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ABSTRACT

Aims. This study investigates and compares the physical properties, such as intensity and area, of coronal bright points (CBPs)
inside and outside of coronal holes (CHs) using the Atacama Large Millimeter/submillimeter Array (ALMA) and Solar Dynamics
Observatory (SDO) observations.
Methods. The CBPs were analysed using the single-dish ALMA Band 6 observations, combined with extreme-ultraviolet (EUV) 193
Å filtergrams obtained by the Atmospheric Imaging Assembly (AIA) and magnetograms obtained by the Helioseismic and Magnetic
Imager (HMI), both on board SDO. The CH boundaries were extracted from the SDO/AIA images using the Collection of Analysis
Tools for Coronal Holes (CATCH) and CBPs were identified in the SDO/AIA, SDO/HMI, and ALMA data. Measurements of bright-
ness and areas in both ALMA and SDO/AIA images were conducted for CBPs within CH boundaries and quiet Sun regions outside
CHs. Two equal size CBP samples, one inside and one outside CHs, were randomly chosen and a statistical analysis was conducted.
The statistical analysis was repeated 200 times using a bootstrap technique to eliminate the results based on pure coincidence.
Results. The boundaries of five selected CHs were extracted using CATCH and their physical properties were obtained. Statistical
analysis of the measured physical CBP properties using two di↵erent methods resulted in a lower average intensity in the SDO/AIA
data, or brightness temperature in the ALMA data, for CBPs within the boundaries of all five CHs. Depending on the CBP sample
size, the di↵erence in intensity for the SDO/AIA data, and brightness temperature for the ALMA data, between the CBPs inside and
outside CHs ranged from between 2� and 4.5�, showing a statistically significant di↵erence between those two CBP groups. We also
obtained CBP areas, where CBPs within the CH boundaries showed lower values for the measured areas, with the observed di↵erence
between the CBPs inside and outside CHs between 1� and 2� for the SDO/AIA data, and up to 3.5� for the ALMA data, indicating
that CBP areas are also significantly di↵erent for the two CBP groups. We also found that, in comparison to the SDO/AIA data, the
measured CBP properties in the ALMA data show a small brightness temperature di↵erence and a higher area di↵erence between the
CBPs within and outside of CHs, possibly because of the modest spatial resolution of the ALMA images.
Conclusions. Given the measured properties of the CBPs, we conclude that the CBPs inside CHs tend to be less bright on average,
but also smaller in comparison to those outside of CHs. This conclusion might point to the specific physical conditions and properties
of the local CH region around a CBP limiting the maximum achievable intensity (temperature) and size of a CBP. The need for the
interferometric ALMA data is also emphasised to get more precise physical CBP property measurements at chromospheric heights.
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1. Introduction

Coronal bright points (CBPs) are one of the most frequent ac-
tivity phenomena in the solar atmosphere. They consist of low-
corona small-scale plasma loops that connect two magnetic flux
concentrations of opposite polarities in the photosphere (Mad-
jarska 2019). Reale (2014) gives insight into the nature of coro-
nal loops as magnetic flux tubes with hot and dense confined
plasma, where the CBPs occupy the low end of their size spec-
trum. The formation and evolution of CBPs is associated with
newly emerging magnetic flux (Mou et al. 2016; Chen et al 2022;
Nóbrega-Siverio & Moreno-Insertis 2022), called ephemeral re-
gions (Harvey et al. 1975), or with the chance encounters of the
converging magnetic flux (Harvey 1984, 1985; Nóbrega-Siverio
& Moreno-Insertis 2022).

Coronal bright points can be found in quiet Sun regions,
within coronal holes (CHs), and in the vicinity of active regions
(Madjarska 2019). Due to their large spread over the whole solar
disk, CBPs were used for various purposes, one of them being
as tracers of the solar rotation (Brajša et al. 2002, 2004, 2008,
2015; Skokić et al. 2016, 2019; Sudar et al. 2015, 2016; Wöhl et
al. 2010). In this study we focus only on CBPs and their physical
properties in the quiet Sun regions and within CHs. The quiet
Sun is regarded as the region with a di↵use emission devoid
of sunspots and active regions (Bellot Rubio & Orozco Suárez
2019; Del Zanna & Mason 2018). At coronal heights, the tem-
perature of the quiet Sun is found to be about 1 MK, or even
more (Del Zanna & Mason 2018), and the average electron den-
sity is found to be higher than 4⇥ 108 cm�3 (Dere 2020). The
quiet Sun regions have a mixed-polarity magnetic field and are
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spattered with small bipolar regions that could give rise to CBPs
((Del Zanna & Mason 2018). CHs are regions of the Sun that
appear dark in extreme-ultraviolet (EUV) and X-rays due to the
cooler and less dense plasma than in the surrounding regions
(Cranmer 2009). They are known for the abundance of an open
magnetic field covering only a small fraction of up to 10% from
the entire CH area (Hofmeister et al. 2017, 2019; Heinemann et
al. 2018). The expansion of open magnetic structures within CHs
is found to be much stronger compared to the quiet Sun (Tian et
al. 2008). With the abundance of an open magnetic field, CHs
still have regions of a mixed-polarity magnetic field that enable
CBP formation (Wiegelmann et al. 2005).

Coronal bright points are also known to have an enhanced
emission in the EUV and X-ray spectrum. They were first dis-
covered in X-rays in 1969 in a series of rocket flights and were
named X-ray bright points (XBPs) due to their point-like X-ray
feature (Vaiana et al. 1970). In X-ray observations analysed by
Golub et al. (1977), the size (diameter) of compact X-ray CBP
features ranged from between 20" and 30", with a bright core of
5"�10" in diameter.

The first EUV CBP observations were analysed by Habbal &
Withbroe (1981) using the Harvard EUV experiment on the Sky-
lab Apollo Telescope Mount (Golub & Pasacho↵ 2010), show-
ing that CBPs are composed of magnetic loops rooted in the
chromosphere. They also suggested that the heating of the CBP
plasma occurs at coronal heights and is carried to the chromo-
sphere by thermal conduction. Habbal et al. (1990) used spec-
troheliograms from the previous experiment to compare the mor-
phological structure and emission variations of CBPs inside and
outside CHs in the quiet Sun region. These authors found that
short-time variations in spectral lines were not always co-spatial,
suggesting that CBPs are composed of loops of various sizes and
temperatures (Madjarska 2019). Additionally, quiet Sun and CH
CBPs are found to range from 10" to 40" in diameter in both the
CH and the quiet Sun region and no di↵erence between those
CBPs related to the properties of the observed region was found.
Another work done by Habbal & Grace (1991) using similar data
showed that depending on the associated magnetic field strength,
some CBPs could be composed of loops that cannot reach coro-
nal temperatures. Both previous works reported that the CBP for-
mation and existence is independent of the overlying background
coronal magnetic structure, but not the CBP evolution.

More CBP size measurements were conducted in recent
years, and based on the full lifetime evolution of CBPs done
by Mou et al. (2018) using the SDO Atmospheric Imaging As-
sembly (AIA) EUV data, CBPs that formed from magnetic flux
emergence were initially 5" in diameter and they reached a max-
imum size of up to ⇠60". The value of 60" as a maximum CBP
size is used as an upper size limit when considering CBPs in
most of the studies, but there are rare exceptions going even up
to ⇠100" in diameter (Madjarska et al. 2018). Based on the ob-
tained results, values between 5" and 60" could be considered
as typical CBP sizes, as is considered in the present paper. In
the measurements of the CBP areas, based on 41 CBPs analysed
in the quiet Sun region with a size of 780"⇥780" in the SOHO
EIT 195Å passband, Zhang et al. (2001) found an average CBP
area of about 196 arcsec2. On the other hand, Alipour & Safari
(2015) analysed statistical properties of CBPs in the SDO/AIA
193 Å data using the maximum CBP size threshold of 56" and
found a higher average CBP area of about 225 arcsec2, but this
result should be taken with caution because the authors detected
some small bright CBP features as a new CBP, which could give
an overall smaller area.

