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1. INTRODUCTION

The inhomogeneous complex nature of the quiet Sun (QS) is predominantly due to the presence
of a large variety of small-scale magnetic features. It is believed that these small-scale magnetic
features are essentially the sources of magnetic energy, which can be dissipated to heat the upper
atmosphere (Amari et al. 2015). Transients observed at different spatio-temporal scales, e.g., blinkers
(Harrison 1997; Subramanian et al. 2012), explosive events (e.g., Gupta & Tripathi 2015), coronal
bright points (CBPs, Vaiana et al. 1973; Golub et al. 1974; Habbal & Withbroe 1981), active region
transient brightenings (ARTBs, Berghmans et al. 2001), Hi-C brightenings (e.g., Subramanian et al.
2018; Rajhans et al. 2021), transient loops in the core of active regions (Tripathi 2021), active region
jets (e.g., Chifor et al. 2008; Mulay et al. 2016), etc. in the different atmospheric layers are associated
with photospheric magnetic features. Due to such associations and various other properties of the
transients, the process of magnetic reconnection is considered to be one of the key mechanisms for
their generation. These transients observed ubiquitously throughout the solar atmospheric are further
considered to play an essential role in transferring the mass and energy within the solar atmosphere
(Parker 1988; Schrijver et al. 1997; Moore et al. 1999; Winebarger et al. 2002; Yamauchi et al. 2005;
Alipour et al. 2012; Priest 2014; Upendran & Tripathi 2021) and formation of the solar wind including
switchbacks (Hassler et al. 1999; Tu et al. 2005; Zank et al. 2020; Tripathi et al. 2021; Liang et al.
2021; Upendran & Tripathi 2021).

Blinkers were first identified by Harrison (1997) and are defined as small-scale brightenings in the
transition region. They are observed both in active regions (ARs) and QS, with AR blinkers being
more abundant than those in QS (Parnell et al. 2002). They were primarily identified in spectral lines
such as O V 629 A, O 1V 554 A, O 111 599 A, He 11 304 A, and He I 584 A, covering a temperature
range of 5.0x10* K, to 2.5 x10° K (Harrison 1997; Berghmans et al. 1998; Harrison et al. 1999).
Blinkers observed at 629 A, 554 A, and 599 A show a typical size of 20-50 Mm? with a lifetime 1-40
min (Harrison 1997; Bewsher et al. 2002). Berghmans et al. (1998) showed that blinkers with sizes
within the range of 40-400 Mm? are also recognizable at 304 A images with lifetimes about 2-60min.

X-rays and extreme ultraviolet (EUV) CBPs mostly contain small-scale loops (Vaiana et al. 1973;
Golub et al. 1974; Habbal & Withbroe 1981). Most of CBPs show similar morphological structures
to large ARs with the small magnetic opposite polarity (Madjarska 2019). Using the Skylab X-ray
observations, Golub et al. (1974) determined that 100 CBPs occur on the visible disk of the Sun at
every time. Also, they found the lifetime of CBPs ranging from 2 to 48 hr. Alipour & Safari (2015)
investigated the statistical properties of the CBPs in EUV emissions for 4.4 years. They showed that
CBPs have a typical size of 130 Mm? and a lifetime ranging from a few minutes to more than three
days. Also, they estimated the average number of 572 (ranging from 427 to 790) CBPs covering
2.6% solar visible disk at any time. Most (about 90%) of CBPs occur at the supergranular cell
boundaries and junctions (Yousefzadeh et al. 2016). Recently, Hosseini Rad et al. (2021) calculated
a total energy-loss flux for the system of CBPs about (4.8441.60) x 10® erg cm =2 s~1. To estimate the
contribution of QS small-scale events in the heating of the corona, they assumed a scale-free behavior
for the energy of CBPs. Then, they obtained a total energy-loss flux by extrapolating the power-law
distribution to the nanoflare region (events with energies greater than 10** erg). The energy-loss flux
for the system of CBPs estimated 0.5-8.1% of the quiet coronal plasma’s heat flux.

It is accepted that magnetic features play an important role in forming most events in the solar
atmosphere. The magnetic fluxes observe in the form of bipole and unipole region at the solar surface
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(Bellot Rubio & Orozco Sudrez 2019). A bi-pole refers to the two or a group of different opposite
polarities that occur in a small region. Magnetic flux also occurs in the unipolar regions that are
not distinctly coupled with any other pole(s) of opposite polarity in the vicinity. Bewsher et al.
(2002) showed that most blinkers occur above the regions of unipole or bipole with a strength of
more than 10 G. Also, most of CBPs are associated with bipoles” magnetic fields (Madjarska 2019).
Sattarov et al. (2002) identified photospheric poles with strength above 20 G and sizes between 5.5”
and 55.2”. They showed that the bipole numbers remained approximately constant (from 1992 to
2001). They also confirmed an anti-correlation of CBPs with sunspots.

