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Abstract

Coronal bright points (CBPs) are sets of small-scale coronal loops, connecting opposite magnetic polarities,
primarily characterized by their enhanced extreme-ultraviolet (EUV) and X-ray emission. Being ubiquitous, they
are thought to play an important role in heating the solar corona. We aim at characterizing the barely explored
chromosphere underneath CBPs, focusing on the related spicular activity and on the effects of small-scale magnetic
flux emergence on CBPs. We used high-resolution observations of a CBP in Hβ and Fe I 617.3 nm from the
Swedish 1 m Solar Telescope in coordination with the Solar Dynamics Observatory. This work presents the first
high-resolution observation of spicules imaged in Hβ. The spicules were automatically detected using advanced
image processing techniques, which were applied to the Dopplergrams derived from Hβ. Here we report their
abundant occurrence close to the CBP “footpoints” and find that the orientation of such spicules is aligned along
the EUV loops, indicating that they constitute a fundamental part of the whole CBP magnetic structure.
Spatiotemporal analysis across multiple channels indicates that there are coronal propagating disturbances
associated with the studied spicules, producing transient EUV intensity variations of the individual CBP loops.
Two small-scale flux emergence episodes appearing below the CBP were analyzed, one of them leading to quiet-
Sun Ellerman bombs and enhancing the nearby spicular activity. This paper presents unique evidence of the tight
coupling between the lower and upper atmosphere of a CBP, thus helping to unravel the dynamic phenomena
underneath CBPs and their impact on the latter.

Unified Astronomy Thesaurus concepts: Solar coronal heating (1989); Solar spicules (1525); Solar chromosphere
(1479); Solar corona (1483); Solar magnetic flux emergence (2000); Computational methods (1965)

Supporting material: animations

1. Introduction

Coronal bright points (CBPs) appear as bright, enhanced,
blob-like structures when observed in the extreme-ultraviolet
(EUV) light or X-rays. First observed in X-rays with the
grazing incidence X-ray telescope sounding rocket mission
(Vaiana et al. 1973), CBPs comprise small-scale magnetic
loops connecting opposite polarities where the confined plasma
is heated up to a million degrees presumably by magnetic
reconnection (see Priest et al. 1994). CBPs are ubiquitously
observed in the coronal holes, the quiet Sun, and the close
vicinity of active regions alike, which makes them interesting
from the perspective of their role in coronal heating. Their
lifetimes range from a few hours to even a few days (Golub
et al. 1974; McIntosh & Gurman 2005), and depending on the
wavelength of observation, they appear as roundish blobs with
diameters ranging between 5″ and 30″ on average (Vaiana et al.
1973; Habbal et al. 1990; Mou et al. 2018). Different studies
based on emission spectroscopy and imaging (as discussed in
the recent review by Madjarska 2019) suggest that the heights
over which CBPs extend in the corona range between 5 and
10Mm above the photosphere, with an average of 6.5 Mm
during their lifetime.

Though CBPs have been the subject of intensive research
ever since their discovery back in the early 1970s
(Madjarska 2019), there are still fundamental open questions
regarding these ubiquitous phenomena. For instance, the CBP
chromospheric counterpart remains largely unexplored to date,
which may be attributed to the lack of adequate observations
that target the corona and chromosphere simultaneously. To the
best of our knowledge, only two observational studies—Habbal
& Withbroe (1981) and Madjarska et al. (2021)—have focused
on this particular atmospheric layer, both finding that strong
intensity enhancements in the corona preceded lower-temper-
ature (chromospheric and transition region (TR)) enhance-
ments, thereby indicating a scenario where the heating takes
place first in the corona and is later conducted toward the TR
via thermal conduction. Another open question is related to the
role of magnetic flux emergence on CBPs. For example,
magnetic flux emergence is known not only to be responsible
for the origin of nearly half of the CBPs (Mou et al. 2018) but
also to enhance the chromospheric activity and associated
coronal emission (Madjarska et al. 2021). So far in the CBP
literature the focus has primarily been on large-scale emergence
episodes that last for several tens of minutes to hours; therefore,
studies about the impact of small-scale magnetic flux
emergence episodes are scarce: the lack of high-resolution,
coordinated magnetograms seems to be a major impediment in
this regard.
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The aim of this paper is to better understand the chromospheric
scenery underneath a CBP with a focus on spicules and the
atmospheric responses to small-scale flux emergence episodes.
Spicules are one of the most abundant and ubiquitous features
observed in the solar chromosphere. They are highly dynamic,
thin, (multi)threaded, and elongated structures that permeate both
the active and nonactive regions alike (Pereira et al. 2012). They
are broadly divided into two categories—type I and II, with the
latter being more dynamic, with higher apparent velocities, shorter
lifetimes, and undergoing vigorous swaying and torsional motion
(de Pontieu et al. 2007; Pereira et al. 2012; Bose et al. 2021a). The
signatures of type II spicules are often found in the TR and coronal
passbands, which makes their studies exciting from the perspective
of heating and mass loading of the solar corona (De Pontieu et al.
2009, 2011; Pereira et al. 2014; Rouppe van der Voort et al. 2015;
Henriques et al. 2016; Samanta et al. 2019). The on-disk
counterparts of type II spicules, termed as rapid blueshifted and
redshifted excursions (RBEs and RREs; see Rouppe van der Voort
et al. 2009; Sekse et al. 2012; Bose et al. 2019), abundantly occur
in the close vicinity of strong magnetic field regions (such as
bipolar/unipolar field patches; see, e.g., Sekse et al. 2012; Bose
et al. 2021a). This makes their study also interesting in the context
of CBPs since their loops appear to be rooted to strong bipolar
magnetic field configurations present in the photosphere. Multi-
dimensional numerical models, e.g., by Wyper et al. (2018) and
more recently by Nóbrega-Siverio & Moreno-Insertis (2022)
suggest that the loops associated with CBPs may have some
relationship with jets or spicules observed deeper in the solar
atmosphere, which may contribute to transient intensity variations
in the CBPs. Regarding small-scale magnetic flux emergence, our
attempt to explore its effects on already-existing CBPs is motivated
by two very recent papers: Tiwari et al. (2022), which find tiny
EUV-bright dot-like substructures inside a CBP that seem to be
associated with small flux emergence episodes, and Nóbrega-
Siverio & Moreno-Insertis (2022), which argue that flux
emergence occurring in a few granules may be enough to
destabilize a CBP and lead to eruptions.

To achieve our objectives, we use a high-quality, ground-
based data set from the Swedish 1-m Solar Telescope (SST;
Scharmer et al. 2003) in coordination with the Atmospheric
Imaging Assembly (AIA; Lemen et al. 2012) instrument on
board NASA’s Solar Dynamics Observatory (SDO; Pesnell
et al. 2012). For the first time, we employ high-resolution
images of the chromospheric Hβ spectral line to study the
spicule−CBP relationship. Moreover, the impact of multiple
small-scale photospheric flux emergence episodes on the
chromospheric and coronal activity is also investigated from
coordinated, high-resolution magnetic field measurements.

