symmetry

Article

Solar Ultraviolet Bursts in the Joint Footpoints of Multiple
Transition Region Loops

Zhenyong Hou

check for

updates
Citation: Hou, Z.; Huang, Z; Xia, L.;
Fu, H.; Qi, Y,; Liu, D.; Tang, N. Solar
Ultraviolet Bursts in the Joint
Footpoints of Multiple Transition
Region Loops. Symmetry 2021, 13,
1390. https://doi.org/10.3390/
sym13081390

Academic Editor: Eugene Oks

Received: 27 June 2021
Accepted: 27 July 2021
Published: 31 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Zhenghua Huang *'”, Lidong Xia

, Hui Fu ¥, Youqian Qi ¥/, Dayang Liu and Ning Tang

Shandong Provincial Key Laboratory of Optical Astronomy and Solar-Terrestrial Environment, Institute of Space
Sciences, Shandong University, Weihai 264209, China; hzyfzzf@mail.sdu.edu.cn (Z.H.); xld@sdu.edu.cn (L.X.);
fuhui@sdu.edu.cn (H.E); 201720575@mail.sdu.edu.cn (Y.Q.); liudayang@mail.sdu.edu.cn (D.L.);
201816457@mail.sdu.edu.cn (N.T.)

* Correspondence: z.huang@sdu.edu.cn

Abstract: Solar Ultraviolet bursts (UBs) associated with flux emergence are expected to help under-
stand the physical processes of the flux emergence itself. In the present study, we analyse imaging
and spectroscopic observations of a special group of UBs (including twelve of them) occurring
in the joint footpoint regions of multiple transition region loops above the flux emerging regions.
Consistent with previous studies of common UBs, we found that the spectral characteristics of this
group of UBs are varied. Our results show that the responses of UBs in Nill, NUV continuum,
Mg 1rh and O1 are originated from locations differ from that emits Si1v. The imaging data show that
UBs have connections with the dynamics in the transition region loops. Brightenings starting from
UB-regions and propagating along loops can be seen in S] 1400/1330 A and AIA 304 A images and
the corresponding time-space images. The apparent velocities are tens of kilometers per second in
ATA 304 A. For symmetry, the brightenings can propagate from the UB-regions towards opposite
directions with similar apparent velocities in some cases. Given that these UBs are magnetic recon-
nection phenomena, we suggest that the propagating brightenings are the signals of the plasma flows
resulted from heatings in the UB-regions.

Keywords: sun: atmosphere; sun: chromosphere; sun: transition region; sun: uv radiation; methods:
observational

1. Introduction

Flux emergence is a key process leading to the formation of active region, which
hosts the most intense magnetic activities on the Sun. While rising into the photo-
sphere from the convection zone, magnetic fluxes evolve dynamically and drive a diverse
range of magnetic activities from sub-arcsec events (such as Solar ultraviolet bursts, see
Young et al. [1] for a review) to massive eruptions like solar flares and coronal mass ejec-
tions (see Chen [2], Shibata and Magara [3] for reviews). Therefore, we can inspect the
processes of flux emergence via studying these associated dynamics.