Radio observations of CBPs using the Very Large Array
(VLA) at 6 cm (4.8 GHz) in 1977 showed small-scale compact
sources between 9" and 25" in diameter with a peak brightness
temperature of 6 � 8 ⇥ 104 K with respect to the background of
2⇥105 K (Marsh et al. 1980). At least half of those sources were
associated with bipolar magnetic CBP features. More VLA ob-
servations at 6 cm revealed that CBP radio emission shows rapid
temporal and spatial variations similar to those in X-rays and
EUV (Fu et al. 1987). In the following years, 6 cm and 20 cm
observations confirmed that the observed CBP emission comes
from electron-ion free-free thermal bremsstrahlung (Kundu et al.
1988). Based on the comparison of CBPs observed in soft X-
rays by the Yohkoh Soft X-ray Telescope and at 20 cm by the
VLA done by Nitta et al. (1992), half of the 33 observed radio
sources were associated with XBPs, and the rest were just over-
laying magnetically unipolar regions. More radio observations
done by Gopalswamy et al. (1999), and later by Oliveira e Silva
et al. (2016), used the Nobeyama Radioheliograph (NoRH) at
17 GHz to study enhanced microwave brightenings inside polar
CHs, where some of them were associated with the presence of
intense unipolar magnetic fields. Both previous VLA and NoRH
observations show that CBPs are not the only radio source in the
chromosphere.

The construction of the Atacama Large Millime-
ter/submillimeter Array (ALMA) enabled detailed observations
of the solar chromosphere needed to better understand this
layer and all of the features there (Wedemeyer et al. 2016).
ALMA provides observations using both single�dish (White et
al. 2017) and interferometric (Shimojo et al. 2017a) observing
modes, with a wavelength range between 0.3 mm and 9 mm
(Wedemeyer et al. 2016). So far, mostly ⇠1 mm (Band 6) and ⇠3
mm (Band 3) wavelengths have been used in solar observations
in both single�dish and interferometric modes, and some of
the Band 6 data are presented in this study. New observations
made by ALMA since late 2015 show great promise in CBP
observations at millimetre and submillimetre wavelengths,
enabling us to study the CBPs at chromospheric heights.

Earlier ALMA CBP observations done by Shimojo et al.
(2017b), and later by Rodger et al. (2019), did not study CBPs
directly, but instead used the Band 3 channel to study a solar
plasmoid ejection from a CBP. Using the ALMA Band 6 data,
Brajša et al. (2018b) recently reported the first analysis of solar
structures in the 1.21 mm full�disk solar ALMA images. They
compared a full�disk solar ALMA image, taken on 18 Decem-
ber 2015, with simultaneous images in the optical (H↵), infrared
(He I 10830 Å ), and EUV (AIA 1700 Å, 304 Å, 211 Å, 193 Å,
and 171 Å) spectrum as well as with the SDO Helioseismic Mag-
netic Imager (HMI) magnetogram. CBPs visible in the observed
data showed a very good match with the ALMA bright features,
where 82% of all CBPs from the EUV image corresponded to
the ALMA 1.21 mm bright points. A continuation of this work
was done by Brajša et al. (2021) with an emphasis on CBPs in the
ALMA Band 6 data. In the quiet Sun, four CBPs were identified,
with other small-scale ALMA bright features most likely being
associated with magnetic network elements and plages. It was
also found that enhanced emission in the ALMA data is almost
always associated with a strong line-of-sight magnetic field. In
the active region, using the ALMA Band 3 interferometric data
and by comparing them with other wavelength images, out of
the 14 randomly selected small-scale ALMA bright features, five
CBP candidates were found.

In the present paper, which is a continuation of the work done
by Brajša et al. (2021), we present an analysis of mean brightness
and area of CBPs within five di↵erent CHs and outside of them
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in the quiet Sun. We first describe data and methods used for
CH extraction and CBP identification, measurement, and statis-
tical analysis (Sect. 2). Next, we present the results of CBP mea-
surements and a statistical analysis of the measured CBP proper-
ties (Sect. 3), then we discuss and compare the important results
(Sect. 4) and finally finish with plans for future work (Sect. 5).

2. Data and methodology

2.1. ALMA single-dish data

From several hundred full-disk solar images of the brightness
temperature (measured in kelvins (K)) taken by ALMA between
23 March 2017 and 13 April 2019, a total of five images were
chosen that contain di↵erent CHs near the central region of the
solar disk. The five chosen full-disk solar maps for 16 April
2017, 22 April 2017, 17 April 2018, 3 May 2018, and 25 De-
cember 2018 were obtained by scanning the solar disk with a
12 m single-dish total power antenna at Band 6 frequencies 230
GHz (� = 1.3 mm), 248 GHz (� = 1.21 mm), 232 GHz (� = 1.29
mm), 248 GHz (� = 1.21 mm), and 230 GHz (� = 1.3 mm) re-
spectively in a double circle pattern (Philips et al. 2015, White
et al. 2017). We restricted ourselves to only Band 6 because
of a better spatial resolution in comparison to other currently
available bands used for full-disk solar observations. Single-dish
beam sizes for the obtained images are 28.3", 26.7", 28.2", 26.7",
and 28.4" respectively with a pixel scale of 3".

Before we could analyse the selected ALMA Band 6 images,
they had to be corrected for the limb brightening e↵ect. For this
purpose we used a second-order polynomial fit for the centre-
to-limb brightness function following the procedure given in Su-
dar et al. (2019). The limb brightening correction procedure was
done using limb.py Python script made by Sudar et al. (2019) for
the limb brightening correction of the ALMA data.

2.2. SDO observations

From the available SDO data, we took the SDO/AIA 193 Å in-
tensity filtergrams (Lemen et al. 2012) taken at the correspond-
ing observational times of the chosen ALMA images. The spatial
resolution for all the selected SDO/AIA EUV images was 0.6"
per pixel. Since the limb brightening e↵ect in the SDO/AIA 193
Å data is very low at distances smaller than 0.7 solar radii from
the solar disk centre (Verbeeck et al. 2014), there is no need for
the limb brightening correction to be made for the purpose of the
CBP measurements if we only search for CBPs in the central re-
gions of the solar disk, as is done in the present paper. The same
SDO/AIA EUV images were used to extract the CH boundaries
using the intensity threshold based software called Collection of
Analysis Tools for Coronal Holes (CATCH) following the pro-
cedure described in Heinemann et al. (2019).

The next set of SDO data was the SDO/HMI data taken at the
same times with the spatial resolution of 0.5" per pixel (Scher-
rer et al. 2012). The SDO/HMI data shows magnetograms of the
line-of-sight (LOS) magnetic field with a time cadence of 45 s
for the whole solar disk. For the purpose of our analysis, the val-
ues of the magnetogram intensities were saturated at the values
of ±120 G to highlight the magnetic flux sources in the solar
photosphere.

2.3. CBP identification

We based our CBP identification on the SDO/AIA 193 Å filter-
grams and the SDO/HMI magnetograms. On the SDO/AIA maps

(left panels of Fig. 1), CBPs can be recognized as small-scale
bright loop-like structures linking two opposite polarity mag-
netic flux concentrations visible in magnetograms (right pan-
els of Fig. 1). For visualization of the SDO images we used the
SunPy1 software package in Python. Our goal was to search for
bright loops connecting di↵erent polarity fluxes, which gave us
a strong indication that the observed feature is a CBP. Because
CBPs have di↵erent morphologies and intensities, in order to
determine with confidence that the observed feature is truly a
CBP, we used JHelioviewer software (Müller et al. 2017). With
JHelioviewer we were able to visualise the evolution of shape
and intensity of the features of interest through time a couple of
hours before and after the time of the investigation and confirm
if the observed feature was a CBP or not. The JHelioviewer was
also used to check if at the time of investigation there were any
microflaring or minieruption events happening. We require the
CBPs to be in a quiet state, hence if these transient phenomena
were found for CBPs, those CBPs (in our case about 5 � 10% of
them) would be discarded from the analysis.

After the CBP identification was carried out for SDO, we
analysed the respective ALMA Band 6 images (middle panels
of Fig. 1) to identify the same CBPs there. The CBPs visible in
the obtained full-disk ALMA images can be identified as bright
ellipsoidal features, mainly because of a poor spatial resolution
of the available images. The identification was first carried out
within the CH boundaries for both ALMA and SDO/AIA data,
and based on the number of CBPs found inside the CH, a much
larger sample of CBPs was selected in the quiet Sun region out-
side the CH far from the limb of the solar disk.