The rest of the paper is divided as follows. Section 2
describes the observations and standard data reduction
processes. Section 3 details the methodology employed to
detect on-disk spicules from SST observations and enhance the
AIA images. We show the results and discuss their significance
in Section 4, before finally summarizing and concluding the
paper in Section 5.

2. Observations and Data Reduction

2.1. Swedish 1-m Solar Telescope

For the purpose of this study, we recorded the chromospheric
counterparts of the CBP using observations from the CHROMo-
spheric Imaging Spectrometer (CHROMIS; Scharmer 2017) and

CRisp Imaging Spectropolarimeter (CRISP; Scharmer et al.
2008) instruments at the SST on 2021 August 4, under excellent
seeing conditions. The coordinates of the target were centered
around solar (X,Y) = (250″, 358″) with undefined (θ being the
heliocentric angle), and the observation sequence lasted for
about 11minutes starting at 09:56 UTC. Figure 1 shows an
overview of the observed target.
CHROMIS sampled the Hβ spectral line centered at

486.1 nm under imaging spectroscopic mode across 27
wavelength points between±0.21 nm with respect to the line
center. The sampling was uniform between±0.1 nm with
0.01 nm steps. Beyond this a nonuniform sampling was
intentionally chosen so as to avoid the effect of blends.
Panels (e)–(g) of Figure 1 show the Hβ blue-wing (at a Doppler
offset of −25 km s−1), red-wing (at a Doppler offset of
+25 km s−1), and line core (LC) images, respectively. The
cadence of the data was 6.8 s, with a spatial sampling of 0 038.
CHROMIS also recorded wideband (WB) images with the help
of an auxillary WB channel centered at 484.5 nm (referred to as
Hβ WB in panel (h)). Besides providing context photospheric
images, the WB serves as an anchor channel that aids in image
restoration. The WB images have the same cadence as the
narrowband Hβ sequence.
CRISP sampled the Fe I 617.3 nm line across 14 wavelength

points under imaging spectropolarimetric mode between
−0.032 nm and +0.068 nm with respect to the line center.
The full Stokes Fe I 617.3 nm data were inverted by using a
parallel C++/Python implementation7 of the Milne−Edding-
ton (ME) inversion scheme developed by de la Cruz Rodríguez
(2019) to infer the photospheric vector magnetic field
information. In addition, the Ca II 854.2 nm line was sampled
across four wavelength points between −0.1 nm and +0.05 nm
with respect to the LC in steps of 0.05 nm under imaging
spectroscopic mode. The overall cadence of the combined
observation sequences was measured to be 18.5 s with a spatial
sampling of 0 058. In this paper, we only focus on the line-of-
sight (LOS) magnetic fields inferred from the Fe I 617.3
spectral line as shown in panel (j) of Figure 1.
The combination of excellent seeing conditions, the SST

adaptive optics system, the high-quality CRISP and CHROMIS
re-imaging systems (Scharmer et al. 2019), and Multi-Object
Multi-Frame Blind Deconvolution (MOMFBD; van Noort
et al. 2005) image restoration resulted in high spatial resolution
data down to the diffraction limit of the telescope (for Hβ
1.22λ/D= 0 13, with D = 0.97 m the effective aperture of
SST). The SSTRED reduction pipeline (de la Cruz Rodríguez
et al. 2015; Löfdahl et al. 2021) was used to facilitate reduction
of the data, including the spectral consistency technique
described in Henriques (2012). Furthermore, both the CRISP
and CHROMIS time series were destretched to compensate for
the residual warping across the field of view (FOV), which was
not accounted for by the image restoration techniques described
earlier.
For this study, the CRISP data (with a lower spatial and

temporal resolution) were co-aligned to CHROMIS by
expanding the former to CHROMIS pixel scale followed by
a cross-correlation between the respective photospheric WB
channels shown in panels (h) and (i) of Figure 1. In other
words, the CHROMIS data with an FOV of 66″× 42″ and a
cadence of 6.8 s served as a reference for the CRISP data to

7 https://github.com/jaimedelacruz/pyMilne
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which the latter was aligned. We used nearest neighbor
interpolation for the temporal alignment.

2.2. Solar Dynamics Observatory

The coronal part associated with the CBP was observed with
the AIA instrument on board SDO. The SDO data sets were co-
aligned to SST (CHROMIS) data sets in the following manner.
The SDO image cutout sequences were first downloaded from
the Joint Science Operations Center’s (JSOC) website.8 Next,
the images from all the AIA channels were co-aligned to HMI
continuum images (here the AIA 30.4 nm channel was aligned
to HMI continuum), followed by the latter’s co-alignment to
CHROMIS WB channels via an iterative cross-correlation
algorithm. Finally, the SDO images were cropped to have the
same FOV as SST. The end result of this pipeline is a co-
aligned SDO data set that consists of 11 (9 AIA and 2 HMI)
image sequences that are expanded from their original pixel
scale to CHROMIS pixel scale of 0 038 and matched in time
by nearest neighbor sampling to CHROMIS temporal cadence.
We used the publicly available9 Interactive Data Language
(IDL) based automated pipeline developed by Rob Rutten for
this purpose (Rutten 2020) and refer to Bose et al. (2021b) for
an example of this pipeline’s application.

An RGB composite image, consisting of AIA 30.4, 17.1, and
19.3 nm channels, of the CBP target at the original AIA
resolution is shown in Figure 1(a), while panels (b)–(d) show
the same three channels but rotated and co-aligned to the
CHROMIS data using the procedure described in this section.

This co-aligned SST and SDO data set was then visualized
extensively with CRISPEX (Vissers & Rouppe van der
Voort 2012), an IDL widget-based tool that allows an efficient
simultaneous exploration of multidimensional and multiwave-
length data sets.

3. Methods Employed

3.1. Detecting On-disk Spicules from Hβ

We employed an automated detection method based on the
difference between images observed in the blue and red wings
of the Hβ spectral line. This is similar to constructing
Dopplergrams (see Sekse et al. 2012; De Pontieu et al. 2014;
Pereira et al. 2016), but instead of subtracting fixed
wavelengths on opposite sides of the line center, an average
over a range of wavelengths (between±20 and 30 km s−1 on
opposite sides of the line center) is computed, which are then
subtracted from one another as shown in Figure 2 (a). The
difference images are then subjected to unsharp masking,
which causes an enhancement in the high spatial frequency
components of the image. In this case, it amplifies the threaded
spicular features as seen in panel (b). RBEs appear as darker
threads with negative intensity values, whereas RREs appear
brighter with positive intensity values in these difference
images. It is important to note that the difference maps so
obtained (as in panel (b)) do not correspond to the absolute
measure of the Doppler velocity associated with RBEs and
RREs. The chief goal is to obtain a representation of the
spatiotemporal evolution of the velocity patterns associated
with these features.