Solar ultraviolet (UV) bursts are small, intense, transient brightenings in solar active
regions viewed in ultraviolet. Most UV bursts (hereafter, UBs) are associated with can-
celling small-scale opposite polarity magnetic features in the photosphere that occur in
emerging magnetic flux regions. More details of the definition and characteristics of UBs
could be seen in Young et al. [1]. In the family of the UBs, there is an important class, which
shows extraordinarily broadened spectral profiles of Si1v 1394 A with superimposition of
absorption lines of Ni1I and FeII. The superimposition of absorption lines in the transition
region emission lines is also the main distinction between this class and the other types
of UBs (such as the narrow line-width UBs [4]). This class of UBs was first discovered by
Peter et al. [5] with observations of the Interface Region Imaging Spectrograph (IRIS [6]).
They were first suggested to be signatures of hot structures (up to almost 100,000 K) in the
photosphere (about 6000 K) of the Sun [5].
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UBs were suggested to be observational signatures of magnetic reconnection associ-
ated with U-loops forming in the process of magnetic flux emergence in the lower solar
atmosphere, i.e., photosphere [5]. Therefore, they might have strong connection to the
so-called “Ellerman bombs” (EBs [7-11]) that are also believed to be magnetic reconnection
in the photosphere [8,12], Kim et al. [13] and Vissers et al. [14] found that EBs can indeed
produce UB-type spectra. Coordinated observations from the New Vacuum Solar Telescope
(NVST [15]) and IRIS also reveal that many EBs are associated with UBs and the EB-related
UBs generally reveal different properties from other UBs that are not related to EBs [16].
A recent work using coordinated observations from Big Bear Solar Observatory and IRIS
found that about 20 of 161 flame-like EBs reveal signatures of UBs and UBs tend to occur
at the upper part of the flames of the EBs[17]. Moreover, some compact brightenings
in light bridge related to surge and jets also produce UB-type spectra, giving additional
evidence that the UBs could be driven by the same mechanism as jets/surges in the lower
solar atmosphere that could be magnetic reconnection between magnetic field within the
light bridge and the surrounding magnetic field rooted in the nearby umbral region [18,19].
More and more evidences (both numerical and observational) have been found that the
plasmas in the low atmosphere of the Sun could be heated to over 2 x 10* K with magnetic
reconnection [20-27].

As overviewed above, many studies have demonstrated that UBs are closely associated
with flux emergence. It is needed to know at what height such strong energy released
events (e.g., UBs) can occur in the process of magnetic flux emergence. While the dynamics
in the transition region loops connected to emerging fluxes can provide many critical
information about the processes of flux emergence [28,29], the connection between UBs
and dynamics of transition region loops has been poorly studied. In the present study, we
focus on UBs that are occurring in the joint footpoints of multiple transition region loops
that allow us to investigate both phenomena and the possible connection between them. In
what follows, we describe the data and data analyses in Section 2, present the results in
Section 3, and give the discussion and conclusions in Section 4.

2. Observations and Data Analysis

In this study, we initially search for UBs in nine datasets taken by IRIS that have
targets of active regions. The identification of the UBs is mainly based on the FUV spec-
tral observations taken by IRIS. We started our analysis by identifying the pixels with
significantly broadened Si1v 1394 A profiles in the FOV. To this end, we used the method
described in Huang et al. [30], which filters out pixels with bad signals and spikes, and
automatically selects the pixels with Si1v 1394 A profiles broader than 3¢ above the mean
value or Si1v 1394 A profiles with enhanced wings at both blue and red ends (Doppler
shifts larger than 50 kms~!). The automatic method also groups the identified pixels into
events that are used for the candidates in the next identification step. Based on the events
identified from the automatic procedure, we manually pick out those with Si1v 1394 A
profiles superimposed by absorption feature in Ni111393.33 A that are identified as UBs. In
these nine datasets, we identify 52 UBs based on their spectral profiles. In these 52 UBs, we
found 12 are apparently occurring in the joint footpoints of multiple transition region loops
and they are selected for further analyses. These 12 UBs labelled as UB1-UB12 belong to
four datasets (UB1-UB5 in DATA1, UB6-UB10 in DATA2, UB11 in DATA3 and UB12 in
DATAA4) that are described in detail in this section.

In Table 1, we list the details of the datasets including observing date, time, targets,
exposure times, passbands and resolutions, etc. The IRIS spectrograph records its standard
selection of spectral windows: the C 11 lines near 1334.5 A and 1335.7 A, the Si v doublet at
1394 A and 1403 A, the Mg IT h&k lines near 2796 A and 2804 A, including the Mg1I triplet
lines near 2798 A (which are two overlapping transitions that overlap so closely that they
look like one line in the spectrum). The pixel size along the slit of the spectral data is 0.17".
We use the IRIS level 2 data that have been fully calibrated by the IRIS team and published
on the IRIS official website (https://iris.Imsal.com, https://iris.Imsal.com/search, the
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dates of datasets are shown in Table 1). Furthermore, we have also applied radiometric
calibrations to the spectral data via the method described in the Technical Note 26 for
IRIS calibration (https:/ /iris.Imsal.com/documents.html, https:/ /iris.Imsal.com /itn26). In
detail, the following function can be used to convert the spectral units from DN to flux:

