from the solar disc centre to
each pixel.

Next, the signed magnetic flux ®, the unsigned magnetic flux ®,,,, the signed
magnetic flux density B, and the unsigned magnetic flux density B,s can be
calculated as

=Y BiA; 9)

D, = Z | B; A (10)
_ 0]
B=sg (11)
Bus = —us_ (12)

Zi Ai

Additionally, we also computed the magnetic flux imbalance ratio from the ratio
of ® and ;.

The magnetic field properties of the CH boundary are shown in Table 1. Using
the same segmentation described in Section 4.1, we find noticeable differences in
the magnetic characteristics of the bottom, leading, and trailing boundary of this
CH. In particular, B of the leading boundary is almost 2-3 times higher than
the trailing and bottom boundaries, although B, are relatively more similar in
three sections. This is further highlighted in the flux imbalance ratio reported
in the fourth column, which can be used as a proxy for magnetic unipolarity.
Using this proxy, we can conclude that the leading boundary is distinctly more
unipolar than the trailing and bottom boundaries.
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Figure 4. Correlation dimension map overlaid on the boundary of the CH across a 1-hour
period, from 2018 November 01 04:00 to 05:00 UT. A 30 s animation of this figure is available
as electronic supplementary material, covering an hour of solar time.

4.3. Irregularities of Coronal Hole Boundary

The irregularities of the CH boundary can be quantified using the Correlation
Dimension Mapping (CDM) method developed by Mason and Uritsky (2022).
This method calculates a parameter called the correlation dimension D for each
point along the boundary, which indicates the local irregularity of the boundary
line. Although designed for CH boundary characterisation, this method can be
adapted to wider solar physics applications, such as analysing the fine structures
of flare ribbons (Corchado Albelo et al. 2026).

In the two-dimensional plane, the correlation integral C(r) is numerically
approximated to be

N(z,y)

C(’I“,J,‘,y) = Z @(T’ - \/(l‘l - 113)2 - (yz - y)2)7 (13>

i=1

where (x;,y;) are the coordinates of the data points surrounding the reference
location (z,y) and © is the Heaviside step function.

For a self-similar set of data points and small r, C(r,z,y) takes the power
law form,

C(r,x,y) ~ TD(”’y), (14)

where D(xz,y) is the locally defined correlation dimension that characterises the
geometry of the data points. In general, D = 1 corresponds to a straight line with
minimal complexity, and a more complex and irregular boundary corresponds
to a higher D value.

To analyse the complexity of the CH boundary, D is calculated in the radius
range r of 6-25 pixels that surround each CH boundary pixel, equivalent to
scales of 5—20 Mm. This radius range is chosen to be in line with previous CDM
analysis on the CH boundary by Mason and Uritsky (2022). The lower end of
the scale corresponds to the sizes of small-scale transient events (e.g., jetlets),
while the upper end corresponds to supergranulation scales.
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Figure 4 and its animated version show the evolution of the CH boundary and
its irregularity determined from CDM. During the 1-hour observation period,
there appear to be no large-scale changes of the CH boundary. It is evident from
the distribution of the D values that each part of the CH boundary exhibits
different degrees of irregularity, with the high D values spatially localised at
specific parts along the boundary. In particular, the leading boundary in the
north-west seems to have a much smoother and less complex boundary compared
to the trailing boundary in the south-east. The overall values of D also do not
show a clear evolution with time, i.e., the more complex parts of the boundary
remain highly complex throughout the observation period and vice versa.

4.4. Spatial and Temporal Variation of Coronal Hole Boundary
Properties

The time-distance plots in Figure 5 visualise the spatial and temporal variation
of the CH boundary properties over a period of 1 hour, including the correlation
dimension D, plasma properties (EM, T, N.) and magnetic field properties (B
and B,s). D values are calculated for each pixel along the boundary, while the
plasma and magnetic field properties are the average values in a 50-pixel x50-
pixel box surrounding each boundary pixel, corresponding to the upper scale of
D calculation (r = 25 pixels).