Figure 1. Overview of the targeted CBP observed on 2021 August 4 at 10:03:31 UT. Panel (a) shows an RGB composite image of the CBP and its neighboring area at
the original SDO/AIA pixel scale. Red, blue, and green colors correspond to 30.4, 19.3 and 17.1 nm channels, respectively. The SST/CHROMIS pointing and FOV
are overlaid as a reference. Panels (b)–(d) illustrate SDO/AIA 30.4, 17.1, and 19.3 nm channels that are rotated and co-aligned to CHROMIS. Panels (e)–(g) show
CHROMIS Hβ images at blue wing (−25 km s−1), red wing (+25 km s−1), and line center, respectively. These images depict the chromospheric scene underneath the
CBP. Panels (h) and (i) contain the photospheric Hβ and Fe I 617.3 nm WB images, and panel (j) shows the photospheric LOS magnetic field map (BLOS) saturated
between ±60 G (black indicates positive polarity). The dashed FOV shown in panels (a)–(j) denotes the region of interest associated with the CBP, which forms the
basis for all investigations carried out in this paper.

8 http://jsoc.stanford.edu/
9 https://robrutten.nl/rridl/00-README/sdo-manual.html
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Next, an adaptive intensity thresholding technique was applied
to each of the difference images where pixels that had intensities
above a certain value on either side of zero were masked and
chosen for further processing. As a result, two different binary
masks were generated: one that was composed of pixels that
satisfied IUSM> 2.5σ for RREs, and another that satisfied
IUSM<− 1.5σ for RBEs, where IUSM is the intensity of the
difference image post unsharp masking (Figure 2(b)). The
difference in the threshold is due to the skewness in the
distribution of RREs and RBEs in the difference maps. In both
masks, pixels that satisfied the thresholding criterion were assigned
a value of 1, while the remaining pixels were assigned a value of 0.
Once the binary masks were generated, a morphological opening
followed by a closing operation was applied to each of the masks
(independently for the RBEs and RREs), on a per time step basis,
with a 3× 3 diamond-shaped structuring element. We refer the
reader to Bose et al. (2021a) and Appendix A.2 of Bose (2021) for
more details on these morphological operations and the associated
reasoning behind them.

Finally, connected component labeling in 3D (i.e., combin-
ing both spatial and temporal dimensions; see Rosenfeld &
Pfaltz 1966) was performed on the morph processed images so
that the RBEs and RREs can be uniquely identified based on a
given heuristic. Basically, this technique allows connected
neighboring pixels in the spatiotemporal domain to be uniquely
identified (labeled). To not bias for a particular direction, we
employed a 26-neighborhood connectivity criterion in 3D
space for this purpose. In other words, two pixels were
“connected” if they shared an edge, a face, or a corner.
Furthermore, to avoid erroneous detections and focus primarily
on the elongated spicular structures, a lower cutoff length of
∼200 km (or 8 CHROMIS pixels) was also imposed on the
labeled events.

The above recipe led to a detection of 6457 uniquely labeled
events (3623 as RREs/downflowing RREs and 2834 as RBEs)
in the complete data set lasting 11 minutes over the whole
FOV. The occurrence of these (combined) events is shown in
the form of a 2D probability density map in Figure 2 (c) against
the background of a temporally averaged HβWB image.

3.2. Enhancing the AIA Images

To facilitate a better understanding of the dynamic relation-
ship between the chromospheric and coronal counterparts of a
CBP, it is crucial to enhance the visibility of the coronal images
and the loops (strands) associated with the CBP. In this regard,
the resampled (to CHROMIS pixel scale) AIA images, like the
ones shown in the left column of Figure 3, are subjected to a

modified version of the common difference technique where
the temporal average, over the entire 11-minute duration, of
each AIA channel is subtracted from an unsharp masked image
of the same channel for each time step. This procedure results
in images where small changes in the intensity are visibly more
enhanced owing to unsharp masking, which adjusts the contrast
of the edges (see the right column of Figure 3). In addition, the
AIA images are also subjected to a multiscale Gaussian
normalization (MGN) procedure (Morgan &Druckmüller 2014)
that enables better visualization of the overall topology and the
orientation of the overlying coronal structure, which is not very
prominent in the original (resampled) AIA images. They are
shown in the middle column of Figure 3. The various AIA
channels used in this study are MGN enhanced by using the
default (same) values of weights and coefficients as in Morgan
& Druckmüller (2014).
The animation associated with Figure 3 provides a better

idea of the advantage of employing the two methods described
above and further adds to their comparison with the original co-
aligned AIA images. We immediately notice an improvement
over the coronal images shown in the left column, where the
loops associated with the CBP are barely noticeable. Conse-
quently, the variation in the intensity of the CBP associated
with rapid spicular dynamics is shown with the common
difference images, while the MGN-processed images are used
as a proxy of the intensity variation in the CBP for all
subsequent analysis and results described in this paper.
However, it is important to note that MGN does not preserve
the photometric accuracy of the images and creates a
standardized emission, which is enhanced (subdued) in the
regions with lower (higher) intensity. This, however, does not
impact the analysis presented in this paper.

4. Results and Discussion

This section presents a detailed description and discussion of
the results obtained from the analysis. We begin by investigat-
ing the chromospheric footpoints of the CBP in Section 4.1,
followed by a description of representative examples high-
lighting the spicule−CBP relationship in Sections 4.2 and 4.3.
Finally, in Section 4.4, we discuss the impact of two small-
scale photospheric flux emergence episodes in the chromo-
sphere and the hotter AIA channels.

4.1. The Chromospheric “Footpoints” of the CBP

The Hβ wing and the LC images, shown within the dashed
FOV in panels (e)–(g) of Figure 1, depict the chromospheric

Figure 2. Overview of the automated on-disk spicule detection method described in the text. Panel (a) shows the spatiotemporal average of the Hβ spectral line
computed over the entire CHROMIS FOV and further illustrates how Dopplergrams are generated by subtracting signals in the blue wing from the red wing (indicated
by the shaded areas on either side of the line center). Panel (b) shows an example of a generated Dopplergram where RBEs and RREs show up as dark and bright
threaded structures. Panel (c) shows the location and the density distribution of the detected spicules against the background of a temporally averaged Hβ WB image.
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scene underlying the CBP. The images clearly show multiple
dark, elongated, and threaded structures that resemble spicules
(or mottles). A zoom-in to the dashed FOV is shown in
Figure 4, which focuses solely on the region in and around the
CBP. To aid better visualization of the intensity disturbances
propagating in the CBP, we show the common difference
images for the different AIA channels in panels (a)−(c).
Panel (d) shows the Hβ LC width map, which is basically the
wavelength separation at half the intensity range between the
minimum of the Hβ line profile and the average intensities at a
displaced wing position from the line center (following Cauzzi
et al. 2009) for each pixel on the FOV. In this case, the
displacement parameter was set at±66 pm from the line center,
which was determined by converting the displacement
parameter of 90 pm for the Hα spectral line, chosen by Cauzzi
et al. (2009), into equivalent Doppler units (km s−1). RBEs and
RREs (including downflowing RREs) appear to be in
“emission” (compared to the background features as seen in
panel (d)) in these maps since they generally have enhanced
opacity owing to their broad LOS velocity distribution (Pereira
et al. 2016; Bose et al. 2021a) and enhanced temperature
(Leenaarts et al. 2012). Panels (e) and (f) show the co-temporal
Hβ LC intensity and the LOS photospheric magnetic field maps
underneath the CBP. Spicules and/or mottles dominate the
whole FOV, and they are seen to be predominantly rooted in
the close vicinity of the strong (negative) polarity magnetic
field patch, which also happens to be the photospheric
magnetic roots of the CBP.