E, -DN2PHOT_SG
Aeff « Pixyy - Pix) - texp - Wi

)

Flux = FZMXDN

where the obtained Flux is in the unit of ergcm ™2 s~ st ' A=, Fluxpy is the spectral inten-

sity in the unit of DN, E, = I - ¢/ A is the photon energy in the unit of erg, DN2PHOT_SG
is the number of photons per DN, A, s the effective area in the unit of cm~2, Pixyy =
7t/ (180 - 3600) is the spatial pixel size in radians, Pix, is the spectral pixel size in the unit
of A, texp is the exposure time in the unit of second, and Wy;;; = 71/(180 - 3600) is the slit
width in radians. In this work, we use 1 pixel ! as the Pix,. In this way, the derived Flux is
in the unit of ergcm 2571 sr~! pixel 1.

Table 1. Summary of the datasets analysed in the present study.

] Target Raster Maps Slit-Jaw Imaging Data
Data ID Date (aS%Tlme AR XY () Mode Ste}()ﬂ)Size EXP Passband [A] Ca?se]nce Pixel Size
paTAl  M4February 2014 41974 481, 98 4105assttee}§'s 0.35 30s 1330/1400 63s 017" x 0.17"
DATA2 2 July 2014 12121 541,55 13;35;;;5 0.35 30s  1330/2796/2832 1275 017" x 0.17"
DATA3 dfugust 204 1913 35,393 4%5112?5 0.35 8s  1400/2796/2832 355 0.33" x 033"
DATA4 20 April2015 1o35 26,155 4%)5"‘;2655 0.35 55 1400/2796/2832 21s 017" x 0.17"

X,Y gives the FOV center on the Sun. The fifth column presents the observing mode of raster scan. The slit moves from left to right in the
imaging coordinate. EXP: The exposure time of the spectral observations.

We also analysed corresponding image sequences taken by the Atmospheric Imaging
Assembly (AIA [31]) on board the Solar Dynamics Observatory (SDO [32]). For AIA
observations, the data are primarily taken by the extreme ultraviolet (EUV) channel of
304 A with a cadence of 12's and pixel size of 0.6". The temperature responses of AIA 304 A
peaks at 5 x 10* K. We aligned the IRIS SJ 1400 A to the ATA 1600 A images due to their
strong continuum contribution, and the AIA 304 A images can be then aligned to the 1600 A.

To investigate the magnetic features associated with the UBs, we also analyse the line-
of-sight (LOS) magnetograms taken by the Helioseismic and Magnetic Imager (HMI [33]
on board SDO). The cadence and pixel size of the LOS magnetograms taken by HMI were
45sand 0.5, respectively.

3. Results

The locations of UBs and its associated animation can be seen in Figure 1. We show
SJ1330/1400 A images and the corresponding HMI magnetograms of the region of each
UB. The IRIS slit-jaw images show that the UBs appear as the round or elongated compact
brightenings. Some of the brightenings seen in SJ images can exist more than 1h, and
four have lifetimes less than 10 min. One should note that the line profiles of Si1v 1394 A
in the brightenings might be not broadened at the time when the slit was not scanning
them. All these UBs are rooted in the joint footpoints of multiple transition region loops
as seen in the IRIS SJ images. The transition region loops are very dynamic and they are
better seen at different frames of the time series when the cadences of the observations are
large (especially in DATA1 and DATA?2). In order to display the UBs and their associated
transition region loops in the same image, the S] images shown in Figure 1 are the artificial
images generated by the the technique described in Huang et al. [34] that takes for each
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pixel the highest value obtained during the observing periods. The evolutions of the loops
are therefore better viewed in the animations associated with Figure 1.

uB1 12:19 UT UB2 12:21 UT UB3 12:34 UT uB4 13:57 UT UBS 14:10 UT UB6 14:28 UT

UB7 13:46 UT

(g1) 1330 (n 1)

EAOO}

Figure 1. The closer looks at UB1-12 in SJ 1330 A (or 1400 A) images (a1-11) and HMI magnetograms (a2-12). The sizes of
small regions in SJ 1330 A (or 1400 A) images and HMI magnetograms are 10" x 10". The locations of the UBs are at the
center of small regions in the SJ images and marked by blue contours on the SJ 1330/1400 A images. The related loops
are marked by the blue dashed lines in SJ 1330/1400 A images. The scales of the HMI magnetograms are labeled in the
corresponding images. An animation of this figure is available.