2.4. CBP edge detection and background subtraction

Once the CBPs are identified, in order to measure their physi-
cal properties, we extract their boundaries. Here we describe a
method of edge extraction with background subtraction written
in Python, which we developed for the purpose of our analysis.

Before edge extraction, we first take a square-shaped cutout
image, with a width and height of about twice the apparent CBP
size or more and a CBP approximately in the centre. Then we
smooth the cutout image using a Gaussian filter with a standard
deviation of � = 1 pixel to eliminate possible high value noise
stemming from a single pixel or very few pixels only. This step
is not needed for the ALMA images due to their large beam size.

The second step is the edge detection or extraction. Here we
divide the edge detection into longitudinal (row) and latitudinal
(column) direction. This is because our method does not know a
priori what a CBP is. If the edge detection is done only in longi-
tudinal (latitudinal) direction, there is a possibility for a leftover
background emission above and below (left and right) of a CBP.
Therefore, by doing the edge detection along two separate direc-
tions individually, one direction will eliminate the background
emission in a region where the other direction cannot. This direc-
tion separation is crucial for the final step in our method, which
is described below. For longitudinal (latitudinal) direction of the
edge detection, the intensity light curve for each row (column)
of pixels in an image is extracted and intensity gradient at the
position of each pixel in the corresponding row (column) is cal-
culated. A pixel where the intensity starts to rise rapidly is then
taken to be a possible CBP edge, and we call this pixel a lift-
o↵ pixel. In this way, in the case of a CBP, we obtain two lift-o↵
pixels on opposite sides of a CBP for the corresponding row (col-
umn), indicating the CBP edge. As a result of this step, we ob-

1 https://sunpy.org/
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Fig. 1. Example of CBP outside CH (upper row) and within CH (bottom row). The upper panel shows the SDO/AIA 193 Å (left) intensity
filtergram and the ALMA Band 6 (middle) brightness temperature (Tb) image, with the SDO/HMI magnetogram (right). The intensity values for
the corresponding images are clipped between 20 and 6 000 DN, 5 500 and 7 000 K, and -120 and 120 Gauss, respectively.

tain two edge detection images, one in longitudinal and the other
in latitudinal direction (Fig. 2), where the pixels away from the
edges were deleted (black pixels).

It is important to note that part of the CBP emission we ob-
serve comes from the background emission, mostly emission of
the underlying plasma. Therefore, we need to subtract this back-
ground from the foreground CBP emission in order to obtain just
the emission coming only from the CBP. In order to estimate the
background emission, we first select the two opposite lift-o↵ pix-
els in each image row (column) that were obtained in the edge
detection and we take a 3 ⇥ 3 pixel2 area centred on the lift-o↵
pixels in the smoothed image. The mean intensity inside of these
small areas were then calculated and the two values for each row
(column) were then averaged to obtain the background for each
corresponding row (column). These values were then subtracted
from the pixel values in the corresponding rows (columns) of the
longitudinal (latitudinal) edge detection images. The pixels with
values under the measured background values were afterwards
deleted. As a result, we get two images with longitudinally and
latitudinally detected edges and subtracted background.

In order to obtain a final CBP image with estimated edges
and no background emission present, we take the two images
with longitudinally and latitudinally detected edges and sub-
tracted background and we stack them together. The stacking is
done in a way that the intensity values of the common pixels (i.e.
pixels at the same position, both with a non-vanishing value) of
the two images are averaged, and the rest is deleted. This pro-
cedure eliminates most if not all of the background emission
around a CBP that was left from the previous procedures, es-
pecially close to a CBP, giving us a much clearer CBP edge.

The complete above procedure is visually presented in Fig.
2 and A.1, and was carried out for all CBPs for both ALMA and
SDO data. Only the emission within green contours outlining a
CBP boundary, for example in Fig. 2, is considered in the further
analysis. The important thing to note here is that for the ALMA
Band 6 data the Rayleigh–Jeans law is valid, which results in
the brightness temperature to be proportional to intensity (Brajša

et al. 2018a). Therefore, throughout our work, especially in the
CBP extraction procedure, and later measurements, we consider
the brightness temperature to be only a measure of the intensity.
It may or may not correspond to the plasma temperature. We
should also note that due to a large beam size of the ALMA
single-dish images, the intensity light curves do not show a clear
intensity gradient lift-o↵, resulting in a very blurred edge. The
procedure described above will therefore only give a possible
location of the CBP edges, which might result in a larger CBP
size than it probably is in reality.

2.5. Obtaining CBP physical properties

In this work, we have chosen to study mean brightness and pro-
jected area of CBPs. The measurements of these two properties
were carried out on CBPs (e.g. outlined CBP in Fig. 2) in the
final cutout images obtained using the extraction procedure de-
scribed in Subsection 2.4. From these images, the mean bright-
ness was measured by calculating the average of the SDO/AIA
193 Å intensity values, and the ALMA Band 6 brightness tem-
perature values, of all of the pixels within the edges of the ex-
tracted CBP. The CBP area is measured by counting how many
pixels are within the edges of the extracted CBP and this number
is then multiplied by the single pixel area to obtain a total CBP
area. This again is done for all CBPs in and out of CHs for both
ALMA Band 6 and SDO/AIA 193 Å data.

2.6. Statistical difference of the measured physical properties

To see if there is a statistically significant di↵erence in the mea-
sured properties between CBPs within and outside CHs, we use
two di↵erent methods. The first method uses the expression (e.g.
Brajša et al. 1999):
�! = !1 � !2 > N(M(!1) + M(!2)), (1)
where !1,2 represent mean values of the observed property for
two di↵erent samples, M(!1,2) are the corresponding standard

Article number, page 4 of 27
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Fig. 2. Scheme of extraction procedure for CBP example outside CH (upper row of Fig 1). The upper panel shows the procedure for the SDO/AIA
193 Å image of the CBP, consisting of smoothing, longitudinal and latitudinal edge detection (ED) and background subtraction (BS), and finally
stacking step. The bottom panel shows the same procedure for the ALMA Band 6 image of the same CBP, but with no smoothing required. The
green contour outlines the edge of a CBP of interest. The same procedure for a CBP inside of CH, given in the bottom row of Fig. 1, is given in
Fig. A.1. All cutout images have the same spatial scale as the corresponding cutout images in Fig. 1, but are centred on the brightest CBP feature.

errors and N = 1, 2, 3, etc. A di↵erence of the measured means
!1 and !2 is statistically significant on the N� level if the above
criterion is fulfilled for the largest natural number N possible.

The second method uses the unequal variances t-test (Press
et al. 1992). Here we also try to determine if the means of two
data sets are significantly di↵erent from each other and by how
much. In t-test statistics, this is characterized by two quantities,
a t-value, corresponding to a distance between the two means in
terms of standard deviations, and a p-value, corresponding to a
probability of obtaining test results at least as extreme as the ob-
served results, assuming that the null hypothesis (in our case, it
states that the two mean values are equal) is true. We should note
here that, based on our CBP sample ordering, the negative (pos-
itive) t-value means that the mean value of the measured prop-
erty for the CBPs outside (within) the CH boundaries is higher.
For the purpose of our work, if p-value < 0.05, then our two
data sets have statistically significant di↵erence between their
means. Both t-value and p-value are obtained using the function
ttest_ind2 under SciPy3 software package in Python.

2 https://docs.scipy.org/doc/scipy/reference/
generated/scipy.stats.ttest_ind.html
3 https://scipy.org/

Both methods were conducted on 200 randomly generated
samples of both the detected CBPs inside and outside of CHs.
With that we obtain 200 sample pairs of two individual equal
size CBP samples, which we use for comparison between CBPs
inside and outside of CHs. This procedure is called a bootstrap
technique (Efron & Tibshirani 1993), and it was used for all the
measured CBP properties. On top of that, we repeated the whole
procedure on variety of CBP sample sizes to see how the result
changes when di↵erent numbers of CBPs are included.

3. Results

3.1. CH extraction and CBP detection

Five chosen CHs outlined with a boundary obtained with
CATCH are shown in Fig. 3, B.1, B.2, B.3, and B.4. In all of the
figures, the analysed CBPs are marked with small circles. Ad-
ditionally, if a CBP was excluded from a CH by CATCH due to
intensity threshold, but was still inside the most outer CH bound-
ary, in our analysis we considered it to be inside the CH.