A glance at panels (b)–(e) of Figure 4 immediately suggests
that the CBP loops and their chromopsheric counterparts bear a
close morphological resemblance. This is further highlighted in
the animation associated with the figure, where the 17.1 and
19.3 nm loops appear to have propagating disturbances nearly
in tandem with the rapid changes in the chromosphere,
especially toward the later half of the data sequence. The
30.4 nm common difference image appears to be noisier, and it
does not show the loops associated with the CBP as
prominently as in the other AIA channels. However, the
animation shows clear disturbances associated in the same
region as underlying spicules, but the overall morphology is
less pronounced (compared to panels (b) and (c)), making them
difficult to relate visually. The lack of loop-like appearances in
the 30.4 nm channel could be attributed to its relatively lower
temperature sensitivity (log T(K)∼ 4.7) compared to 19.3 and
17.1 nm channels, which have a peak temperature sensitivity of
around log T(K)∼ 6 (Boerner et al. 2012). Moreover, it is
rather common to observe the relatively cooler footpoints of the
CBPs in the 30.4 nm channel underneath the hotter loops
(Kwon et al. 2012; Madjarska 2019; Madjarska et al. 2021),
which may further justify the less pronounced morphological
resemblance.
Madjarska et al. (2021) report that the chromospheric

counterpart of a CBP largely comprises elongated, dark
features when observed in the Hα LC images. They name
these features “Hα loops,” which also appear to constitute a
fundamental part of the overall magnetic structure of the CBPs.

Figure 3. Methods of enhancing the AIA images. The top row (from left to right) shows a zoom-in to the dashed FOV of the AIA 17.1 nm intensity map indicated in
Figure 1(c), the MGN-processed version of the same, and the result of applying the modified common difference technique (see text for details) to the original AIA
map, respectively. The bottom row (from left to right) illustrates the result of applying the two enhancement techniques to the AIA 19.3 nm channel in the same format
as the top row. An animation of this figure is available online and in dropbox. The animation shows a comparison between the different enhancement techniques,
along with the temporal evolution of the disturbances propagating along the loops. The animation shows solar evolution over 11 minutes starting at 09:56:53 UTC.
The real-time duration of the animation is 4 s.

(An animation of this figure is available.)
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Figure 4. The chromosphere and the photosphere underneath the CBP. Panels (a)–(c) show common difference images in the AIA 30.4, 17.1, and 19.3 nm channels at
10:06:43 UT. Panel (d) shows the co-temporal Hβ LC width map saturated between 0.45 and 0.82 Å. Panel (e) shows the co-temporal Hβ LC image, and panel (f)
depicts the corresponding photospheric BLOS map saturated between ±60 G. An animation of this figure is available online and in dropbox. The animation shows the
temporal evolution of the chromospheric and photospheric scenery underneath the CBP for the entire duration of 11 minutes starting at 09:56:53 UTC. The real-time
duration of the animation is 4 s.

(An animation of this figure is available.)

Figure 5. Morphological similarities between spicules and the loops associated with the CBP. Panels (a) and (c)–(f) show the 2D density map of the detected spicules
overlaid against a background of temporally averaged Hβ WB, MGN-enhanced AIA 30.4, 17.1, 19.3, and 21.1 nm channels, respectively, whereas panel (b) shows a
temporal average of the underlying photospheric magnetic field saturated between ±60 G. The FOV in each of the panels corresponds to the dashed FOV indicated in
Figure 1.
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While we do not find the existence of such loops likely owing
to our observations being limited to a part of the entire CBP
(thereby missing the opposite polarity), spicules dominate our
FOV and play a central role in driving the dynamics of the
chromosphere underneath the CBP.

Figure 5 shows the occurrence of the detected on-disk
spicules, using the method described in Section 3, in the form
of a 2D density map against a background of temporally
averaged images for four MGN-processed AIA channels
(panels (c)–(f)) and an SST WB channel (Hβ, panel (a)). As
described in Section 3.2, the MGN-processed images show the
intensities in absolute units (though it fails to preserve the
photometric accuracy), unlike the common difference images.
From this figure it is clear that the distribution of spicules is
very well correlated with the orientation and overall morph-
ology of the CBP loops, as is evident from the 17.1, 19.3, and
21.1 nm channels. This provides a compelling observational
confirmation (in a statistical sense) of spicules tracing the
coronal magnetic field lines, which, to the best of our
knowledge, has not been reported before. Moreover, we also
notice that the number density of the detected spicules is
predominantly located close to the footpoint of the CBP loops.
This scenario seems to suggest that the studied spicules are the
chromospheric components of the CBP loops that, after
heating, appear in the hotter TR and coronal channels and
further contribute to the transient intensity disturbances in the
already hot CBP loops (see, e.g., Madjarska et al. 2011; De
Pontieu et al. 2011; Pereira et al. 2014; Rouppe van der Voort
et al. 2015; De Pontieu et al. 2017; Samanta et al. 2019, and the
references therein for studies about the coronal counterpart of
spicules). We will explore this aspect further with a few
representative examples in Section 4.2.

The morphological similarities between the Hβ spicules and
the coronal loops associated with CBP indicate the possibility
that the loop structures are associated with spicular mass
ejections and transient heating of the plasma from chromo-
spheric to coronal temperatures. A direct investigation of such a
connection would, however, require more detailed analysis by
combining high-resolution numerical simulations with spectro-
scopic observations of the CBP. Nonetheless, some studies,
such as De Pontieu et al. (2017), already showed an intriguing
connection between spicules in the TR and the formation of
coronal strands in a decayed plage region with the help of
numerical simulations and coordinated IRIS and SDO
observations. Moreover, spicules were also found to be
responsible in triggering propagating coronal disturbances
(PCDs) along many of the preexisting (and newly formed)
coronal strands rooted to the plage. PCDs are rapid recurring
intensity fluctuations (∼100 km s−1) whose exact nature
remains a mystery, especially outside of the sunspots (see,
e.g., de Moortel 2009; De Pontieu & McIntosh 2010; De
Moortel et al. 2015; Bryans et al. 2016, on the discussion of
whether PCDs are flows or waves). Therefore, it is likely that
the intensity disturbances observed in the common difference
coronal images are linked to the rapid spicular dynamics in the
chromosphere.