In the HMI magnetograms, we can see that all these UBs are located near the regions
with mixed polarities. Among them, three UBs occurred in the mixed polarity regions that
are dominated by positive polarity, another three UBs in the regions that are dominated by
negative polarity, and the rest in regions without any significantly dominant polarity. We
also found spatial offsets between the magnetic inversion lines and the UBs in some cases
(e.g., UB5 and UB10). The corresponding photospheric magnetic field strengths of these
UBs are shown in the last column of Table 2.
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Table 2. The summary of the specified values of the properties for UBs.
UB I1403 Ratio O1v log(Ne1)  log(Ne2) Inin Vpoppler  Inuv I>798.8 Mg 11h Resp. Ivgn Ior LF B
(x10% 1394/1403 Emission [em—3] [em—3] [km 5_1] redwing [km s—1] bluewing [min] [G]
1 8.0 1.92 yes 11.15 11.91 0.30 (0.026) -2.8 1.30 1.75 [—160, —22][26, 155] 6.41 4.07 26 480
2 3.0 1.94 yes 10.47 11.91 0.36 (0.054) 0.6 1.66 2.73 [—160, —20][25, 155] 16.37 6.51 4 167
3 2.0 1.97 no X X 0.38 (0.056) —-1.4 X X [—120, —27]]26, 130] 2.72 3.55 4 176
4 2.6 1.94 no X X 0.36 (0.026) 0.7 1.70 1.66 [—160, —25][24, 155] 4.64 3.96 >20 57
5 3.2 1.88 yes 11.04 11.88 0.28 (0.059) —4.6 X X [—100, —22][18, 95] 3.55 3.29 108 150
6 1.7 2.02 no X X 0.42 (0.043) —2.6 1.47 2.00 [—130, —25][24, 125] 7.80 4.53 8. 30
7 1.9 1.85 no X X 0.53 (0.025) —-14 X 2.82 [—120, —23][27, 120] 5.93 3.78 60 —67
8 35 1.96 no X X 0.55 (0.021) 0.6 2.20 4.50 [—160, —17][18, 155] 19.67 8.59 30 —184
9 2.7 1.99 only 1401 X 12.26 0.31 (0.055) -23 1.26 1.51 [—145, —20][22, 120] 6.89 4.28 120 137
10 1.0 1.99 no X X 0.36 (0.112) 0.1 1.35 1.22 [—160, —25][22, 155] 4.36 4.13 120 121
11 24 1.95 only 1401 X 11.94 0.26 (0.099) —-14 1.20 1.56 [—160, —26][17, 155] 3.45 3.05 48 —91
12 1.6 2.02 no X X 0.59 (0.295) 0.1 X X [—105, —22][21, 110] 11.22 3.32 3 54
Pre E,B 1.7-2.0 not all X 12-13 X -5 E E E E E tens X

T1403: Integrated intensity of Si1v 1402.77 A, the unit is ergcm 2 s~ sr—! pixel . Ratio: Intensity ratio of Si1v 1393.76 A to 1402.77 A. N,q: Density diagnostics from the intensity ratio of O1v 1399.78 A to 1401.16 A,
the theoretical intensity ratio-density curve is derived from CHIANTIVS. N,,: Density diagnostics from the intensity ratio of Si1v 1402.77 A to O1v 1401.16 A with the Log-linear DEM method described
in Young et al. [35]. In;;: Relative intensity of Ni111393.33 A to the amplified blue wing of Si1v 1402.77 A at Ay ;== FWHM around 1393.33 A. The errors of Iy; ;; shown in the brackets are calculated from the
measurement errors provided by the IRIS level 2 data and transferred in the calculating process. Vpyp1er: Doppler shifts for Ni111393.33 A Iyuv, Iyoss, 1 Mg 11 and Io j: The relative intensities of the intensities
of UB to the average intensities in the whole FOVs for NUV continuum, Mg 112798.8 A red-wing, Mg 11 h blue-wing and O11355.60 A, respectively. Mg It h Resp.: Wavelength range of Mg i1 h in the units of
km s~1, in which the UBs have responses. LF: lifetime of UBs. B: photospheric LOS magnetic field strength (—/+) of UBs in the location marked by the blue contour in Figure 1. Pre: spectral parameters reported
in the previous studies, e.g., [5,13,16,36]. Because the lack of quantitative values, here we used 'E’ and ‘B’ to, respectively, represent the enhancements and broadening of spectral lines as reported in the

previous studies.
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3.1. Spectral Characteristics