The starting pixel corresponds to the bottom-right corner of the CH bound-
ary, counting in the clockwise direction. Since the numbers of boundary pixels
fluctuate at each time step as the CH boundary length changes, the lengths of
the boundary line are normalised to the mean CH boundary length during this
observation period using a linear interpolation method that still preserves the
evolutionary trend of the data (Mason and Uritsky 2022). Similar to Section 4.1,
the normalised CH boundary line is then divided into three sections (leading,
trailing, bottom) using the corners indicated by coloured dashed lines in Figure
5. We also calculate the average value of each of the CH boundary properties in
each section and plot their variations with time in Figure 6.

Although there is no clear temporal evolutionary trend of the CH boundary
properties that can be observed during this 1-hour period, the differences be-
tween the properties of each section of the CH boundary are evident. As shown
in Figure 6, the leading boundary appears to have a higher T, B, and B, and
a lower D compared to other regions. The trailing boundary, on the other hand,
is generally much more complex and lower 7. The time-distance plot of B (see
bottom left panel of Figure 5) also shows that the trailing boundary appears
to have a more negative flux, resulting in the region becoming relatively less
unipolar.

Interestingly, the bottom boundary shows characteristics of both the leading
and trailing boundaries. Looking at the time-distance map in Figure 5, it appears
that the western half of the bottom boundary (around pixel numbers 100-500;
see the black arrow in Figure 5) has the characteristics of the leading boundary,
including a smoother boundary, relatively high temperature, and a more unipolar
magnetic field. Meanwhile, the other half of the bottom boundary (around pixel
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Time-Distance Plot of CH Boundary Properties
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Figure 5. Time-distance stack plots of the various properties along the CH boundary, starting
from the southwest corner of the CH. From top to bottom, the left column shows the correlation
dimension D, EM-weighted temperature T and the signed magnetic flux B, while the right
column shows the EM, the electron density Ne, and the unsigned magnetic flux B,s. Each
section is separated by the dash-dotted lines. The leading, trailing and bottom boundaries are
labelled as L, T, and B.

numbers 500-800) appears to be more spatially irregular, less unipolar, and has
slightly lower temperature.

Overall, this time-distance analysis highlights the difference in spatial irreg-
ularity at each of the CH boundary sections, while the differences in plasma
and magnetic field properties are still also evident. Comparison of the leading
and trailing boundary of the CH also hints at a possible connection between
boundary complexity, temperature, and magnetic field unipolarity.
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Figure 6. The average correlation dimension, plasma parameters and magnetic field proper-
ties inside each coronal hole boundary section from 04:00 UT to 05:00 UT. Similar to Figure 5,
the left column shows the correlation dimension D, the EM-weighted temperature T and the
signed magnetic flux B, while the right column shows the EM, the electron density N, and
the unsigned magnetic flux Buys.

5. Summary and Discussion

In this paper, the properties of the boundary of a low-latitude CH during the
1-hour observation period from 2018 November 1, 04:00 UT to 05:00 UT are
derived using ATA and HMI observations. The large-scale magnetic configuration
in the corona is derived using PFSS extrapolation to provide a context of the
magnetic environment of the CH and surrounding regions. The DEM analysis
is used to derive the plasma properties from multipassband EUV observations,
while the irregularities of the boundary line are derived from the CDM method.

We found that different parts of the CH boundary exhibit different plasma
and magnetic field properties and that these differences are present for most of
the one-hour observation period. The most obvious difference is seen in the DEM
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distribution shown in Figure 3, where the leading and bottom boundaries have
relatively more plasma at temperatures higher than 1 MK compared to the trail-
ing boundary. This is also reflected in a slightly higher averaged EM-weighted
temperature in these regions, although the difference is less pronounced. More-
over, the leading and bottom boundaries also have higher unbalanced and un-
signed magnetic flux densities, indicating that they have a stronger magnetic
field and are more unipolar than the trailing boundaries.