From CATCH we obtained the area, the mean AIA 193 Å
intensity, and the signed mean magnetic field strength within the
obtained boundaries of the chosen CHs. Uncertainties for the

Article number, page 5 of 27



A&A proofs: manuscript no. 44160_final

Fig. 3. SDO/AIA 193 Å intensity filtergram (top), ALMA Band 6 brightness temperature (Tb) image (middle) and SDO/HMI magnetogram
(bottom) of full solar disk (left) with zoomed region around CH2 (right), both containing extracted boundary of CH2 (red - AIA, HMI, cyan -
ALMA), obtained with CATCH using SDO/AIA 193 Å image. The selected CBPs are marked with circles (white - within CH2, yellow - outside
CH2), where the radius of each circle equals half of the maximum length of a CBP multiplied by a factor of 1.7. The SDO/AIA intensity is clipped
between 20 and 6 000 DN, ALMA brightness temperature between 5 500 and 7 000 K, and SDO/HMI magnetic field between �120 and 120
Gauss. Similar figures for CH1, CH3, CH4 and CH5 are given in Appendix B.
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Table 1. General properties of five chosen CHs denoted as CH1, CH2, CH3, CH4, and CH5.

CH1 CH2 CH3 CH4 CH5
Date of observation [y-m-d] 2017-04-16 2017-04-22 2018-04-17 2018-05-03 2018-12-25
Time of observation [h:m:s] 17:20:28 16:47:40 16:59:16 16:20:52 12:57:52

Area [1010 km2] 2.74 ± 0.23 7.65 ± 0.49 8.16 ± 1.24 9.24 ± 0.65 5.93 ± 0.59
Mean Intensity [DN] 20.13 ± 0.90 17.83 ± 0.75 18.29 ± 1.13 19.60 ± 0.87 20.48 ± 0.99

Signed mean magnetic field [G] 2.46 ± 0.03 -1.90 ± 0.04 -1.12 ± 0.14 -2.01 ± 0.01 1.31 ± 0.07
No. of confirmed CBPs inside CH 7 20 18 32 18

No. density of CBPs inside CH [10�10 km�2] 2.55 ± 0.21 2.61 ± 0.17 2.21 ± 0.34 3.46 ± 0.24 3.04 ± 0.30
No. of selected CBPs outside CH 36 46 43 52 53

CH properties were estimated from calculating these properties
for the chosen and for slightly lower and higher intensity thresh-
olds around the chosen threshold, while minimising the area un-
certainty (Heinemann et al. 2019). The obtained properties for
all five CHs, including a number of detected CBPs inside and a
number of additionally selected CBPs outside of CHs, are given
in Table 1.

Based on the obtained CH area, the smallest of the five CHs
is CH1 with 7 confirmed CBPs inside, and the largest one is CH4
with 32 confirmed CBPs inside. Since larger CHs contain larger
numbers of CBPs, as is expected, here we find that CH3 is an
exception from this behaviour, because it is the second largest
CH, but it contains the lowest number of CBPs out of the five
CHs. If we do a linear fit between the number density of CBPs
in CHs (Nin/ACH) and the CH area (ACH), and we calculate the
Spearman’s correlation coe�cient rS, by ignoring CH3 we get
the following:

Nin

ACH/1010km2 ⇠ 4.57 ⇥ ACH

1010km2 ; rS = 0.69. (2)

This result shows a modest tendency of the number density of
CBPs in CHs to increase with CH area, as is expected. When
adding CH3 into consideration, the Spearman’s correlation co-
e�cient immediately drops to rS = 0.29, showing a rather weak
correlation between the number density of CBPs and CH area.
By analysing the corresponding CH area errors, we see that four
CHs have the relative area uncertainty less than 10%, with CH2
having the lowest relative area uncertainty. We find high area un-
certainty only for CH3 of about 15%. This large uncertainty for
CH3 is possibly due to its peculiar shape, with a southern patchy
structure, that could have also a↵ected the number of CBPs in-
side of it, thus resulting in the previous weak correlation.

Going forward in the results, we mostly focus our discussion
on the results obtained for CH2 as a good example for the mea-
sured CBP properties out of the five CHs, but we still compare
the results between all five CHs. Results of the statistical anal-
ysis for the measured CBP properties for CH1, CH3, CH4, and
CH5 can be found in Appendix C, D, E, and F.

3.2. Mean CBP brightness

3.2.1. ALMA data

Based on the selected CBPs, the maximum values of the mean
brightness temperatures for the CBPs within and outside all five
CHs in the ALMA Band 6 images are presented in Table 2. First
column of Table 2 shows that CBPs outside the chosen CHs can
reach higher values of the mean brightness temperature than the
CBPs inside CHs. In all five cases, the average mean brightness
temperature (Table 2) for the CBPs outside the CHs is higher
than for those outside, and it reaches values above 120 K. On the
other hand, for the CBPs inside the CHs, the average brightness

Table 2. Mean values of mean measured ALMA Band 6 brightness tem-
peratures (hIiALMA) and mean values of mean measured SDO/AIA 193
Å intensities (hIiALMA) of CBPs within and outside five chosen CHs,
with corresponding standard errors.

hIiALMA [K] hIiSDO [DN]
within CH / outside CH within CH / outside CH

CH1 78 ± 10 / 124 ± 8 28 ± 5 / 104 ± 10
CH2 97 ± 7 / 157 ± 7 29 ± 3 / 91± 8
CH3 88 ± 6 / 149 ± 8 29 ± 5 / 109 ± 12
CH4 111 ± 7 / 141 ± 5 51 ± 10 / 99 ± 9
CH5 107 ± 9 / 140 ± 6 32 ± 5 / 72 ± 5

temperature is below the previous value, and in the first three
cases, even below 100 K.

The top left panel of Fig. 4 shows very clearly the separation
between CBPs inside and outside of CH2, with the ones inside
having a lower mean brightness temperature, with a smaller dis-
persion around a general mean value (Table 2). By increasing the
sample size for bootstrapping, we find a more pronounced sepa-
ration. Moreover, larger overlaps of the mean brightness temper-
atures were found for two coronal holes, CH1 and CH5, when
having smaller sample sizes.

The histogram in the top right panel of Fig. 4, which was ob-
tained using the expression 1, shows that most of the CBP sam-
ple pairs have their brightness temperatures di↵ering between
2� and 4�. Even larger di↵erence is seen in the bottom row of
Fig. 4, where in the left panel we see a large number of sample
pairs having the mean brightness temperature di↵erence between
3.5� and 5�, with a tendency towards 4�. The p-values in the
right panel show that almost all of the sample pairs have a p-
value under 0.05, clearly showing a statistically significant mean
brightness temperature di↵erence between CBPs inside and out-
side the CH2. Similar results were found for the remainder of
the CHs as well (Fig. C.1, D.1, E.1, and F.1), with a higher or
smaller di↵erence visible between CBP inside and outside of
CH depending on the CH of interest, but with di↵erence val-
ues around 2� or more. By changing the individual CBP sample
size, we find more significant di↵erences for larger sample sizes.

3.2.2. SDO/AIA data

Moving onto the SDO/AIA data, second column of Table 2
presents the results for the overall mean value of the mean
SDO/AIA 193 Å CBP intensities obtained for all of the selected
CBPs. In the second column of Table 2, we see similar CBP
brightness behaviour for CH2 as it was the case for the ALMA
Band 6 data (first column of Table 2). The mean SDO/AIA in-
tensity for the CBPs within the CH2 is lower in value than we
found for the CBPs in the quiet Sun outside the CH2. Moreover,
we found that all of the average mean intensity values are sur-
passing 70 DN for CBPs in the quiet Sun outside the CH2 for all
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Fig. 4. Statistical analysis of mean ALMA Band 6 CBP brightness temperature. Top row: Left panel shows the mean values of the mean CBP
intensities in the ALMA Band 6 image with corresponding standard errors of 200 randomly chosen equal size CBP sample pairs, with one sample
containing CBPs within (red) and the other outside (blue) the CH2. The right panel shows histogram of the largest N for which the relation (1)
holds true. Bottom row: Left panel shows histogram of the t-test statistic values (t-values) and the right panel shows the histogram of the p-values
obtained for the mean values of CBP mean intensities in the ALMA Band 6 image. Individual CBP sample contains 18 randomly chosen CBPs
out of the many selected CBPs either within or outside the CH2.

five CHs, while for the CBPs inside the CHs the value is under
this value for all the CHs, or more specifically under 51 DN.