There have been numerous studies on blinkers as well as CBPs on their physical and plasma
properties. However, no work systematically studies the relationship between blinkers and CBPs
observed in EUV and X-rays to the best of our knowledge. The relationship between transients
and small-scale magnetic features is the main aim of this paper. Therefore, to identify, track and
classify them, we use an automatic feature identification method based on the invariant and unique
properties of the Zernike moments (ZMs) and the support vector machine (SVM) classifier. We
have used this method essentially since the magnitude of ZMs is invariant under rotation and image
normalization (Alipour et al. 2012; Javaherian et al. 2014; Alipour & Safari 2015; Honarbakhsh et al.
2016; Yousefzadeh et al. 2016; Raboonik et al. 2017; Alipour et al. 2019).

For the above-described purpose, we have extended the automatic identification method of
Alipour & Safari (2015) for the blinkers, ECBPs, and XCBPs by analyzing Atmospheric Imaging
Assembly (AIA)/Solar Dynamics Observatory (SDO) images in three channels (namely 304, 193,
and 94 A). We aim to derive the statistical properties of blinkers, ECBPs, and XCBPs, as well as
their relations. We also study the statistics of the photospheric magnetic features and their relation-
ship with transients in the solar cycle 24.

This paper is organized as follows: a primary overview of data analysis and the automatic identi-
fication algorithms are explained in Section 2. The statistical analysis and results are presented in
Section 3. Finally, we summarize and conclude in Section 4.

2. OBSERVATIONS AND METHODOLOGY
2.1. Data

The AIA on board SDO provides the solar atmospheric images at seven EUV and two ultraviolet
(UV) wavelengths (Lemen et al. 2012; Boerner et al. 2012). AIA at 171, 193, and 211 A filters cover
a temperature range 0.6 to 2 MK (plasma at QS temperature), 335, 94, and 131 A filters include
temperature up to 10 MK (hot plasma), and 304 A filter is sensitive to plasma at 50000 K (most
originate from the transition region). We used the full-disk synoptic images taken at He II 304
A, Fe XII 193 A, and Fe XVIII 94 A filters. Coronal features such as ECBPs and XCBPs are
detectable at 193 A EUV and 94 A X-ray emissions, respectively. However, we note that emissions
at 94 A are contaminated signals from hot Fe XVIII line and cooler components of Fe X and
Fe XTIV (O’Dwyer et al. 2010; Del Zanna et al. 2011; Aparna & Tripathi 2016). Also, blinkers as the
transition region features are observable at 304 A emissions. The data set includes the sequence of
co-spatiotemporal images with time intervals of 24 h. We analyzed the statistical properties related
to transients for ten years from 2010 June until 2019 December. We obtained the co-spatiotemporal
HMI continuum and line-of-sight (LOS) magnetogram images and applied a method to track solar
photospheric flows on the intensity continuum images to determine the supergranular cell boundaries.
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We used the LOS magnetograms to study the statistics of magnetic patches and their relationship
with blinkers, ECBPs, and XCBPs. To this end, we used the HMI-LOS magnetograms with the
spatial sampling of 2.4 arcsec/pixel at 1024 x 1024 pixels. The HMI instrument on board SDO provides
different types of surface magnetic fields (Schou et al. 2012; Yeo et al. 2013, 2014; Couvidat et al.
2016). The HMI noise levels depend on the HMI data product and location on the solar surface. We
used more than 12 G and 20 G (i.e., HMI threshold values) to locate positive and negative polarities
at the solar surface. These thresholds are higher than the maximum noise level of about 10 G for
LOS magnetograms.

2.2. Identification of AIA transients

Identification methodologies of the solar features have been often employed based on the inten-
sity characteristics at different observational wavelengths and determining a threshold value by the
trial-and-errors (Bewsher et al. 2002; Subramanian et al. 2012). Due to irregular variation of the in-
tensity related to each feature (in different times, positions, and sizes), determining a single threshold
seems to be accompanied by missing/false detection. Recently, automatic detection methods based
on image moments and SVM to identify solar features have been developed (Alipour et al. 2012;
Javaherian et al. 2014; Alipour & Safari 2015). In this method, first, we extract information from
the image moments covering the morphology, intensity, and geometry of features (blinkers, CBPs,
etc.). Second, we fed the information to an SVM classifier to detect the objects. The method devel-
oped in this paper is a follow-up to the previous work presented by Alipour & Safari (2015), which
identified the CBPs (mainly at 193 A) in EUV images taken by AIA. Here, we adopted the automatic
identification method of Alipour & Safari (2015) to recognize the blinkers at 304 A and XCBPs at 94
A filters in addition to identifying ECBPs at 193 A. Below we provide a summary of the automatic
identification procedure applied here.

- We performed a separate automatic identification classifier for each event, including event class
(positive class) and non-event class (negative class).

- We collected (by visual inspection) a set of events by random surveying the data during ten
years of observations. We selected the events based on well-known characteristics as (a) inten-
sity criteria: localized intensity enhancement both temporally and spatially (Alipour & Safari
2015), (b) size criteria: events with a length scale equal to or larger than 4.8” and smaller than
60", and (c) morphology criteria: the small-scale loop-like or point-like structures. We selected
about 1000 events according to the above criteria for each positive class.

- We also collected some non-event in the negative class, including the regions without small-scale
transient phenomena, parts of large-scale coronal loops, and regions outside of events. Figure 1

(left panel; a-b) shows the sample of original images related to blinkers and non-events at 304
A filter.