The difference in the DEM distribution and the DEM-weighted temperature
at the leading and trailing boundaries may hint towards the different plasma
heating, possibly caused by the nature of interchange reconnection. The nu-
merical simulation (e.g., Wang, Hawley, and Sheeley 1996; Lionello et al. 2005;
Mason et al. 2023) shows that interchange reconnection at the CH boundary can
be driven by differential rotation. The open field lines are constantly closed down
at the leading (western) boundary, while the closed field lines are opened up at
the trailing (eastern) boundary. This leads to more open flux concentrated at the
trailing boundary, as seen in the time-dependent MHD simulation of Mason et al.
(2023), and may help explain the lower temperature of the trailing boundary
that we observed for this CH. Moreover, the energy flux density from interchange
reconnection also depends on the magnetic field strength at the footpoints (Wang
2020, 2024). Hence, the higher temperature of the leading boundary may also be
due to the stronger magnetic field compared to the trailing boundary. However,
a statistical study including several CHs across a solar cycle is needed to confirm
whether all CH leading boundaries are hotter or more unipolar than the trailing
counterpart and whether this phenomenon is mainly driven by opening/closing
of field lines. This is beyond the scope of the current work, although it would be
an interesting topic to investigate further.

It can also be observed that different parts of the CH boundary line have
different degrees of spatial complexity, as shown in Figure 4. In particular, the
leading boundary is relatively smooth, in contrast to the trailing boundary, which
is much more complex. The different characteristics of plasma and magnetic
field are also evident, highlighting the different nature of each part of the CH
boundary and suggesting a possible connection between boundary irregularity
and local plasma conditions and magnetic field environments.

During the 1-hour observation period, we also find that there are no clear,
systematic evolutionary trends in the boundary shape and the CH boundary
properties. Mason and Uritsky (2022) reported similar results that the CH
boundary generally exhibits near steady-state conditions on an hour time scale,
with the exception of sporadic jetting events near the boundary. Ugarte-Urra
et al. (2026) proposed that the evolution of the CH boundaries in the absence
of nearby ARs is mainly due to the supergranular convection that advects the
open field lines and drives the interchange reconnection with long, closed loops.
This process, however, operates on a timescale of 1-2 days (i.e., lifetime of
supergranules; Rincon and Rieutord 2018), which may also partly explain why
we did not observe significant changes in the CH boundaries over an hour period.

Kahler and Hudson (2002) identified three types of CH boundary: diffuse-field
boundary, matching-polarity AR boundary, and opposite-polarity AR boundary.
They found that matching-polarity AR boundaries are generally smooth and
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sharply defined, while the diffuse-field boundaries are more ragged and non-
uniform. Similar results are also reported by Reiss et al. (2024), who notice
that the existence of filaments and/or ARs near the CH boundaries results in
a distinctively different appearance of the boundary lines compared to those
bordering the QS region. In our case, the leading boundary generally appears to
be smoother, while the trailing boundary appears to be more irregular. Hence,
the leading boundary may correspond to the matching-polarity AR boundary
reported by Kahler and Hudson (2002). In particular, a decayed NOAA AR
12317 was located west of this CH during the Carrington rotation 2207, three
Carrington rotations earlier than the observation period. The decay of AR also
results in the formation of the filament channel west of the CH, as shown in
Figure 1. Hence, the region outside the leading boundary corresponds to decayed
AR loops that overarch the filament channel, which is a relatively coherent and
organised magnetic field structure and may lead to a smoother boundary line.
Meanwhile, the trailing boundary corresponds to the diffuse-field boundary, in
which case its irregularity might reflect the underlying network magnetic field
(Kahler and Hudson 2002).

The regions between the leading boundary and the filament channel have
cellular configurations (shown by the red arrow in Figure 1), identical to the
coronal cell structure observed by Sheeley and Warren (2012). The authors found
that the centres of these coronal cells are located at the strong photospheric
magnetic elements, and the cells appear as plume-like elongated structures when
observed near the limb. The arrangement of these cells is also related to the
direction of the horizontal magnetic field of the filament channel, analogous to
the chromospheric fibrils (Sheeley et al. 2013). Coronal cells are interpreted as
the footpoints of extended closed loops that arch over the filament channel and
connect to distant regions of opposite polarity. The characteristics of coronal
cells are evident in this case, and the interpretation is also compatible with the
global magnetic field of this CH derived from PFSS extrapolation (Figure 2).
Note that Alzate, Di Matteo, and Higginson (2025) found similar coronal cell
structures inside the CH, which also correspond to plume-like structures in open-
field regions. One main difference is that cells inside CH can only be observed
using AIA 171 A.