The top left panel of Fig. 5 shows a separation between the
CBPs within and outside of CH2 to be slightly more prominent
than in the case of ALMA (Fig. 4). The dispersion of the mean
SDO/AIA intensity for CBPs within CH2 is very narrow, around
10 DN in width, while for the CBPs outside of the CH2, it is
much higher. Also, when taking di↵erent sample sizes, we found
the same e↵ect on the results as it was the case for the ALMA
data. Just by looking at the top left panel of Fig. 5, we see a very
significant di↵erence in the mean SDO/AIA intensity between
the CBPs inside and outside the CH, not only for the current
case of CH2, but also for the rest of the selected CHs (Fig. C.3,
D.3, E.3, and F.3).

Next, in the top right panel of Fig. 5, we see that the his-
togram shows very similar shape as the one for the mean ALMA
brightness temperature (Fig. 4), but with a shift of about 1� to
higher values. This time, the largest number of CBP sample pairs
have the individual sample mean SDO/AIA intensities di↵ering
by about 3� to 5�, which suggests this result has a negligi-
ble possibility for being coincidental. Bottom row of the Fig. 5
shows even higher di↵erence between the two groups of CBPs,
where t-values show that the largest number of CBP sample pairs
are grouped between 4� and 5� di↵erence, with a maximum
4� and 4.5�. Moreover, the bottom right panel shows that all
200 randomly chosen sample pairs have a p-value well under
0.05 threshold. This is a clear indication that the di↵erence in
the SDO/AIA intensity between CBPs inside and outside of the
CH2 is statistically significant. This was also the case for the rest
of the selected CHs (Fig. C.3, D.3, E.3, and F.3), even for small
individual sample sizes like the one seen for CH1 (Fig. C.3).

3.2.3. Correlation between mean CBP brightness and mean
CH properties

Based on the mean of the mean CBP brightness values within
and outside of CHs in Table 2, we derived linear relations and
correlations between those CBP brightness values and mean CH
properties in Table 1. Firstly, we derived the relation between
relative brightness ratios of the CBPs within and outside of CHs
(hIini/hIouti�1) for the ALMA Band 6 and SDO/AIA 193 Å data
of a form:

hISDO,ini
hISDO,outi

� 1 ⇠ 0.79 ⇥
 hIALMA,ini
hIALMA,outi

� 1
!
; rS = 0.97. (3)

The result shows a very strong correlation that could point to the
plasma heating being transferred between two regions at di↵er-
ent heights of a CBP loop.

Moving onto CH area, we find a linear relation between the
relative ratio of CBP brightness values inside and outside of CHs
and CH area (ACH). The obtained linear relations for the ALMA
Band 6 and SDO/AIA 193 Å data have a form:

hIALMA,ini
hIALMA,outi

� 1 ⇠ 6.67 ⇥
 

ACH

1010km2

!
; rS = 0.24 (4)

hISDO,ini
hISDO,outi

� 1 ⇠ 10.24 ⇥
 

ACH

1010km2

!
; rS = 0.45. (5)

The rS coe�cient for the ALMA data shows a weak correlation
between the two properties, but for the SDO/AIA data we see a
higher correlation. If we exclude CH3, for the ALMA data, we
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Fig. 5. Same as Fig. 4, but for mean SDO/AIA 193 Å CBP intensity.

get rS = 0.51, and for the SDO/AIA data, rS = 0.72, where we
now have a much stronger correlation, showing that the relative
brightness ratio rises with CH area, thus indicating to the possi-
bility that larger CHs allow brighter CBPs to form within them.

Moreover, by comparing the CBP brightness values and the
absolute values of the signed CH magnetic field (|Bsign|), we find:

hIALMA,ini
hIALMA,outi

� 1 ⇠ 0.05 ⇥
 |Bsign|

Gauss

!
; rS = 0.01 (6)

hISDO,ini
hISDO,outi

� 1 ⇠ �0.17 ⇥
 |Bsign|

Gauss

!
; rS = �0.03. (7)

Due to rS being close to zero, there is no visible correlation be-
tween the CBP brightness ratio and |Bsign|. However, by exclud-
ing CH3, we get rS = �0.54 for the ALMA data and rS = �0.53
for the SDO/AIA data, where we now see a modest anticorrela-
tion between the two properties. This could mean that the higher
the |Bsign| is, the lower is the brightness of CBPs within CHs.
Therefore, the CH magnetic field has an opposite e↵ect on the
CBP properties than the CH area has.

3.3. Projected CBP area

3.3.1. ALMA data

Finally, we come to the CBP area measurements, where the over-
all means of the projected CBP areas for ALMA Band 6 data are
presented in Table 3. Results from Table 3 show a clear di↵er-
ence in the ALMA area between CBPs inside and outside the
CHs. Here the CBPs inside all five CHs have on average smaller
areas, with the highest total mean value of about 630 arcsec2

found for CBPs within CH4. The smallest value for CBPs within
a CH was found for CH1 of about 480 arcsec2, but also with a

Table 3. Mean values of measured projected ALMA Band 6 CBP ar-
eas (hAiALMA) and mean values of measured projected SDO/AIA 193
Å CBP areas (hAiSDO) within and outside five chosen CHs, with corre-
sponding standard errors.

hAiALMA [arcsec2] hAiSDO [arcsec2]
within CH / outside CH within CH / outside CH

CH1 480 ± 130 / 810 ± 70 180 ± 40 / 270 ± 40
CH2 540 ± 70 / 870 ± 60 280 ± 50 / 400 ± 50
CH3 540 ± 60 / 900 ± 50 210 ± 40 / 370 ± 50
CH4 630 ± 50 / 790 ± 40 300 ± 50 / 300 ± 30
CH5 610 ± 60 / 750 ± 50 260 ± 40 / 290 ± 30

much higher standard error due to the small number of CBPs
within CH1. The maximum total mean area for CBPs outside a
CH was found for CH3 with a value of about 900 arcsec2.

Statistical analysis done for the CBP areas using the ALMA
Band 6 data is presented in Fig. 6. The top left panel of Fig. 6
shows a pronounced separation between CBPs within and out-
side of CH2. The area dispersion for CBPs inside the CH2 is ap-
proximately two times smaller than for the ones outside the CH2.
Both di↵erent CBP group distributions are dispersed around the
general mean values mentioned in Table 3, where the mean area
value for CBPs in the quiet Sun outside the CH2 is more than
300 arcsec2 higher than for the ones inside CH2. By changing
the individual CBP sample sizes, we found similar behaviour as
was previously the case for the mean CBP brightness. We also
obtained similar results for the rest of the CHs (Fig. C.2, D.2,
E.2, and F.2), with a larger overlap between the mean values ob-
tained for CH1 and CH5, but depending on the sample size, with
a small or almost no area di↵erence visible between CBPs within
and outside of CH5.

Next, the top right panel of Fig. 6 points to a very high num-
ber of CBP sample pairs having the area di↵erence between 1�
and 3�. A similar result can be seen in the bottom row of Fig.
6, where most of the CBP sample pairs have their areas di↵er-
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Fig. 6. Statistical analysis of projected ALMA Band 6 CBP area. Top row: Left panel shows the mean values of the CBP areas in the ALMA Band
6 image with corresponding standard errors of 200 randomly chosen equal size CBP sample pairs, with one sample containing CBPs within (red)
and the other outside (blue) the CH2. The right panel shows histogram of the largest N for which the relation (1) holds true. Bottom row: Left panel
shows histograms of the t-test statistic values (t-values) and the right panel shows the histogram of the p-values obtained for the mean values of
CBP areas in the ALMA Band 6 image. Individual CBP sample contains 18 randomly chosen CBPs out of the many selected CBPs either within
or outside the CH2.

ing between 2� and 3�. Moreover, a p-value histogram (bottom
right panel of Fig. 6) indicates that there is a maximum number
of sample pairs with a p-value under 0.05, with a small number
of them also having p-values above the chosen threshold. This
result clearly indicates a rather significant di↵erence in CBP area
between CBPs inside and outside CH2. Analysing di↵erent sam-
ple sizes showed that the area di↵erence was more significant
for larger samples. Similar results were found for the rest of the
CHs, where the area di↵erence for CH1 (Fig. C.2) was less sig-
nificant than the one presented here for CH2, with a maximum
closer to 1�. Similarly to CH1, CH5 (Fig. F.2) also showed a not
very significant di↵erence around 1.5�. However, for CH3 (Fig.
D.2) and CH4 (Fig. E.2), we found more significant CBP area
di↵erence around 2� for CH4 to even above 3� for CH3.