- We computed the ZMs (with the order (p) and repetition number (q)) for each sub-image.
The repetition number satisfies the condition that |¢| — p < 0 is considered an even number.
Alipour et al. (2019) showed that for an AR image, the ZMs with pu.x < 10 reconstruct the
overall shape of the AR. The morphological details of the AR were carefully reconstructed
by increasing the order number up to 31. They also showed that for the pya(> 31), the
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reconstructed images slightly deviated from the original one (see their Figure 1). We used
Pmax = 9, which is enough to reconstruct the overall shape of a small-scale event. Figure 1
(right panel; a-b) shows the reconstructed images corresponding to blinkers and non-blinkers
with different shapes and morphology, respectively.

- The algorithm automatically scans the full-disk images by a moving box in which the maximum
intensity is located on the center of the box. SVM classifier picks up the events with their
locations on the solar disk.

2.3. Performance of identification Method

To evaluate the performance of automatic identification for transients, we computed various scores
by applying the elements of a confusion matrix. The number of positive (P) and negative (N)
cases in the data set are important terminologies for the confusions matrix Powers (2011). The
elements of the confusion matrix are true positive (TP: events correctly identified), false positive
(FP: non-events incorrectly identified), true negative (TN: non-events correctly identified), and false
negative (FN: events incorrectly identified) (Fawcett 2006). The important scores are precision
(positive and negative), recall (positive and negative), f; score (positive and negative), accuracy,
Gilbert Skill Score (GS), Heidke skill score (HSS;, HSS,), and True Skill Statistic (T'SS). Table 1
gives the formulae for scores. For further details, refer to Barnes & Leka (2008); Mason & Hoeksema
(2010); Bloomfield et al. (2012); Bobra & Couvidat (2015); Raboonik et al. (2017); Alipour et al.
(2019). The accuracy, precision, and f; are scores for class-balanced classifiers in which the number
of events and non-events are approximately the same. Also, the HSS and GS scores suffer the
class-imbalanced problem. The TSS is an essential metric to measure the performance of the class-
imbalanced classifiers.

Here, we investigated the performance of three independent classifiers to identify blinkers, ECBPs,
and XCBPs. To compute the skill scores as the measurement of performance of a classifier, we col-
lected a database (by visual inspection) that includes more than 2000 events and 2000 non-events
for each classifier. The database for each classifier contains features with various backgrounds, maxi-
mum intensity, shape, morphology, structures, and scales collected within a solar cycle. The training
data set includes about 70 percent (randomly selected) of the events (positive) and non-events (neg-
ative) classes. For the test data set, we used the remaining 30 percent of both positive and negative
classes. We consider a sample event and non-event only in either the training or testing data set.
We performed this randomized sampling for the training and test sets more than 100 times. We
first calculated the elements of the TP, FP, TN, and FN for the test set of each trial. Then, using
these elements, we computed the various skill scores. A similar analysis was performed to determine
the performance of automatic detection for ECBPs and XCBPs. Table 2 represents the average
and standard deviation of the recall, precision, f; score (positive and negative), accuracy, Gilbert
Skill Score (GS), Heidke Skill Score (HSS; and HSS,), and True Skill Statistic (TSS) scores for
automatic identification of blinkers, ECBPs, and XCBPs. We trained classifiers with various back-
grounds, maximum intensities, shapes, morphologies, structures, and scales. Therefore, we expect the
present identification method for the transients is less affected by the background variations. Some
of the previous identification methods (Sattarov et al. 2002; Hara & Nakakubo-Morimoto 2003) for
the transient events applied the intensity thresholds that highly depend on the background variation
during a solar cycle. Applying this identification method to the SOHO/EIT image, Alipour & Safari



Table 1. Definition of different skill scores.

Score Formula
TP
Recal.l (positive and recall™ = TP TN
negative)
11~ TN
recall” = ————
TN + FP
TP
Precisi iti isiont = ———
recision (positive precision TP - 7P
and negative)
e TN
recision” = —————
P TN + FN
2 ision™ 1+
f1 score (positive and f1+ _ =X prfzc‘lslon X reczi
. precision™ + recall
negative)
o= 2 X precision™ X recall™
r precision™ 4+ recall ™
A TP + TN
ceurac accuracy =
Y Y~ TP+ FN+ TN + FP
TP — FP
Heidke Skill Score HSS, = TP EN
(HSS) +

2 x [(TP x TN) — (FN x FP)]

HSS, =
>7 (TP +FN) x (FN + TN) + (IN + FP) x (TP + FP)
. . TP — CH
Gilbert Skill Score GS = TP TP + FN — CH
(GS)
CH — (TP 4 FP) x (TP + FN)
~ TP +FN+TN+FP
TP FP

True Skill Statistic TSS = —
(TSS) TP +FN FP+ TN

(2015) detected 670 CBPs compared to 450 events reported by Sattarov et al. (2002) at the same
data set.