All of these results strongly suggest that the differences in the properties of the
CH boundaries are primarily due to the magnetic configuration of the adjacent
regions. In particular, the difference in the leading and trailing boundaries of the
observed CH can be described by the simplified diagrams in Figure 7.

The leading boundary is located close to the filament channel. Several large
loops, likely from the decayed AR, arch over the filament channel and give the
appearance of coronal cells. The strong magnetic elements at the loop footpoints
may be partly responsible for the strong heating and higher temperature. These
overlying loops therefore define the smoothness of the leading boundary for two
reasons. The first reason is the sharp temperature gradient between open and
closed field structures (see panel a of Figure 3). The second reason is that the
arrangement of loop footpoints is rather structured along the direction of the
filament channel, as evidenced by the leading boundary being parallel to the
filament channel.
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Figure 7. Simplified diagrams illustrating the overall structure of the leading (western: W)
and trailing (eastern: E) boundary of the observed CH from a side view (panel a) and top
view (panel b). The blue field lines are the CH field lines: dashed lines are open field lines, and
the solid lines are closed field lines making up the helmet streamer legs. The leading boundary
consists of large well-organised coronal loops overaching the filament channel, denoted by
yellow lines. Meanwhile, the trailing boundary consists of randomly orientated, small magnetic
bipoles, indicated by pink lines. The solid and dashed black lines in panel b indicate the CH

boundary lines and CH boundary regions.

On the other hand, the complex trailing boundary can be explained by the
more complex mixed polarity field. The presence of opposite-polarity flux creates
numerous small-scale bipoles. The open field line footpoints then have to be
located around the pockets of closed magnetic loops, naturally leading to the
more corrugated CH boundary lines, as shown in panel b of Figure 7. ATA
observations reveal that there are numerous small-scale bright points located
near the boundary, all of which correspond to small magnetic bipoles. The
appearance of these bright points and their rather random orientation may be
responsible for the irregular nature of the boundary line. Although these bright
points can cause localised increases in plasma temperature, density, and magnetic
field strengths, the overall magnetic field is more dispersed and there is a lack of
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organised structure (like a large-scale loop system above a filament channel) near
the trailing boundary, both of which may result in a lower average temperature.

Aslanyan et al. (2022) and Mason and Uritsky (2022) proposed that the
boundary between a CH and a pseudostreamer is generally smoother than the
boundary between a CH and a helmet streamer because interchange reconnection
occurs more readily in the pseudostreamer. In our case, Figure 2 shows that
the leading, trailing, and bottom boundaries of this CH all border the helmet
streamer, with only the small tip at the top bordering the pseudostreamer. Still,
by applying the same CDM method, we observe striking differences in the cor-
relation dimension of each boundary line. This suggests that the CH boundary
irregularity does not depend solely on the nature of reconnection dynamics (such
as helmet streamer vs pseudostreamer reconnection) but also depends on local
magnetic structures, such as large, organised loops over the filament channel or
low-lying coronal bright points.

This work presents a case study of the possible connection between spatial
irregularities and the physical properties of the boundary regions of a low-
latitude CH. Although one CH may not be a representative of all CHs, we
argue that many low-latitude CHs have characteristics similar to those of the
CH we investigated in this work. Decayed ARs are usually related to the forma-
tion of low-latitude CHs (e.g., Karachik, Pevtsov, and Abramenko 2010; Petrie
and Haislmaier 2013), as well as the formation of filaments. Consequently, low-
latitude CHs are usually located near decayed ARs and filaments, (see Table
2 in Reiss et al. 2024) and coronal cells should also be commonly found at
the boundary of those CHs. Hence, we suspect that the CH analysed can be
considered a typical low-latitude CH. However, further investigation should be
done to determine whether the connection between spatial complexities and
physical properties is also evident in other CHs. Again, a statistical study will
help to confirm the scenario discussed in this paper.