From Figure 5 we also notice a significant overlap between
the widths of the detected chromospheric spicular features and
the observed loops associated with the CBP. Using coordinated
observations from Hinode’s Extreme-ultraviolet Imaging
Spectrometer and Transition Region and Coronal Explorer
instruments, Dere (2009) derived the volumetric plasma filling

factor in CBPs and came to the conclusion that the widths of its
loops can be between 0 2 and 1 2, with possible substructures
that are below the resolution limit of the instruments.
Comprehensive statistical analyses carried out by Pereira
et al. (2012) and Bose et al. (2021a) indicate that spicule
widths, for both off-limb and on-disk cases, are consistent with
the range reported by Dere (2009), which further suggests that
the Hβ spicules detected in this study are likely the chromo-
spheric counterparts of the CBP.
Numerical modeling efforts led by Martínez-Sykora et al.

(2018) offer key insights into the role of spicules in
determining the widths of the coronal loops. They report that
the widths of the simulated spicules (and subsequently the
coronal loops) are primarily determined by the driving
mechanism that generates these flows, along with the overall
magnetic topology and heating within the magnetic field lines.
Moreover, they find that the magnetic field rapidly expands
primarily between the photosphere and middle to upper
chromosphere, where spicules are seen to be generated (in
the model). The expansion of the field line is rather
insignificant between the TR and the corona, which may
explain why the CBP loops and spicules appear to have similar
widths.

4.2. Representative Examples of Spicule−CBP Connection

In this section we further illustrate the spicule−CBP
connection discussed in Section 4.1 through two representative
examples shown in the left and right panels of Figure 6,
including their signatures in the TR (AIA 30.4 nm) and coronal
passbands. We show the common difference images for the
different AIA channels (in the left columns of each of the two
panels) in order to enhance the visibility of the changes in
intensity. The dashed vertical yellow lines in the left columns
of both panels show the region of interest that is chosen to
construct the x-t maps. Moreover, in addition to the common
difference, we also show the x-t maps derived from the MGN-
processed AIA images and Hβ LC width maps to highlight the
temporal evolution of the plasma emission from each channel.
The left panel shows an example of an RBE in the blue wing

of Hβ (at −25 km s−1). From the animation and the x-t maps
(top row), it is clear that the RBE has an outward (away from
the bright network regions) apparent motion and propagates
from ∼2″ to 6″ in the vertical direction during its evolution.
This is a commonly observed property of spicules where they
originate from strong magnetic flux concentrations and tend to
shoot outward. Since spicules often have a wide range of
Doppler shifts associated with them (Pereira et al. 2016; Bose
et al. 2021a), analysis based on images at fixed wavelength
positions can sometimes provide an incomplete picture of their
evolution. In such cases LC width maps offer a better
understanding since they are determined by considering a
range of wavelengths on either side of the line center (see
Section 4.1). In the present example, however, the x-t maps
derived from the LC widths and Hβ blue-wing images are seen
to be well correlated with each other.
A comparison of the spatiotemporal evolution seen in the

corresponding AIA channels shows a noticeable correlation
with the Hβ counterpart. An inspection of the animation of the
AIA difference images shows clear intensity disturbances
propagating in the CBP that appear to be in tandem with the Hβ
spicule. The 19.3 and 17.1 nm difference images, in particular,
show a clear propagation from the bottom to the top of the
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FOV. This is also well highlighted in the difference x-t maps
(middle column). The 30.4 nm difference images, on the other
hand, do not show such a clear propagating disturbance;
however, the x-t maps reveal clear signatures that are also in
tandem with the other wavelength channels.

A close look at the different x-t maps associated with the left
panel of Figure 6 reveals small but distinct spatial (and/or)
temporal offsets among the different channels (with respect to
the dashed cyan line)—with the TR and coronal emission lying
above the cooler chromospheric plasma. Such a scenario is
consistent with the analysis presented by De Pontieu et al.
(2011) and Pereira et al. (2014), and it suggests that the RBE
has a multithermal nature with temperatures that can range
from chromospheric to coronal (of at least 1 MK). In fact, an
early study focusing on multiwavelength diagnostics of a CBP
by Habbal & Withbroe (1981) found that coronal emission in
CBPs lies a few arcseconds over and above the chromospheric
emission, suggesting the hypothesis that magnetic loops in a
CBP are rooted in the chromosphere. The spatial offset

between the TR (30.4 nm) and coronal (17.1/19.3 nm)
emission patterns is indicative of the fact that the emission in
the coronal channels is not caused by relatively cooler ions
(such as O V; see Boerner et al. 2012), which are sensitive to
temperatures of about 0.2 MK under equilibrium conditions.
Moreover, the emission from O V is expected to be very faint in
comparison to the dominant Fe IX and Fe XV ions and would
have occurred in the same spatial region as the 30.4 nm
emission. This further adds support in favor of the spicular
contribution to coronal emission associated with the CBP.
The right panel of Figure 6 shows another example of

spicular connection associated with the CBP in the same format
as the previous example. Unlike the left panel, the spicule
appears to be downward propagating as is evident from the
animation and the x-t maps in the middle and right columns. A
quick glance at the Hβ image would suggest that the example
here is a blue-wing counterpart of downflowing RREs (seen in
the red-wing images of Hα; see Bose et al. 2021a, 2021b).
However, a closer inspection of the animation reveals a rather

Figure 6. Two representative examples highlighting the spicule−CBP connection from the chromosphere to the corona. Left panel: an example of an RBE observed in
the blue wing (−25 km s−1) of the Hβ spectral line and its associated propagation in the different AIA passbands as indicated. The dashed vertical lines in the left
column indicate the region along which the x-t maps have been extracted for the different channels as shown in the middle and right columns. The solid vertical red
lines in the x-t maps correspond to the instant at which this figure is shown. The dashed cyan line serves as a reference to illustrate the direction of propagation. Right
panel: another example of a spicule observed in the blue wing (−30 km s−1) of the Hβ spectral line is shown, along with its impact on the AIA channels in the same
format as the left panel. Note that the apparent direction of propagation of this spicule is opposite to the example presented in the left panel. Animations of the two
panels are available in dropbox. An animation is also available online. The animation shows the spatiotemporal evolution of the two spicules in the chromospheric Hβ,
TR 30.4 nm, and coronal 17.1, 19.3, and 21.1 nm channels during their respective lifetimes. The animation’s real-time duration is 1 s.

(An animation of this figure is available.)
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complex scenario where the spicule is rapidly seen to change its
orientation (with respect to the LOS of the observer) during its
propagation, before finally disappearing around t= 180 s. Such
a complex propagation seems to convey that the spicule is
downward propagating, which in reality could be the opposite.

Regardless of the interpretation associated with the orienta-
tion of the spicule and its mass flow, interestingly (and more
importantly), the x-t maps of the coronal channels show a
remarkable correlation with Hβ. Moreover, the spatial offsets
among the different channels are consistent with the discussion
presented in the previous example and conform with the
multithermal aspect of the spicule and its relation to the CBP.
This supports our proposition that spicules in the chromosphere
have a direct relationship with the disturbances propagating in
the CBPs. Although many questions remain, this may also
provide support to the idea that the processes associated with
spicules may play a role in providing mass and energy flux
necessary to sustain the radiative and conductive energy losses
in the solar corona as suggested in the numerical simulation
studies by Martínez-Sykora et al. (2017, 2018).