2.4. Identification of magnetic patches from HMI magnetograms

Most transients are associated with unipolar or bipolar magnetic fields. So, we analyzed the statis-
tics of the magnetic sources related to the features. To extract the small-scale magnetic poles, we
used the Yet Another Feature Tracking Algorithm (YAFTA) developed based on the downhill method
(DeForest et al. 2007). We selected the negative and positive poles above 12 and 20 G with a length
scale of about 4.8” to 60”. We extracted two nearest opposite polarities with a separation less than
16.8” as a bipolar magnetic feature. To this end, we analyzed about 100 randomly selected ECBPs
and their related magnetic bipoles. For most cases, we observe that the two nearest opposite polarity
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Table 2. Average and standard deviation of the precision (Precision™ and Precision™), recall (Recall™ and
Recall™), f1 score (positive and negative), accuracy, Gilbert Skill Score (GS), Heidke Skill Score (HSS; and
HSS,), and True Skill Statistic (T'SS) scores for automatic identification of blinkers, ECBPs, and XCBPs.

Features Blinkers ECBPs XCBPs
Recall™ 0.91+0.01 0.91+£0.01 0.96+0.01
Recall™ 0.97+0.01 0.97£0.01 0.89£0.01
Precision™ 0.96 £0.01 0.97+0.01 0.90+£0.01
Precision™ 0.91+0.01 0.92+£0.01 0.96=+0.01
f1 score positive 0.934+0.01 0.94+0.01 0.93+0.01

% f1 score negative 0.94+0.01 094+0.01 0.93+£0.01
& Accuracy 0.93+£0.01 094+0.01 0.93+£0.01
Heidke Skill Score (HSS;) 0.87+0.01 0.88£0.01 0.86=+0.01
Heidke Skill Score (HSS3) 0.87+0.01 0.88£0.01 0.86=+0.01
Gilbert Skill Score (GS) 0.77+£0.01 0.794+0.02 0.76 £ 0.02
True Skill Statistic (T'SS) 0.87+0.01 0.88£0.01 0.86=+0.01

poles with a separation distance (from the boundary to boundary along with both the Sun-x and
Sun-y axis) are less than 16.8” (for both Az and Ay) form a bipolar magnetic feature (Figure 2).

3. RESULTS AND DISCUSSIONS
3.1. Statistics of transients

In this work, first, we applied an automatic identification method to recognize the blinkers (at 304
A), ECBPs (at 193 A), XCBPs (at 94 A) from SDO/AIA images. Blinkers form on the transition
region; however, ECBPs and XCBPs are the transient coronal features. Using a region-growing
algorithm, we extracted pixels related to blinkers, ECBPs, and XCBPs. We considered an event (an
ECBP and/or an XCBP) as the coronal counterpart of one or multiple blinkers if that blinker(s)
appeared at a distance (boundary to boundary of features) less than 7.2” (empirically via trial and
error) from the event. So, we studied the connection of blinkers, ECBPs, and XCBPs together. Figure
3 shows lightcurves (with time interval 12 s) of transients at three AIA filters at 304, 193, and 94 A
We observed a blinker with the coronal counterpart features (ECBP and XCBP) is along with the
lightcurves that were extracted with the simultaneous intensity enhancements at three filters versus
the time (Figure 3(a)). Lightcurves indicate the simultaneous occurrence of a blinker and ECBP
at 304 and 193 A, respectively (Figure 3(b)). Figure 3(c) represents a blinker without any coronal
counterpart features. We also observed that groups (two or more) of blinkers are associated with
a single coronal feature (Figure 4). Figure 5 represents a composite triple-filter image (consisting
of a 304, 193, and 94 A) with positions of blinkers observed on 2018 August 26 at 00:00 UT in
0.95R., (the area inside the red circle) at the solar disk. We found that out of 2785 blinkers (green
points), about 1840 (yellow points) are associated with ECBPs, and about 978 blinkers (blue points)
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have occurred with both ECBPs and XCBPs. Furthermore, we observed 46 ECBPs (purple points)
without detected blinkers. However, our investigation (by visual inspection) showed that the method
did not detect 25 blinkers associated with ECBPs.

Applying the automatic identification method, we observed 21984478 (mean and standard devia-
tion for daily number) QS blinkers for each 0.95R, on the full-disk image. For the whole of the Sun’s
surface (about 2.2xareaggsqisk), we determined the total number of blinkers (sum of the number
of blinkers at QS and ARs) at every moment. So, we estimated 5643+674 (average and one stan-
dard deviation) blinkers at every moment, which is twice the previous study (Harrison 1997) at the
O V SoHO/CDS observations. Brkovi¢ et al. (2001) followed a similar approach with an iterative
scheme. They showed that the thresholds affect the birthrate. So, the number of blinkers increases
to 20000. In this case, they showed that most blinkers were covered with a single-pixel (1.67”) or
somewhat overlapping features. In the present method, we recognized events with individual pixels
and diameters larger than 4” (to avoid the noise) without overlapping regions. Also, two or more
features with a distance less than 4.8” are considered as a single event. We detect an average number
of 6124152 ECBPs and 349+64 XCBPs for 0.95R images. So, we estimated 1346+334 and 767+£141
of ECBPs and XCBPs for the whole of the Sun’s surface, respectively. To compare the area (surface)
number density of QS and ARs blinkers, we first computed the QS area projected onto the Lambert
cylindrical equal-area map. Then, we obtained the area number density of blinkers by dividing the
QS and ARs blinkers number by the QS and ARs area, respectively. We obtained the surface density
of blinkers about 0.00140.0002 Mm~?2 and 0.00220.0005 Mm~2 for QS and ARs, respectively. These
indicate that ARs’ blinkers are more abundant than the QS (Parnell et al. 2002).