3.3.2. SDO/AIA data

For the SDO/AIA 193 Å data, the maximum CBP area and the
overall means of the measured CBP SDO/AIA areas for all se-
lected CHs are presented in the second column of Table 3. Based
on the measured SDO/AIA CBP areas in Table 3, we found that
for the mean value of all the measured SDO/AIA areas for CBPs
inside almost all of the CHs have on average smaller values than
those outside of CHs. The exception here is CH4, for which the
measured CBP areas have similar values, meaning that there is
no di↵erence for the SDO/AIA area between CBPs within and
outside of CH4 since the general mean area values in Table 3
have a perfect overlap. A smaller overlap is found for CH5, for
which we see rather similar values for the overall mean areas
both inside and outside of CH5, which di↵er by only 30 arcsec2.

Statistical analysis of the measured SDO/AIA CBP areas is
presented in Fig. 7. The top left panel of Fig. 7 indicates a clear
separation between CBPs inside and outside of CH2. The mean
area dispersion is much smaller for CBPs inside CH2, with a
width just above 100 arcsec2 around the mean value of 280
arcsec2, while CBPs outside CH2 have three times higher dis-
persion around the mean of about 400 arcsec2. Even though we
see a separation, there are still some small overlaps visible be-
tween the CBPs within and outside of CH2. Results found for
the rest three out of four CHs (Fig. C.4, D.4, and F.4) indicate
a similar behaviour of the measured SDO/AIA CBP area, with
more overlapping seen for CH1 (Fig. C.4) and CH5 (Fig. F.4),
especially for smaller CBP sample sizes. The one exception here
is CH4 (Fig. E.4), for which we obtained the largest deviation
from the results of CH2. Here for CH4 we had no visible sepa-
ration between CBPs within and outside of it even for the large
individual CBP sample sizes. This was already seen in Table 3,
where we obtained very similar CBP area values both inside and
outside of CH4.

In the top right panel of Fig. 7, for CH2 we see that the
highest number of the CBP sample pairs have their SDO/AIA
areas di↵ering by less than 2�. Similarly, the histogram of the
obtained t-value in the bottom row of Fig. 7 indicates that the
highest number of the CBP sample pairs have CBP areas dif-
fering between 1� and 2�, with a maximum of the distribution
around 1.5�. In the p-value histogram on the bottom right, we
see that only a part of the CBP sample pairs have a p-value un-
der 0.05, with a non negligible number of them having p-values
above this threshold. These results clearly show that the CBP
area di↵erence is not too significant, but at the same time it is
not too small, which indicates that there is after all a small dif-
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Fig. 7. Same as Fig. 6, but for projected SDO/AIA 193 Å CBP area.

ference in CBP area still visible. Similar results were found for
CH1 (Fig. C.4) and CH3 (Fig. D.4) as well, where the SDO/AIA
area di↵erence for CH3 was about 2�. On the other hand, for
CH4 (Fig. E.4) and CH5 (Fig. F.4), the area di↵erence was less
than 1�, sometimes even less than 0.5�, and the obtained p-
value distributions were, depending on the sample sizes, more
or less equally scattered across all the possible values. For these
two CHs specifically, the results indicate that there is extremely
small, or even no significant di↵erence in the SDO/AIA CBP
area.

In comparison, the ALMA CBP area di↵erence is more sig-
nificant than the one obtained for the SDO/AIA. This could be
the result of a di↵erent spatial resolution of the ALMA and
SDO/AIA data, where a poorer spatial resolution of the ALMA
single-dish images makes it di�cult to distinguish detailed mor-
phological CBP features. Therefore, the definition of the ALMA
CBP areas is more di�cult, and this could have resulted in a
higher area di↵erence for ALMA.

3.3.3. Correlation between projected CBP area and mean
CH properties

Following the analysis done in Subsection 3.2.3 for the mean
CBP brightness, we also find certain correlations between CBP
areas and CH properties. Considering first only the CBP areas,
we find a relation between relative area ratios (Ain/Aout � 1) for
the ALMA Band 6 and SDO/AIA 193 Å data in a form:

ASDO,in

ASDO,out
� 1 ⇠ 0.59 ⇥

 
AALMA,in

AALMA,out
� 1

!
; rS = 0.94. (8)

Here we see a very strong correlation, similar to one obtained
for mean CBP brightness before, where now the result shows
that the change in the CBP area at coronal part of a CBP loop is
also visible at chromospheric part, and vice versa.

Next, by comparing the CBP areas and the CH areas (ACH),
we find a linear relation for the ALMA Band 6 and SDO/AIA
193 Å data of:

AALMA,in

AALMA,out
� 1 ⇠ 7.50 ⇥

 
ACH

1010km2

!
; rS = 0.33 (9)

ASDO,in

ASDO,out
� 1 ⇠ 4.26 ⇥

 
ACH

1010km2

!
; rS = 0.30. (10)

Both ALMA and SDO/AIA data show a rather weak correlation
between CBP and CH areas. However, by excluding CH3 from
consideration, we find a much stronger correlation with rS =
0.54 for the ALMA data and rS = 0.67 for the SDO/AIA data.
Similarly as in the Subsection 3.2.3, here we can conclude that
larger CHs allow larger CBPs to form within the CH boundaries.

Moreover, if take the absolute value of the signed CH mag-
netic field (|Bsign|), for the ALMA Band 6 and SDO/AIA 193 Å
data we find:

AALMA,in

AALMA,out
� 1 ⇠ �1.00 ⇥

 |Bsign|
Gauss

!
; rS = �0.20 (11)

ASDO,in

ASDO,out
� 1 ⇠ 0.38 ⇥

 |Bsign|
Gauss

!
; rS = 0.12. (12)

Here we again see that there is almost no correlation visible
as it was the case for the mean CBP brightness before. But, if
we exclude CH3, we find rS = �0.71 for the ALMA data and
rS = �0.49 for the SDO/AIA data, where we see a modest to
strong anticorrelation. This result shows that the larger |Bsign|
suppresses the CBP areas to smaller values within the CHs.
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4. Discussion

In this paper, we report measurements of the mean brightness
and areas of CBPs within the boundaries of five selected CHs at
specific times, as well as outside them in the quiet Sun region. A
goal of these measurements was to find if the physical properties
di↵er depending on the region where CBPs reside.

4.1. Mean CBP brightness

In the SDO/AIA images, CBPs appear as bright small-scale
coronal loops, while in the ALMA images, those same CBPs
correspond to bright point features overlaying the bipolar struc-
tures seen in the SDO/HMI magnetograms, as is expected by
Brajša et al. (2018b, 2021) and Madjarska (2019). The ALMA
Band 6, SDO/AIA 193 Å , and SDO/HMI images in Fig. 3, B.1,
B.2, B.3, and B.4 show selected CBPs at the times the images
were taken, where we see these exact features with a variety of
brightness values.

Figures 4, 5, C.1, C.3, D.1, D.3, E.1, E.3, F.1, and F.3 show a
visible separation in the mean intensity between the CBPs within
CH boundaries and those outside them in the quiet Sun. Here the
CBPs inside all CHs appear to be fainter than the CBPs outside
the CHs in both ALMA and SDO data. A better picture of the
CBP brightness di↵erence was obtained by the statistical anal-
ysis done using the relation (1) and t-test method. The analysis
resulted in a high significance in the mean brightness di↵erence
between the CBPs within and outside of CHs, which was about
2� or more. This indicates that the mean CBP brightness for both
ALMA and SDO/AIA data at any time is significantly lower for
the CBPs inside a CH in comparison to the ones outside of it.
From the analysis, we also obtained a wider dispersion of mean
CBP brightness values for CBPs outside of the CHs in the quiet
Sun region, which shows that CBPs outside of CHs can have
a wider range of possible brightness values, both high and low.
This result, with a very significant CBP brightness di↵erence dis-
cussed previously, indicates that certain physical conditions, for
example the magnetic field strength, of the areas where CBPs
reside might a↵ect the brightness properties of the CBPs that we
observe at any wavelength/height, especially inside CHs where
those conditions might prevent CBPs from reaching high bright-
ness values, or in other words temperatures.