These 12 UBs clearly present complex line profiles in Mg 11, C 11 and Si1v. In Figure 2,
we show the typical line profiles of UB1 as an example. In these spectral windows with
comparisons to the ones taken from the relative quiet region inside the active region, we
can clearly see enhancements in the blue and red wings of the chromosphere /TR emission
lines Mg 11, C1I and Si1V), and also the absorption features of chromospheric cool lines
(e.g., NiI1, Fe 1l and Mn1) are superposed on Si1v, C1I and Mg I lines. These are the typical
characteristics of UBs as reported in the previous studies (see the Introduction for details).

Si Iv 1394 Si IV 1394 Si IV 1403
10t T g 5): RS N 8000 1394
5 N\ —
10° 10 DY 6000 ]
2 = N : 2
5 10? E 10? 540007 9
£ < AN £
10'; 10' : 2o 2000 9
=i 2 = 2 = z o=
AT ol L2 o w & SRR 0
0O 2 4 6 8 10 1392 1393 1394 1395 1400 1401 1402 1403 1404 -300 -200 -100 O 100 200 300
X (arcsec) Wavelength [A] Wavelength [A] Doppler Velocity [km s™']
Mg II
10°g : 3
> > r ]
? Rl : E
2 S E : 3
£ £ E v
g2 V- < b
100 T . = o T : = -
E s s .¢ g§ £ g E
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NUV continuum 2798.8 red wing 2798.8 center 2803 blue wing 2803 center 011356 0 IV 1399 0 IV 1401

(h) A ()

™ ﬂi'-

0O 2 4 6 8 10 2 4 6 8 10 2 4 6 B8 10 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
X (orcsec)

Figure 2. Spectral respondings of UB1 as an example. (a,g—n): the closer looks at UB1 in intensity images for Si1v 1394 A, the
NUV continuum, the red wing and line center of Mg 112798.8 A, the outer blue wing (at the Doppler shifts from —60km s~!
to —40km sfl) and line center of Mg11h, O11355.60 A, and O1v1399.78 A and 1401.16 A. In intensity images whose sizes
are 10" x 10", the pixels with UB-type spectra are marked by the light-blue points. (b—f): typical IRIS line profiles (black
lines) of UB1 at Si1v 1394, 1403, C 1t and Mg I1 spectral windows and aligned line profiles for Si1v 1394 A (black solid lines)
and 1403 A (light-blue dashed lines). Radiometric calibration was applied on the spectra to convert the spectral units from

DN to flux with the units of erg cm =2 s~! sr! pixel ~1. The reference line profiles (blue lines) averaged over the relative quiet
region inside the active region is also overplotted. In Panel (e), we also plot the NiII presenting profile in red solid lines.