Figure 6 (left panel) shows the month-averaged time series of sunspot numbers (SILSO data, Royal
Observatory of Belgium, Brussels), QS blinkers, ECBPs, and XCBPs during ten years within the
solar cycle 24. We observed that transients and sunspots have very strong anti-correlation (Pearson
correlations -0.93< r <-0.88). In general, one may ask if the sunspot numbers and sizes increase
during a cycle, the QS area decreases, which leads to the anti-correlation of QS transients with
sunspots. We investigated the correlation between the area (surface) number density of transients
and sunspots to address this question. Figure 6 (right panel) represents the month-averaged time
series of sunspot numbers, the area number density of QS blinkers, ECBPs, and XCBPs during the
cycle. We observed that the area number density of QS transients has a very strong anti-correlation
(Pearson correlations -0.92< r <-0.88) with sunspots.

Using the ten years of AIA data with a cadence of 24 h, we identified in total 7,483,827 blinkers,
2,082,162 ECBPs, and 1,188,839 XCBPs. Our analysis shows that about 57% and 34% of blinkers
are associated with ECBPs and XCBPs, respectively. Figure 7 shows the percent of blinkers are
associated with ECBPs (blue line) and XCBPs (red line) during the solar cycle 24. We observed
that these percentages remain approximately constant during the cycle. The remaining blinkers with
no coronal counterpart may be associated with chromospheric features, which are not investigated
here. Subramanian et al. (2012) showed that two-third of blinkers are associated with the coronal
counterpart features. These multiple connections between blinkers and counterpart features provide
the link between the transition region and corona, and, hence, they play an important role in the mass
and energy transfer in the solar atmosphere. Indeed, it seems the chromospheric upflows and coronal
down-flows associated with blinkers may provide the emergence and preservation of the temperature
gradient in the transition region.
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In order to obtain the events’ birthrate, first, we tracked events within a rectangular box (with the
size of 600" x600” with a cadence of 12 sec during 6 h (2019 September 00:00 UT- 06:00 UT). Then,
we obtained the birthrate for events by dividing the number of events by the size of the box and the
time interval (6 hours). We obtained the birthrate of 1.1 x 107!® m=2s7!, 3.8 x 1071 m™2s7!, and
1.5 x 107 m=2s! for blinkers, ECBPs, and XCBPs, respectively.

3.2. Supergranular cell boundaries

It seems that blinkers may mostly occur at the boundaries of the supergranular cells. We applied
a ball-tracking method based on the tracking solar photospheric flows on HMI continuum images to
recognize the supergranular cell boundaries (Potts et al. 2004; Attie & Innes 2015; Attie et al. 2016).
We determined the supergranular cell boundaries for a field of view 840" x480” on 2019 December 4
(00:00 to 00:30 UT). Figure 8 shows the position of the peak intensity of 432 blinkers (red circles) and
supergranular boundaries. By comparing the location of blinkers and supergranular cell boundaries,
we found that about 80% of blinkers appeared on boundaries and the remaining 20% located within
the cells, which is in agreement with Yousefzadeh et al. (2016) in which about 90% of the CBPs
appeared on the supergranular cell boundaries.

As blinkers have a short life and are pretty localized and considering that these features are anal-
ogous to those of flares and microflares (even if the amount of the involved energy is different), it
might be possible to speculate that blinkers are generated through a mechanism similar to that which
produces flares, i.e., magnetic reconnection (Giovanelli 1946; Dungey 1953), but at a different scale.
With the help of high-resolution imaging and spectroscopic observations, it is widely reported that
the blinkers are the results of magnetic reconnection (Priest 1999; Marik & Erdélyi 2002; Doyle et al.
2004; Subramanian et al. 2008; Young et al. 2018). The blinker location at the supergranular cell
boundaries might lead us to consider blinkers as events likely related to a reconnection mechanism oc-
curring between adjacent magnetic structures with footpoints rooted at the supergranular boundaries.
It generally makes sense to expect the more significant magnetic field variation among adjacent mag-
netic structures, making their border a favored candidate location for magnetic reconnection. Indeed,
the horizontal flow dominates and sweeps the magnetic field towards the boundaries of supergran-
ules. Hence, this process (horizontal flow) produces mixed polarity magnetic fields at the boundaries
— the favorable topology of the magnetic field for magnetic reconnection. Hence, we can say that the
boundaries of supergranules are the most favorable region for magnetic reconnection. Also, we showed
that about 34% of blinkers were related to the X-ray features (XCBPs). These may support catego-
rizing some blinkers as small-scale flaring events. This speculation certainly needs to be supported by
appropriate future observations. In addition, it is crucial to contemplate those reconnection mecha-
nisms, such as tearing type instabilities (Furth et al. 1963) that have already been considered in the
context of the solar corona (see, e.g., Matthaeus & Lamkin 1986; Strauss 1988; Velli & Hood 1989;
Shibata & Tanuma 2001; Dahlburg et al. 2009; Pucci & Velli 2014; Del Sarto et al. 2016; Li et al.
2016; Singh et al. 2019; Betar et al. 2020), and three-dimensional reconnection models have been
proposed (see Priest 1984; Janvier 2017).