4.3. Twists at the Footpoints of the CBP

Spicules are known to undergo twisting (torsional) motions
that are often interpreted as a sign of Alfvénic waves
responsible for driving the fast solar wind and balancing the
energy losses suffered in the solar corona (De Pontieu et al.
2007; McIntosh et al. 2011; De Pontieu et al. 2012). Moreover,
small-scale twists associated with spicules are ubiquitously
found in the solar atmosphere (active regions and quiet Sun
alike), and their signatures have also been found in the TR (De
Pontieu et al. 2014).

In Figure 7, we show a case of twist associated with spicules
present at the footpoints of the CBP and their influence on the
coronal loop above. The top row of the figure shows an Hβ
Dopplergram at±25 km s−1, with blue and red colors indicat-
ing plasma motions toward and away from the observer along
the LOS. The corresponding x-t map and the animation show a
clear change of direction (or color from blue to red) indicating a
definite twisting motion in the chromosphere. A close look at
the animation indicates that the event starts with a predomi-
nantly positive (red) Doppler shift at t= 0 s, which rapidly
converts to a negative (blue) Doppler shift in roughly 30 s. It
remains predominantly negative until around t= 180 s, after
which it rapidly twists toward positive (red) once again. This
behavior is very similar to the examples observed in the Hα
and Ca II 854.2 spectral lines for both off-limb and on-disk
spicules as outlined in De Pontieu et al. (2012) and De Pontieu
et al. (2014). The propagation speed (of roughly 35 km s−1) is
fairly consistent (given the uncertainty related to the viewing
angle) with Alfvén speeds at chromospheric heights (De
Pontieu et al. 2007). The LC width x-t map shows a similar
trend to the Dopplergram x-t map, where additionally we see
that the plasma associated with the twisting motion stands out
distinctly with respect to the background.

The x-t maps associated with the difference and MGN-
enhanced AIA 19.3, 17.1, and 21.1 nm channels show strong
emission that is in tandem with their chromospheric counterpart
(similar to the examples shown in Figure 6). We also notice a
significant offset in the emission among the different channels,
indicating that the plasma is heated to temperatures of at least
1–2MK (refer to the discussion in the previous section), in
association with the twisting spicules at chromospheric

temperatures. Of course, a complete analysis of such a twist
propagating in the coronal loops necessitates spectroscopic
studies of the solar corona, which is not possible with the set of
instruments used in this study. Moreover, current observations
suggest the prevalence of Alfvénic waves in the corona (e.g.,
Tomczyk et al. 2007; McIntosh et al. 2011), although the wave
energy flux and wave modes are poorly captured with current
instrumentation. Alfvénic waves have the potential to heat
coronal loops (Antolin et al. 2018), in particular when mass
flows are present within a structure in addition to waves (as
shown, e.g., in Taroyan 2009; Williams et al. 2016). Upcoming
space missions, such as Solar-C/EUVST or the MUlti-slit
Solar Explorer (MUSE; De Pontieu et al. 2020, 2022), can
potentially address these aspects.

4.4. Chromospheric and Coronal Response to Emerging
Magnetic Flux

In this section, we investigate the chromospheric and coronal
responses to two emerging flux episodes as observed from the
LOS magnetic field.

4.4.1. Flux Emergence Episode 1

Figure 8 and the associated animation show an overview of
the first episode. In the LOS magnetogram of panel (a), a
negative parasitic polarity is seen to emerge in a predominantly
positive region. In the figure, the area where this episode takes
place is bounded by a green square region of 100× 100 pixels.
The variation of the total positive and negative magnetic fluxes
within this green square is shown in panel (f), where we find
that the total negative flux starts to increase steadily after
10:01:31 UT, reaching its peak value of ≈4× 1021 Mx around
10:06:30 UT.
We investigated the subsequent chromospheric response to

the flux emergence episode by analyzing the Hβ LC width
maps (panel (b)). Compared to looking simply at the Hβ LC,
the LC width is optically thin toward the dense fibrilar canopies
visible in the LC images, thereby facilitating a better under-
standing of the “connection” between the spicules and their
photospheric footpoints. In particular, we obtain the light curve
within the green square since changes in the chromosphere and
spicules associated with this flux event would likely be rooted
near this region. The result is shown as a black curve in
panel (e). There is a clear enhancement in the Hβ LC width
intensity starting from ≈10:01 UT (around the same time as the
total negative flux in panel (f) starts to show a marked
increase). The LC intensity continues to increase until
≈10:03:30 UT, after which it starts to decay and reaches a
minimum around 10:05:15 UT, incidentally after which the
increase in the total negative flux (by ≈300% from the start of
the event) also tends to stabilize. It seems that as the flux
emerges and subsequently interacts with the dominant positive
polarity through magnetic reconnection (see Section 4.4.2),
there is a significant enhancement in the spicular activity
compared to any of the previous time steps, implying a
correlation between the two. This is consistent with the analysis
presented in Madjarska et al. (2021), in the context of
chromospheric response to flux emergence associated with a
CBP, and also Samanta et al. (2019), in general. However,
unlike Samanta et al. (2019), it is not implied that the flux
emergence (and subsequent cancellation) leads to the “genera-
tion” of spicules seen in close proximity. Instead, it is more
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Figure 7. Chromospheric twist and its likely propagation into the solar corona. This figure is in the same format as Figure 6 except that the Hβ wing image is replaced
by its Dopplergram at ±25 km s−1. Blue (red) color is indicative of plasma motion toward (away from) the observer. The associated animation (available in dropbox
and online) shows the spatiotemporal evolution of the twist propagation across the chromospheric and coronal channels for roughly 300 s. The animation’s real-time
duration is 2 s.

(An animation of this figure is available.)
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appropriate to say that the emergence likely caused an
enhancement in the observed spicular activity. We notice the
presence of spicules both well before and after the emergence
event as is evident from the animation.

We have also investigated the coronal response using the
SDO/AIA 19.3 and 17.1 nm channels (panels (c) and (d)),
along with the 21.1 nm channel. In this case, the corresponding
light curves, shown in panel (e), are obtained in a region that is
spatially displaced from the emerging flux region (the blue
rectangle of 200× 300 pixels in panels (c) and (d)). This is
because it was shown earlier on in the paper that spicules lie
close to the footpoints of the CBP structure, whereas the
coronal loops extend well beyond and are spatially (and/or
temporally) displaced. Before 10:01:31 UT, the 17.1, 19.3, and
21.1 nm light curves have very similar intensity levels relative
to the maximum of each channel. As soon as the chromo-
spheric activity starts to increase from 10:01:31 UT, we notice
a co-temporal increase in the intensity of the 17.1 nm channel,
whereas the 19.3 and 21.1 nm channels show a steady decrease
compared to their respective pre-event values. However, unlike

the illustrative spicule examples shown in the previous section
(i.e., in Figures 6 and 7) and also the many studies conducted in
the past (such as, McIntosh et al. 2011; De Pontieu et al. 2011;
Henriques et al. 2016) that do establish a coronal connection
quite convincingly in different SDO/AIA channels, for this
particular enhanced spicular episode the coronal relation is not
clear. To not bias our interpretation, we have also computed
other light curves over different AIA FOVs (of the same area)
spatially displaced from one another, finding similar results.