The abundance and strength of open magnetic field within
CHs (Hofmeister et al. 2017; Hofmeister et al. 2019; Tian et al.
2008) can in fact have e↵ects on the surrounding closed field,
where dipole regions with CBPs are formed. Model results con-
firm that low-lying loops are mostly present within CHs and that
they are on average flatter compared to the outside quiet Sun re-
gions (Wiegelmann & Solanki 2004; Wiegelmann et al. 2005).
The radially outgoing external field in CHs may constrain CBPs
to smaller heights better than the more random fields in the quiet
Sun (see Fig. 3 in Wiegelmann et al. 2005 and coronal magnetic-
field topology of CBPs in Galsgaard et al. 2017). A similar re-
sult was found in a recent study by Heinemann et al. (2021b),
where the CH magnetic field is derived by using bright bipolar
structures in the CH in the SDO/AIA 304 Å filtergrams, which
were also visible in the SDO/AIA 193 Å filtergrams. The au-
thors found that the strength of the CH magnetic field constrains
how large and how far up the bright structures can be, indicat-
ing that the appearance of CBPs and the CH magnetic field are
linked. This is evident in the anticorrelation between the relative
mean CBP brightness ratios and the absolute value of the signed
CH magnetic field, previously discussed in Subsection 3.2.3.
There the higher absolute signed magnetic field results in lower

brightness values for CBPs within a CH, meaning that the larger
abundance of open unipolar magnetic fields, and their strength,
might limit the CBPs to lower temperatures. Even though there
is a stronger magnetic field inside CHs, there is less magnetic
activity than in the quiet Sun regions outside CHs, for exam-
ple flux emergence. Nóbrega-Siverio & Moreno-Insertis (2022)
found that the flux emergence can indeed enhance the CBP ac-
tivity, and therefore its intensity and temperature. Hence, less
magnetic activity inside CHs might result in lower input in mag-
netic energy within CBP loop structure at lower heights, produc-
ing lower heating of a CBP. One could use di↵erential emission
measure to see what the temperature is truly like for CBPs inside
and outside CHs and then model the responsible mechanisms ac-
cordingly (out of the scope of this work).

Alternatively, the magnetic connectivity environment in a
CH is more stable, since the external field is always directed the
same way. This might help smaller CBPs last longer against the
e↵ects of convective erosion against external fields. Such low-
lying CBP loops inside CHs might be related to low plasma flows
(Wiegelmann et al. 2005), revealing a lower temperature/density.
In addition, we observe centrally on-disk located features as line-
of-sight integrated intensities, and CBPs in the vicinity of low
intensity open flux tubes might appear less bright compared to
those located outside CHs. Since CBPs seem to appear in lay-
ered structures with di↵erent temperatures, where hotter loops
are overlaying the cooler loops (Madjarska 2019), within CHs
only the small-scale cooler loops might be present. An emission
measure analysis of the CBPs using multiple SDO filters may
help decide what combination of factors is driving the intensity
di↵erences (beyond the scope of this study).

We also must not exclude the possibility of the CH morphol-
ogy, for example CH area, also causing the observed CBP bright-
ness di↵erence. This is evident in the correlation between the rel-
ative mean CBP brightness ratio and CH area, where in Subsec-
tion 3.2.3 we obtained a rather strong correlation when CH3 was
excluded. Therefore, our result indicates that larger CHs might
allow CBPs to obtain higher temperatures and altitudes.

Moreover, we report a slightly smaller di↵erence in the mea-
sured mean CBP brightness seen for the ALMA data in compar-
ison to the SDO/AIA data, which was independent of the CBP
sample size. Our assumption is that the spatial resolution of the
ALMA Band 6 single-dish images might be the main cause of
such a result, resulting in the more uncertain boundary estima-
tion, and therefore the estimation of the CBP brightness. This
e↵ect will be discussed in more detail in Subsection 4.2.

Furthermore, we report that the individual CBP sample size
influences the mean brightness di↵erence, as well as the area dif-
ference, seen between the CBPs inside and outside of CHs. Tak-
ing larger sample sizes closer to the maximal number of CBPs
found inside a CH resulted in a more pronounced di↵erence seen
between the CBPs inside and outside CHs, where the mean value
range barely, or did not even overlapped at all. Therefore, we rec-
ommend using larger samples containing the number of CBPs
closer to a number of them inside the CH of interest to max-
imise the observed di↵erence in physical CBP properties be-
tween these two di↵erent groups of CBPs, like the results pre-
sented throughout this paper.

4.2. Projected CBP area

The measured CBP areas presented in Fig. 6, 7, C.2, D.2, D.4,
E.2, and F.2 also showed a visible separation between the CBPs
inside and outside all five CHs. We find that CBPs inside the
boundaries of CHs have on average smaller areas than those out-
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side in the quiet Sun, that have a wider range of possible ar-
eas, similarly to the previously discussed mean CBP brightness.
The area di↵erence between the CBPs in di↵erent regions was
not as significant as it was the case with the mean CBP bright-
ness. This could be due to the fact that we observe two di↵erent
physical properties, brightness temperature (ALMA) and EUV
emission (SDO/AIA), for which we cannot a priori assume that
their change between di↵erent solar regions behaves equally. For
the ALMA data, we indeed obtained a rather significant CBP
area di↵erence, with the exception of CH1, but for the SDO/AIA
data, this di↵erence was for most of the CHs not too significant,
with the exception of CH3 having a very significant CBP area
di↵erence. Nevertheless, the obtained area di↵erence was still
large enough to indicate that the CBP areas might be influenced
by certain properties of the surrounding region, for example the
magnetic field.

We discussed previously in Subsection 4.1 that CBPs within
CHs are linked with the CH magnetic field in a way that the CBP
properties are confined by the open magnetic field (Heinemann
et al. 2021b; Wiegelmann & Solanki 2004; Wiegelmann et al.
2005). Not only is the CBP brightness influenced by this con-
finement, which was discussed previously, but the size of CBPs
as well, where the CH magnetic field limits the maximum pos-
sible size of the CBPs within the CH. This behaviour is evident
from the anticorrelation between the relative CBP area ratio and
the absolute signed CH magnetic field from Subsection 3.3.3.
Here the result points to a possibility that the larger abundance
of open magnetic field, as well as its overall strength, limit the
CBPs to smaller sizes.

Moreover, we found that the CH area might influence the
observed CBP area. This was obtained through the correlation
of the CBP area with the CH area in Subsection 3.3.3, where we
found a rather strong correlation when CH3 was excluded. Sim-
ilarly as in the Subsection 3.2.3, here the obtained correlation
indicates that larger CHs allow larger CBPs to form. We have
to mention here that all of the obtained correlations between the
CBP and CH properties in Subsection 3.2.3 and 3.3.3 in fact do
su↵er from the small number of data points taken into consid-
eration. Therefore, we cannot make strong conclusions for the
found correlations until we have a much larger set of di↵erent
CHs, which will give us a better picture of the possible influence
of CH on the CBP properties (future work).

Considering the significance of the CBP area di↵erence anal-
ysed previously, we found that CH4 and CH5 have a non signif-
icant di↵erence in the CBP area even for large individual CBP
sample sizes. This was found specifically for the SDO/AIA data,
where the area di↵erence between the CBPs within and out-
side of these CHs was less than 1�, while the ALMA data still
showed some significance. In the case of CH4, no di↵erence is
seen in the CBP area (Fig. E.4), which could be the result of
CH4 having a very large area, and this thus allows large CBPs
to exist such as those found outside the CH4 in the quiet Sun
regions. In the case of CH5, on the other hand (Fig. F.4), there is
no clear evidence as to why we have a non-significant CBP area
di↵erence. The area of the CH5 is the second smallest out of the
five CHs, which based on the previous discussion should limit
the CBP size to smaller values. However, the absolute signed
magnetic field of CH5 is relatively small in comparison to most
of the other CHs, which then should allow larger CBPs to form.
The future analysis will confirm what was the true nature of the
obtained results for CH4 and CH5, and which CH property could
have the dominating e↵ect on the CBPs within these two CHs.