3.3. Statistics of magnetic features

By applying the YAFTA code on the LOS HMI magnetograms, we extracted both QS and ARs
small-scale magnetic poles with sizes in the range of 4.8” to 60” for the two thresholds (> 12 G and
> 20 G). Figure 9 shows ARs’ boundaries (green contours) and all positive (yellow contours) and
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negative (blue contours) poles and bipoles (red boxes) in the LOS magnetogram (above 12 G). As
we observed in the figure, out of 3890 poles, about 1842 of them are formed as bipoles.

Figure 10(a-b) depicts the month-averaged time series of sunspots and magnetic features (bipole
and poles). We found a strong anti-correlation (Pearson correlation r=-0.76 to -0.71) between the
QS bipoles (for both thresholds) and sunspots. We also observed a strong anti-correlation (r=-0.78
to -0.72) between the QS poles and sunspots. We also obtained a strong anti-correlation between
the area number density of QS small-scale magnetic features with sunspots, which confirms the
anti-phased behavior. The number density was obtained by dividing the number of QS small-scale
magnetic features to the QS area projected to the Lambert cylindrical equal-area map. The densities
are still anti-correlated with sunspots, showing that this anti-phase is very likely not simply due to
a decrease in the QS area during the solar maximum. This outcome might provide some insight into
the solar dynamo mechanism.

We obtained very strong positive correlations (r>0.80) between the transients and QS bipoles.
Previous studies (Pres & Phillips 1999; Madjarska et al. 2003; Ugarte-Urra et al. 2004) showed that
most CBPs associated with QS bipoles. The negative correlation between the QS bipoles and sunspots
conforms to the anti-cycle variation of transients (Golub et al. 1979; Davis 1983; Harvey 1985). The
anti-phased behavior of the QS small-scale magnetic features and transients with sunspots and the
locations of the transients at the supergranular boundaries are two important findings that verified
the previous studies. Based on the identification of magnetic features of the whole solar cycle 23 from
MDI/SoHO, Jin et al. (2011) and Jin & Wang (2012) obtained the anti-phase property for the QS
small-scale magnetic features with sunspots. Furthermore, Jin et al. (2011) stated that the small-
scale magnetic features are generated by some local turbulent dynamo represented as an anti-phase
with the global dynamo (see also Singh et al. 2018).

The idea of a local and a global dynamo as two conceptually distinct dynamos has been proposed
in the past years because of their diverse range of activity and because of the different properties
in time, i.e., temporal coherence in the global dynamo, whereas time incoherence is in the local dy-
namo (Proctor et al. 1995; Childress & Gilbert 1996; Cattaneo & Hughes 2001; Ossendrijver 2003).
In recent years the idea that only one dynamo mechanism is operating in the Sun is finding its
place in the community, and the point addressed in more recent works (Tobias & Cattaneo 2013;
Pongkitiwanichakul et al. 2016; Nigro et al. 2017) is how does one get a chaotic turbulent mess to
have organization at large scale. Assuming this more recent scenario and the observed anti-correlation
of the QS small-scale magnetic features with sunspots, the reason for this anti-correlation can be a
self-organization process of the emerging magnetic flux into large-scale structures (i.e., ARs and
hence sunspots) that should occur during the solar maxima, when magnetic energy increases. This
large-scale self-organization might be due to the magnetic helicity inverse cascade by subtracting
magnetic energy stored in the small-scale magnetic structures.

Furthermore, we studied the correlation between the small-scale magnetic features of the full-
disk and sunspots by adding the statistics of ARs’ small-scale magnetic features to the QS for
different thresholds. Figure 10(c) shows a very weak anti-correlation (r=-0.19) between bipoles (for
the threshold >12 G) and sunspots. We observed a strong positive correlation (r=0.61) between
bipoles and sunspots for the threshold >20 G (Figure 10(d)). We also found a strong positive
correlation between poles (Figure 10(e-f)) and sunspots. Indeed, they both should provide their
contribution to the large-scale components of the global magnetic field of the Sun (e.g., dipole and
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quadrupole component, assuming a decomposition of the global solar magnetic field on a spherical
harmonic basis), thus poles and sunspots turn out to be in phase.

To study the synchronization of transients and their associated magnetic features, we considered
4.8" and 7.2"” as the maximum distances (boundary to boundary) from magnetic poles to blinkers
and coronal features, respectively. Out of 12,195,147 (5,694,525) detected poles, about 45% (28%) of
them are the components of bipoles for a threshold above 12 G (20 G). We observed that 33% (13%),
55% (26%), and 59% (32%) of QS blinkers, ECBPs, and XCBPs are associated with QS bipoles for
a threshold above 12 G (20 G), respectively. Also, we found that about 31% (25%), 26% (28%), and
25% (30%) of blinkers, ECBPs, and XCBPs, appear above regions where a unipole dominates at the
threshold above 12 G (20 G), respectively. Overall, 61%, 76%, and 80% of blinkers, ECBPs, and
XCBPs appear above regions where one or both polarities at the threshold above 12 G and these
percentages decrease to 37%, 51%, and 58% with increasing the threshold to 20 G. Bewsher et al.
(2002) showed that about 88% of blinkers (observed at O V images) appeared above one pole or
both polarities regions (> 10 G and size > 10 MDI pixels).