4.4.2. Reconnection Associated with Flux Emergence 1

Figures 9 and 10 show evidence of magnetic reconnection
through two examples of Ellerman Bombs (EBs)located in the
footpoint of the CBP associated with the emerging flux episode
described above. We refer to them as quiet-Sun EBs (QSEBs)
after Rouppe van der Voort et al. (2016), where these were first
described. QSEBs are smaller, shorter-lived, and less intense
brightenings and are found in relatively quieter areas on the
Sun compared to their active region counterparts. With the help

Figure 8. Chromospheric and coronal response to flux emergence episode 1. Panel (a) shows the photospheric LOS magnetic field map, panel (b) shows the Hβ LC
width map, and panels (c) and (d) show the overlying corona of the CBP in AIA 19.3 and 17.1 nm channels. The green boxes drawn in panels (a)–(d) show the region
associated with the flux emergence event. Panels (c) and (d) also show a blue rectangular box centered around (X, Y) = (7 5, 15″) where the coronal response to
the emerging flux is analyzed. The black contour in panels (c) and (d) indicates the regions with an absolute LOS magnetic field �50 G. Panel (e) shows the
chromospheric and coronal light curves obtained from the green and blue FOVs indicated in panels (b)–(d), respectively. Panel (f) shows the temporal variation of
the total positive and negative magnetic flux in the region bounded by the green box in panel (a). The gray shaded intervals in panels (e) and (f) show the time when
the chromospheric spicular activity is enhanced, and the pink shaded regions indicate the interval when the two QSEBs are observed. Animation of this figure is
available in dropbox and online, which shows the evolution of the magnetic flux and its response in Hβ, AIA 19.3 and 17.1 nm channels in the form of light curves for
the entire 11 minutes of solar evolution. The animation begins at 09:56:53 UTC. Its real-time duration is 4 s.

(An animation of this figure is available.)
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of high-quality Hβ observations from the SST, Joshi et al.
(2020) and Joshi & Rouppe van der Voort (2022) recently
showed that QSEBs are ubiquitous in the solar atmosphere and
can play an important role in the energy balance of the
chromosphere. Recent numerical modeling efforts led by
Hansteen et al. (2017), Danilovic (2017), and Hansteen et al.
(2019) have confirmed that (QS)EBs are classic markers of
small-scale magnetic reconnection events in the solar
photosphere.

In this study, we base our analysis on the small 100× 100
pixel FOV shown in panel (a) of Figure 8 with a focus on the
flux emergence event. Panel (a) of Figure 9 shows the QSEB in
the blue-wing Hβ intensity map (indicated by the magenta
marker). The animation shows a tiny, flame-like brightening
lasting for about 40 s. We note that this period (along with the
latter QSEB) is marked in panels (e) and (f) of Figure 8 as
QSEB 1 and 2, respectively. The Hβ spectral-time (λ− t) slice
in Figure 9 (b) shows an enhancement in the line wings
compared to the background, which is reflected in the spectra
shown in panel (c). The observed spectral shape is character-
istic of an EB. Moreover, the co-temporal Hβ WB image in
panel (d) shows no such brightening, which clearly distin-
guishes this QSEB from a typical photospheric magnetic bright
point. Panels (e) and (f) show the location of the QSEB on the
LOS magnetic field map and the evolution of the total positive

and negative magnetic flux inside the smaller cyan box shown
in panel (e). From the animation and the light curves, we see
that the negative flux decreases up to about 40 s from the start
of the event, after which it stabilizes up to t= 55 s, following
which it starts to decrease right around the onset of the QSEB.
Figure 10 shows another QSEB event (QSEB 2) associated

with the same emerging flux region under consideration.
QSEB 2 is brighter but shorter-lived (≈25 s) in comparison to
QSEB 1, and it is shown against the background of a red-wing
Hβ intensity map. Both examples bear close morphological
resemblance with distinct flame-like brightenings. The λ− t
slice and the spectra for QSEB 2 also show characteristic EB-
like behavior, but as is also evident from panel (c), the intensity
enhancement is stronger compared to QSEB 1. The corresp-
onding WB image (panel (d)) shows that QSEB 2 is located in
the intergranular lane, and from the BLOS map we find that in
this case the QSEB exists in the intersection of opposite
polarities. The variation of the negative polarity flux in panel (f)
shows an increase right around the onset of the QSEB.
The examples presented in this section clearly show that the

emerging flux episode described in the previous section has a
definite impact not just in the form of enhanced chromospheric
spicular activity but also deeper in the solar atmosphere, where
it reconnects and subsequently releases energy in the form of
small-scale EBs.

Figure 9. Details of QSEB 1 observed during the flux emergence episode 1. (a) QSEB observed in the far blue wing of Hβ. (b) Temporal variation of the Hβ line
profile for a location in the QSEB indicated by the magenta marker in panel (a) in the form of a λ − t diagram. (c) Hβ spectral line at a temporal instant indicated by
the marker in panel (b) and the spatiotemporal average Hβ reference profile (dashed black line). (d) Corresponding WB image. (e) Corresponding LOS magnetic field
map saturated between ±60 G. (f) Temporal evolution of the total positive and negative magnetic flux within the cyan box shown in panel (e). The dashed vertical line
in panel (e) indicates the instant when this figure is shown. Animation of this figure is available in dropbox and online. It shows the evolution of the magnetic field, the
QSEB, and the corresponding Hβ spectra before, during, and after the appearance of the QSEB for about 2.5 minutes of solar evolution. The animation starts at
10:03:15 UTC, and its real-time duration is 1 s.

(An animation of this figure is available.)
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4.4.3. Flux Emergence Episode 2

In this section, we analyze the chromospheric and coronal
responses to another flux emergence episode that occurred
close to the footpoints of the CBP. Figure 11 depicts the
overview of the episode in the same format as Figure 8, and the
emergence is shown with a green box (occupying the same area
as before) drawn in panel (a). A close inspection of the
animation linked with panel (a) suggests a clear but relatively
smaller negative flux emergence episode lasting ≈5.5 minutes.
This is also evident from panel (f), which shows an increase in
the total negative flux within the cyan box starting around
09:57 UT. The total negative flux increases by ≈180%
compared to the pre-event values and peaks around 09:59:12
UT. It then starts to decrease steadily, reaching a minimum
value of 0.1× 1021 Mx at 10:03:50 UT. The emerging negative
polarity, however, starts to disappear around 10:02:37 UT
(indicated by the gray region in panels (e) and (f)) from the
BLOS map.