Lastly, it is plausible that the solar wind originating from different CH bound-
aries may exhibit different properties. The CH studied in this work is magnet-
ically connected to PSP during its first perihelion (e.g., Badman et al. 2020),
and there are several works discussing the solar wind associated with this CH.
In particular, Macneil et al. (2020) reported the enhancement of suprathermal
electron flux associated with the slow-fast stream interface and proposed that
the sources of these enhancements may be related to interchange reconnection at
CH boundaries. Ber¢ic et al. (2020) and Stansby et al. (2021) inferred the coronal
electron temperature of this CH using in situ electron strahl measurements. They
found that the inferred temperature is relatively low and uniform for solar wind
streams originating from inside the CH. Meanwhile, solar wind streams from the
CH leading boundary correspond to higher coronal temperatures. However, it
should be noted that it is not clear how well the electron strahl/beams retain
the coronal information in the presence of local transport processes (Wu et al.
2026).

The fast solar wind streams (~600 km s~!) originating from this CH were
also detected by the Advanced Composition Explorer (ACE; Stone et al. 1998)
spacecraft at the L1 point and were analysed in detail by Karna et al. (2022).
Figure 7 in their article shows that the heavy-ion charge-state ratios (O7+/O%*,
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C%*/C5%) and elemental abundance ratios (Fe/O) decreased during the transi-
tion from slow to fast solar wind in the stream interaction regions. This decrease
was consistent with the magnetic connectivity transition from helmet streamer to
CH, passing through the leading boundary. Meanwhile, the change in elemental
composition is less obvious at the trailing end of the fast solar wind streams.
The relationship between the properties at the CH boundary and the solar wind
emanating from them will be an interesting topic to explore in future work,
especially as PSP approaches the perihelion at the heliocentric distance below
10 R where the solar wind streams may better retain the information of the
coronal source regions.
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Appendix

A. Comparison between Different Coronal Hole Boundary
Thresholds
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Figure 8. Comparison between CH boundaries and their associated spatial irregularities that
are obtained using different intensity thresholds. The value of 35 DN s~! (middle panel) is the
value used in the analysis. The white dashed lines indicate the CH boundary regions.

Figure 8 shows the comparison of the CH boundary lines, the CH boundary
regions (defined in Section 4.1) and the spatial irregularities obtained from three
different CH boundary thresholds: 30 DN s~! (left panel), 35 DN s=! (middle
panel), and 40 DN s~! (right panel). Overall shapes of derived CH boundaries
do not differ substantially across the threshold ranges of & 5 DN s~! of the
optimal thresholds, especially in the leading and bottom boundaries. Although
the trailing boundary shows more considerable changes in boundary shape, the
main conclusion that the trailing boundary is more irregular/corrugated than the
leading boundary is still valid. We also repeated the analysis in Section 4.4 with
the different CH boundaries and found that the results of different boundary
thresholds also do not differ substantially and are qualitatively in agreement.
Hence, we argued that our chosen CH boundary and the results obtained from
it are robust even when subjected to small intensity variations.

B. Extreme Ultraviolet Intensity of Coronal Hole Boundary
Regions

The left panel of Figure 9 shows the AIA observations in 94 A, 131A, 171 A,
193 A, 211 A and 335 A passbands. Note that the data have been prepared as
described in Section 2. The average EUV intensities of the bottom, trailing, and
leading boundaries are shown in the right panel. The distinct difference in EUV
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Figure 9. AIA observations of CH in six EUV passbands. The left panel shows the low-latitude
CH with its boundary overplotted in white. The coloured contours indicate different sections of
the CH boundary region, similar to Figure 3. The right panel shows the average EUV intensity
of bottom, leading and trailing boundaries. The error bars correspond to the instrumental
uncertainties.

intensities can be seen in the 171 A, 193 A and 211 A passbands. In particular,
the trailing boundary has a higher average intensity in 171 A and a lower average
intensity in 193 A than the leading boundary. This is consistent with the results
of the DEM analysis reported in Section 4.1.
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