Furthermore, the CBP area is generally influenced by the
viewing angle, but since we limited ourselves only on the cen-

tral regions of the solar disk, this should reduce the influence
of the viewing angle on the observed area di↵erence because
the CBP loops are less likely to be curved or tilted at high an-
gles. However, even here some of the central CBPs with peculiar
morphologies, due to non-linear magnetic field, can have parts
of their loop structure curved and tilted. Moreover, the area dif-
ference might be more influenced by the spatial resolution and
the characteristic temperature of the used imager channels. The
large di↵erence in the spatial resolution between ALMA and
SDO/AIA could have produced a significantly higher CBP area
di↵erence for ALMA. This resolution issue might be supported
by the fact that we used similar methods of CBP extraction for
both ALMA and SDO/AIA. Moreover, since the CBPs do not
look the same when they are observed in di↵erent parts of the
spectrum using di↵erent ALMA mm and SDO/AIA EUV imager
channels, this could also be true for the observed changes of the
CBP features. Future studies will look more into these possible
issues using observations in more than one imager channel and
the interferometric ALMA observations.

So far, we have only considered CH properties, for example
the magnetic field and area, having the main influence on the
CBP properties (mean brightness and area). However, we note
that CH1 and CH3, which were both outliers in some of the dis-
cussions, are also the only two CHs with active regions near their
boundaries. Perhaps the presence of the nearby strong fields of
active region can further a↵ect CBP properties within CHs. To
explore this hypothesis, we would need to use a larger sample of
CHs and find a way to analyse the field of active regions and its
influence on CBPs within CHs (beyond the scope of this study).

5. Conclusion and prospects

In this study we find significant di↵erences in the area and mean
brightness between CPBs located within and outside five CHs.
We describe the analysis applied on the SDO/AIA 193 Å and
the millimetre ALMA Band 6 data in detail. Based on the ob-
tained results, we conclude that CBPs inside the CHs have lower
brightness on average than the CBPs outside of them in the quiet
Sun region, but they are also smaller in area on average. We find
this to be true for CBPs visible both at chromospheric heights in
the ALMA data and at coronal heights in the SDO/AIA data.

Also, we find that there could be an influence of CH proper-
ties, for example the magnetic field inside the CH boundaries and
its area, on the observed properties of the CBPs. Based on the ob-
served CBP di↵erences, as well as the found (anti-)correlation
between the CBP and CH properties, we may conclude that the
strength and the abundance of the open CH magnetic field and
the CH area could influence the CBP properties within CHs. In
addition, the di↵erent ratio between the open and closed mag-
netic flux within and outside CHs might hold important infor-
mation on the formation of CHs themselves. Here CBPs within
CHs can represent the missing link to better understand the gen-
eral appearance of CHs. Indeed there exists a link between CBPs
and the appearance of CHs, where the change in CBP morphol-
ogy changes the CH boundaries on small scales (Madjarska &
Wiegelmann 2009; Madjarska et al. 2012; Subramanian et al.
2010). Still, we do not fully understand how CBPs may a↵ect the
large-scale appearance of CHs and the generation of high-speed
streams. Although the conclusions have thus far been made on
the basis of a small CH sample, they can be further strengthened
with additional data of larger CH samples, which will be used in
future studies to improve the statistics.

Given the e↵ect of the spatial resolution of the ALMA Band
6 single-dish images on the carried measurements of the CBP
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physical properties discussed in Sect. 4, we conclude that, in
order to obtain more precise measurements, the interferometric
ALMA data should be used instead of the single-dish data that
we used in our work. Such data will be of great importance for
the future study of the evolution of CBPs inside and outside CHs
through time at chromospheric heights.

A detailed analysis of the mean CBP brightness and area,
in addition to CH properties, for a longer time period, instead
of just one specific time as we observed, will be carried out
in future work. Moreover, we plan to follow the evolution of
brightness, morphological, and magnetic properties of not only
CBPs, but CHs as well. Here we plan to use the interferometric
ALMA data mentioned previously, with the available SDO/AIA
and SDO/HMI data at the corresponding times of the ALMA ob-
servations. Further studies will focus on the magnetic field and
morphology of CHs in great detail in order to confirm if the CH
magnetic and morphological properties influence the observed
CBP physical properties, mainly CBP brightness and sizes. If
the influence appears to be true, as our results indicate, we will
investigate, in more detail, how the strength and structure of the
magnetic field around the CBPs inside CHs, in addition to the
shape and size of the CHs, a↵ect the observed CBP properties.
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Appendix A: CBP edge detection and background subtraction

Fig. A.1. Same as Fig. 2, but for CBP example inside of CH.
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Appendix B: SDO and ALMA images with detected CHs and CBPs

Fig. B.1. Same as Fig. 3, but for CH1.
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Fig. B.2. Same as Fig. 3, but for CH3.
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Fig. B.3. Same as Fig. 3, but for CH4.
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Fig. B.4. Same as Fig. 3, but for CH5.

Article number, page 19 of 27



A&A proofs: manuscript no. 44160_final

Appendix C: Statistical analysis of the physical properties for CBPs within and outside CH1

Fig. C.1. Statistical analysis of mean ALMA Band 6 CBP brightness temperature. Top row: Left panel shows the mean values of the mean CBP
intensities in the ALMA Band 6 image with corresponding standard errors of 200 randomly chosen equal size CBP sample pairs, with one sample
containing CBPs within (red) and the other outside (blue) the CH1. The right panel shows histogram of the largest N for which the relation (1)
holds true. Bottom row: Left panel shows histogram of the t-test statistic values (t-values) and the right panel shows the histogram of the p-values
obtained for the mean values of CBP mean intensities in the ALMA Band 6 image. Individual CBP sample contains 5 randomly chosen CBPs out
of the many selected CBPs either within or outside the CH1.

Fig. C.2. Same as Fig. C.1, but for projected ALMA Band 6 CBP area.
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Fig. C.3. Same as Fig. C.1, but for mean SDO/AIA 193 Å CBP intensity.

Fig. C.4. Same as Fig. C.1, but for projected SDO/AIA 193 Å CBP area.
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Appendix D: Statistical analysis of the physical properties for CBPs within and outside CH3

Fig. D.1. Same as Fig. C.1, but for CH3, with individual CBP sample containing 16 CBPs.

Fig. D.2. Same as Fig. C.1, but for projected ALMA Band 6 CBP area and CH3, with individual CBP sample containing 16 CBPs.
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Fig. D.3. Same as Fig. C.1, but for mean SDO/AIA 193 Å CBP intensity and CH3, with individual CBP sample containing 16 CBPs.

Fig. D.4. Same as Fig. C.1, but for projected SDO/AIA 193 Å CBP area and CH3, with individual CBP sample containing 16 CBPs.
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Appendix E: Statistical analysis of the physical properties for CBPs within and outside CH4

Fig. E.1. Same as Fig. C.1, but for CH4, with individual CBP sample containing 30 CBPs.

Fig. E.2. Same as Fig. C.1, but for projected ALMA Band 6 CBP area and CH4, with individual CBP sample containing 30 CBPs.
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Fig. E.3. Same as Fig. C.1, but for mean SDO/AIA 193 Å CBP intensity and CH4, with individual CBP sample containing 30 CBPs.

Fig. E.4. Same as Fig. C.1, but for projected SDO/AIA 193 Å CBP area and CH4, with individual CBP sample containing 30 CBPs.
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Appendix F: Statistical analysis of the physical properties for CBPs within and outside CH5

Fig. F.1. Same as Fig. C.1, but for CH5, with individual CBP sample containing 16 CBPs.

Fig. F.2. Same as Fig. C.1, but for projected ALMA Band 6 CBP area and CH5, with individual CBP sample containing 16 CBPs.
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Fig. F.3. Same as Fig. C.1, but for mean SDO/AIA 193 Å CBP intensity and CH5, with individual CBP sample containing 16 CBPs.

Fig. F.4. Same as Fig. C.1, but for projected SDO/AIA 193 Å CBP area and CH5, with individual CBP sample containing 16 CBPs.
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