We found a contrasting evolution of the light curves
associated with the chromospheric and coronal channels for
this emergence episode in comparison to the event described in
Section 4.4.1. The Hβ LC width intensity level in panel (e)
does not show a marked increase in tandem with the flux
emergence and subsequent cancellation; it maintains a steady
level during the whole flux emergence episode and only starts
to increase well after the total negative flux reaches its
minimum value. The dynamical evolution of the spicules seen
in panel (b) complements the variation of the Hβ LC light curve

indicated in panel (e), where we do not see any significant
enhancement in spicular activity compared to the pre-
emergence scenario. The coronal channels behave similarly
where very little (or no) changes in their respective intensity
levels are seen during the entire emergence event, implying that
none of the channels are impacted directly by this emergence
episode, unlike the scenario outlined in Section 4.4.1. Again, to
not be limited to a single FOV, we repeated the analysis by
choosing different (rectangular) cyan FOVs in panels (c) and
(d) like before. However, we did not find any differences in the
temporal variation of the AIA light curves. In addition, we were
also not able to find any signatures of QSEBs linked with this
event. A possible explanation could be that the strength of the
emerging flux in the second episode is at least a factor of three
lesser than in the first episode, which reinforces our conclusion
that there is likely no impact on the chromosphere and the
corona associated with this weaker flux emergence event.
Identifying small-scale flux emergence events, such as the

ones described in this paper, can be a challenging task. This is
primarily because high-resolution observations of the solar
photosphere reveal a myriad of magnetic features, especially in
the regions close to a network or an internetwork. This is
somewhat clear from the LOS magnetic field maps used in this
paper, where we see subarcsecond fields appearing and
disappearing all over the FOV. Therefore, it is imperative that
future studies warrant the need for high-resolution telescopes
(achieving accurate polarimetry at a resolution of 0 2 or better)
to discern the impact of such small-scale flux emergence
episodes on the overlying coronal structures.

Figure 10. Details of QSEB 2 associated with the flux emergence event 1. The figure and its associated animation (available in dropbox and online) showing about 2.5
minutes of solar evolution display the temporal evolution of the magnetic field, QSEB, and the Hβ spectra in the same format as Figure 9. The animation starts at
10:04:24 UTC, and its real-time duration is 1 s.

(An animation of this figure is available.)
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5. Summary and Conclusions

Despite several decades of scientific research dedicated to
the study of CBP, their chromospheric counterparts remained
largely unexplored with the exception of Habbal & Withbroe
(1981) and very recently Madjarska et al. (2021). This paper is
an attempt in that direction, where the focus is on the
chromosphere underneath a CBP observed at spatial and
temporal scales that have never been reported before. In
particular, this study primarily investigates the relationship
between ubiquitous spicules seen at the footpoints of a CBP
observed in the Hβ spectral line and their coronal counterparts.
The chromospheric scenery reveals a conspicuous morpholo-
gical and topological resemblance with the loops of the CBP,
indicating that spicules form an integral part of the overall
magnetic structure. This interpretation is further reinforced by
computing a 2D density distribution of over 6000 spicules
detected using an automated procedure and comparing them
against coronal images. Our analysis reveals that these spicules
predominantly lie close to the footpoints of the CBP and have
the same orientation as their coronal counterparts.

We show illustrative examples indicating the “connection”
between spicules and CBP loops that is suggestive of the
scenario that spicular flows are often associated with heating
to TR and coronal temperatures and can propagate into
the corona, likely in the form of PCDs (see Figure 4 of

Nóbrega-Siverio & Moreno-Insertis 2022). Thus, they can
potentially contribute to transient intensity perturbations of an
already-existing CBP. Furthermore, we also show an example
of a twist propagating in the CBP loops that are directly
correlated with twisting spicules seen in the chromospheric
footpoints. All such examples provide a strong indication of a
direct link that exists between the chromosphere and the corona
of a CBP. It is, however, not straightforward to explain whether
spicules observed at the footpoints of the CBP are unique
compared to the spicules observed elsewhere. From past
studies, it is expected that the strength of the magnetic field
(and its inclination) in the lower atmosphere plays a major role
in driving the observational properties of spicules. Statistical
analysis by Pereira et al. (2012) reveals clear differences
between properties of spicules in active regions and the quiet
Sun (and coronal holes), and Heggland et al. (2011) report
similar findings with numerical simulations. Underneath the
CBP, the field strength is distinctly stronger compared to the
rest of the FOV, where the rapid expansion of the weaker field
lines likely leads to different coronal impact. Statistical studies
with coordinated chromospheric and higher-resolution coronal
observations (e.g., from MUSE), in addition to detailed
quantitative analysis of mass−energy exchanges, are needed
to determine whether the coronal contribution of spicules
depends on the strength of the photospheric magnetic fields.

Figure 11. Chromospheric and coronal response to flux emergence episode 2 in the same format as Figure 8. No QSEBs were observed during this event. An
animation of this figure is available in dropbox and online. The animation shows the flux emergence episode and corresponding chromospheric and coronal response
for the entire 11 minutes duration in the same format as Figure 8. The animation begins at 09:56:53 UTC, with a real-time duration of 4 s.

(An animation of this figure is available.)
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We also investigate the chromospheric and coronal
responses to two different flux emergence episodes and find
very different results. In the first case, we see a clear
enhancement in the chromospheric spicular activity in tandem
with the flux emergence event. The emission in the 17.1 nm
channel shows a strong correlation with the chromospheric
activity, whereas the same cannot be said for the 19.3 and
21.1 nm channels. The emission in the last two channels
decreases (but only by about 3%) almost co-temporally with
the enhancement seen in the 17.1 nm channel. The second flux
emergence episode does not seem to contribute to either a
change in the chromospheric or coronal activity. This is likely
due to a weaker (and smaller-scale) flux emergence compared
to the previous episode, which causes little to no impact in the
upper atmospheres of the Sun. Further coordinated observa-
tions (along with numerical simulations) spanning the photo-
sphere through the corona are needed to statistically establish
as to when and why such small-scale emergence episodes
impact the CBP above.

We also found distinct signatures of magnetic reconnection
associated with the stronger flux emergence episode in the form
of multiple QSEBs. Although we found a slight co-temporal
intensity increase in one of the coronal channels, it is not
straightforward to correlate that directly with the reconnection
happening in the upper photosphere. As explained before, the
likely cause of such a coronal intensity enhancement is
attributed to the enhanced chromospheric spicular activity seen
in the chromosphere.

The results presented in this paper attempt to describe the
(complex) chromospheric scenery underneath a CBP from the
perspective of high-resolution observations for the very first
time. However, further studies, including both the footpoints of
a CBP, are needed in coordination with ground- and space-
based observations to answer some of the outstanding
questions in more detail. “Connecting” the photospheric
magnetic footpoints to the corona through the chromosphere
remains a challenge. Current instrumentation does not allow
simultaneous photospheric, chromospheric, and coronal magn-
etic field measurements of sufficient spatial resolution and
quality. Until that becomes feasible, a possible way forward is
the use of nonpotential magnetic field extrapolations in
combination with 3D numerical simulations. Such comparisons
may lead to a better understanding of how flux emergence
impacts the chromosphere and the corona overlying a CBP.
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