Figure 11 represents the scatter plot of the daily number of transients and the daily number of
QS poles (with a threshold above 12 G). We observed that the daily number of blinkers, ECBPs,
and XCBPs correlated with poles via the power-law relation (y o z, where y and x indicate
the transient numbers and pole numbers, respectively) with exponents 1.5740.03, 1.8440.03, and
1.36£0.01, respectively. This relation is useful to estimate the number of transients as a function of
the photospheric QS magnetic field.

Figure 12 shows the cumulative distribution function (CDF) for the normalized maximum intensities
(maximum intensity divided to the quiet background intensity) of QS transients and related magnetic
flux of poles, as well as their scatter plots. To avoid the projection effects, we selected the events
and their related magnetic flux within a central region with the size of 960”x960”. We observed that
the tail of the distributions follows the power-law behaviors (Figure 12 left and middle panels). To
obtain the power-law index («), we applied a maximum-likelihood fitting for data without binning
(Clauset et al. 2009). This power-law behavior in the distribution tails can be due to a self-similar
feature in the reconnection process that generates blinkers, analogous to what has been observed
for flares and nanoflares as the system of self-organised criticality (Lin et al. 1984; Crosby et al.
1993; Krucker & Benz 1998; Parnell & Jupp 2000; Klimchuk et al. 2009; Farhang et al. 2018, 2019).
We also observed that (Figure 12 right panel) the normalized maximum intensity of transients are
correlated with the magnetic flux (the linear fits in log-log scale with slopes § about 1.31, 0.94,
and 0.97 (red lines) in the scatter plots) for blinkers, ECBPs, and XCBPs, respectively. To test
the consistency for the power laws and correlations (slope of scatter plots), suppose = and y satisfy
the power-law-like distributions as N(z) oc 7% and N(y) oc y~*, respectively. Then, considering
y o 2 and after some algebra manipulation (e.g., Aschwanden 2011; Javaherian et al. 2017), we
give the slope as f = (o, — 1)/(cy, — 1). we obtained the slope about 1.49, 0.84, and 0.91 for the
relation between the magnetic flux and the normalized maximum intensities for blinkers, ECBPs,
and XCBPs, respectively.

4. CONCLUSION

Transients (such as blinkers, ECBPs, and XCBPs) are the fundamental atmospheric phenomena
that are mostly connected. These synchronized atmospheric features may transfer mass and energy
to the different layers. Also, the chromospheric up-flows and coronal down-flows associated with
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blinkers may provide the emergence and preservation of the temperature gradient in the transition
region.

Here, we adopted an automated identification procedure based on ZMs and SVM classifier
(Alipour & Safari 2015) to detect blinkers, ECBPs, and XCBPs at 304, 193, and 94 A AIA images,
respectively. Classifiers contain features with various backgrounds, maximum intensities, shapes,
morphologies, structures, and scales. The TSS was obtained greater than 0.86 as the performance of
classifiers. Also, we applied the YAFTA algorithm on HMI magnetograms to extract the magnetic
features such as poles and bipoles. We provide a summary of the main results as follow:

We obtained an average number of 2198+478 blinkers for each image (in a 0.95R;, of the solar
surface) for ten years at solar cycle 24. Therefore, we estimated about 56434674 blinkers for
the Sun at every moment with a birthrate of 1.1 x 107'® m=2s~1,

By analyzing ten years of AIA data, we identified in total 2,082,162 (1,188,839) ECBPs
(XCBPs). We also determined an average number of 1364+334 (767+141) at every moment
for the entire of the Sun with the birthrate 3.8 x 107! m=2s7! (1.5 x 107! m~2?s™!) for ECBPs
(XCBPs).

Our investigation shows that roughly 57% and 34% of 7,483,827 blinkers at transition regions
are associated with ECBPs and XCBPs, respectively. Therefore, these characteristics suggest
that the transients are synchronized together at different layers of the solar atmosphere. In
other words, the transients at different solar upper atmospheric layers tie up together probably
with a similar physical process.

We showed that the majority of the blinkers occur near the supergranular cell boundaries,
i.e., most of the blinkers are occurring in magnetic reconnection-prone regions. Hence, this
observational finding indicates (indirectly) that blinkers are possibly forming due to magnetic
reconnection.

We observed a very strong anti-correlation between the number of sunspots, transients, and
QS bipoles during solar cycle 24. Assuming this anti-correlation is not a visible effect due to
the background intensity variations, it can be due to an organization of the magnetic flux into
large-scale structures as a consequence of a magnetic helicity inverse cascade that takes place
when the magnetic energy increases during solar maxima. Indeed, when the magnetic energy
increases via the omega effect, the magnetic energy is more efficiently channeled towards large
scales, thus forming coronal loops and active regions. Consequently, the small-scale structures
might have less energy and/or be in an inferior number, thus producing this observed anti-
correlation.

This study showed that roughly 61%, 76%, and 80% of blinkers, ECBPs, and XCBPs are
associated with QS poles at the photosphere, respectively.

The anti-phased behavior of the QS magnetic bipoles and transients with sunspots and the lo-
cations of the transients at supergranular boundaries confirm the local dynamo as an important
mechanism for the evolution of quiet photosphere magnetic fields.
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- We observed the power-law relation (y oc %) with « equals 1.57 £ 0.03, 1.84 4+ 0.03, and
1.36 £ 0.01 for the daily number of blinkers, ECBPs, and XCBPs with the daily number of QS
poles, respectively (Figure 11).

- We showed that the normalized maximum intensities of QS transients correlated with the mag-
netic fluxes via the power-law functions. The slopes of the power-law functions are verified
by the power-law behavior for the normalized maximum intensities and magnetic flux of poles
distributions (Figure 12). The power-law behavior observed in the normalized maximum in-
tensity distribution of transients leads us to consider these events as energy releases due to a
self-similar process in analogy with what has been already observed for flares.

In the next step, we would like to investigate the detection method for the small brightenings such
as campfires from AIA/SDO and EUI on Solar Orbiter (Chitta et al. 2021; Berghmans et al. 2021)
to determine the role of the small-scale events in the heating of the coronal plasma.
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(a) Blinker (b) Non-Blinker

Original Image Reconstructed Image Original Image Reconstructed Image

ol ()
<o o
- oy 0

Figure 1. (a) Samples of blinkers observed by SDO/AIA at 304 A and reconstructed images with the
maximum order number ppax=>5. (b) Samples of the non-blinker regions and reconstructed images.
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Figure 2. The red line indicates the distance
between the opposite polarities. The scale line about 16.8” presents at the top of the magnetogram.
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Figure 3. Lightcurves corresponding to blinkers in three filters 304, 193, and 94 A with time interval 12s.
(a) Intensity enhancement in 304, 193, and 94 A simultaneously occurred blinker, ECBP, and XCBP at the
position (x=-210" ,y=-123"). (b) Simultaneous intensity enhancement in 304 and 193 A occurred blinker
and ECBP in the position (x=112" , y=179"). (c) Intensity enhancement in 304 A which occurred blinker

in the position (x=-119" , y=80").
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Figure 4. [Samples for the group) of two (first row) and three (second row) blinkers associated with ECBP
and XCBP.
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Figure 5. The SDO/AIA composite triple-filter image (304, 193, and 94 A) on 2018 August 26 00:00 UT.
Location of QS blinkers (color points) recognized by presented automatic algorithm. The position of 46
ECBPs and/or XCBPs (purple points) detected without the related blinkers. To more avoid the high noisy
features in the detection, we used the region inside the 0.95Rq (red circle).


songyongliang



SYNCHRONIZATION OF THE SMALL SCALE 19

500 150 22 150
2
z 3 £ 3
= {100 € O {100 €
= > X 18 >
2 m w £
2 S 2
g 2 =216 g
O 190 2 'g 150 2
= A 3 14 A
0 12 0
1000 150 4.5 150
r=-0.91
4
3 3 £ 3
£ {100 € Q {100 €
s 2 a5 2
F; 2 SE 2
o] s o]
8 {s0 & 2= {50 &
u @ [a] 25 @
0 2 0
150 14 150
5
g 5 2 5
5 1100 E o 1100 €
2 100 g g ’_\1.2 5
(%] z O‘(\" z
T ) = )
k= & = &
= 150 @ 251 150 @
0 @ 2 @
& 2
L L L L L L L L 0 0-8 L L L L L L L L
2011 2012 2013 2014 2015 2016 2017 2018 2019 2011 2012 2013 2014 2015 2016 2017 2018 2019
TimeYear TimeYear

Figure 6. The month-averaged time series of the sunspot munbers (dotted line), QS blinkers, ECBPs, and

_ The blue shaded area indicates the standard deviation of values (for a month) each

time.
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Figure 7. The percent of blinkers are associated with ECBPs (blue line) and XCBPs (red line) during the
solar cycle 24.
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Figure 8.
with a red cycle. Superposed cell boundaries obtained by the ball-tracking method were mapped to an HMI

magnetogram with a yellow line. Most blinkers are found close to supergranular boundaries.
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Figure 9. The LOS magnetogram on 2018 August 26 00:00 UT including ARs boundaries (green points),
positive poles (yellow points), negative poles (blue points), and bipoles (red boxes).
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Figure 10. The month-averaged time series of the sunspot numbers (dotted line), QS bipoles, bipoles (QS
and ARs), and poles (QS and ARs) for threshold above 12 G (left panel) and 20 G (right panel) are shown.
The blue shaded area indicates the standard deviation of values (for a month) each time.
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Figure 11. Scatter plot of the daily number of QS poles (above 12 G) and the daily number of blinkers,
ECBPs, XCBPs. We fitted a power-law curve y o< ® (red line) for each data.
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Figure 12. (Left panel) The cumulative distribution function (CDF) of the normalized inten-
sities of transients (maximum intensity divided to the quiet background intensity), (Middle
panel), CDF for the magnetic flux (in Mx unit) of poles associated with transients for the
threshold above 12 G, (Right panels) Scatter plot for the magnetic flux of poles and normal-
ized maximum intensity of transients. We fitted the power-law relation (purple lines) to the
tails of distributions in which «a indicates the power-law index. We fitted a linear function
(red line) for each scatter plot (in log-log scale) at the regions corresponding to the tail of the
distribution of the normalized maximum intensity.
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