We first analyze the characteristics spectral lines of these UBs to see whether this
group of UBs have any significant difference from those reported in the literature. An
example of the information for the characteristics spectral lines in UB1 has been shown
in Figure 2 and the results for all events are given in Table 2. Most of those parameters
have been measured for the other samples reported in the literature (see the Introduction
for details). Here we introduce one parameter which is firstly defined (or quantified) in
the present study. We use the contributions of Ni IT absorption to the Si1v 1394 A line as
the relative intensities of Nill in these UBs (the temperature at max ionisation ratio for
Nill is log(T/K) = 4.15 derived from CHIANTI V8, see Appendix A for more details and
the associated results are given in 7th and 8th columns of Table 2). The chromospheric
absorption lines like Ni IT emit from the cool materials located above the heated plasma of
UBs and are found to be related to the formation heights of UBs [16]. We can see that the
relative intensities of NilI are clearly various in different UBs.
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To justify whether an UB has response in O 1v, we checked the images of one UB at the
wavelength bands around 1399.78 A and 1401.16 A subtracted by the continuum emissions
(see Figure 2m,n). With these examinations, we found that three UBs (UB1, UB2, UB5) have
responses in both O 1v 1399.78 A and 1401.16 A, and two UBs (UB9 and UB11) has response
only in O1v 1401.16 A. Through the ratio of the two O1V lines, we can derive the electron
number density of the event using the CHIANTI atomic database with modelling at a fixed
temperature of 1.4 x 10° K. We found that the electron number densities (log(N,/cm™2))
are 11.15, 10.47 and 11.04 for UB1, UB2 and UBS5, respectively, (see Table 2). Using the
ratio-density curves predicted from the Log-linear DEM method as discussed by Young
et al. [35], we also derived the electron number densities (see Table 2) for the UBs (UB1, UB2,
UBS5, UBY and UB11) with the integrated intensity ratio of Si1v 1402.77 A to O 1v 1401.16 A.
The electron number densities measured by the second method could be several times or
an order of magnitude larger than that measured by the first method [37]. Combining the
densities and the one-dimensional, time-independent, semi-empirical atmospheric model
provided by Avrett and Loeser [38], we find that UBs might occur at the height ranging
from 900 to 2000 km above 509 = 1.

Compared to the outer wings of Mg11k&h, the NUV continuum that has lower
formation height can be used to probe the information of the lower solar atmosphere [39].
The Mg 112798.8 A line is blending of two Mg I lines at 2798.754 A and 2798.822 A, which
formed just above the temperature minimum of the solar atmosphere, at the heights around
0.6-1.2Mm above 1500 = 1 [40]. The O11355.6 A line is an excellent probe of the middle
chromosphere [41]. Based on our analysis and from Table 2, we find that all UBs have
responses in the images of O11355.60 A and the outer wings of Mg 11k and eight UBs
have responses in both images of the NUV continuum and the red wing of Mg 112798.8 A
at wavelength from 2798.93 to 2798.98 A. The emission of the NUV continuum and the
red wing of Mg112798.8 A could be from the bottom parts of the heated plasma of the
UBs, while the emission of O could be from the top parts of the heated plasma. These
results indicate that the plasma heating in these UBs mainly occurred at the low/mid
chromosphere [39-43], while the eight UBs with the enhanced NUV continuum might
have lower bottom parts of the heated plasma extending towards the photosphere. We
also examined the images of these UBs at different wavelengths of the Mg I1h line to see
whether they have response (the 11th column of Table 2). We found that these UBs show
responses in Mgl h at its wings from near center at ~20km s~! to far wings as large as
160km s~ (see Table 2) and the wavelength ranges of Mg 1T h with responses for different
UBs are various. In detail, four UBs (i.e., UB3, UB5, UB7, and UB12) have no response
at the outer wings (>140 km s’l) of Mg 11 k&h, NUV continuum, and Mg 112798.8 A line,
indicating the bottom parts of heated plasma for these four events are higher than that of
others. These results suggest that the thermodynamics and/or opacity of these UBs are
various. Further investigation using radiation-MHD models [42,44] or machine and deep
learning approach [45] with these observational constrains is required to understand the
different behaviours of Mg I lines of these UBs.

We see that our results show the variety in the characteristics of the UBs. Combining
the density analysis and spectral responses of UBs, we suggests that UBs can take place in
a variety of plasma environments at the height of low /mid chromosphere.

With these quantitative results shown in Table 2, we investigate the correlations
between the NilI absorption and any other spectroscopic parameters of the UBs (see
Figure 3a—d). It shows that the response of NiII absorption is well correlated with NUV
continuum and Mg 11 2798.8 A red wing intensities, but less correlated with Mg 11 h blue
wing and O1. This result is consistent with that reported by Tian et al. [16] who also found
that UBs with deeper NiII absorption always have larger continuum enhancement. Since
the NiII absorption is representative of the properties of absorption materials related to
the UBs, our results further suggest that the responses in NUV continuum intensity and
Mg 11 2798.8 A red wing are two external proxies to study the absorption materials related
to the UBs.
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Figure 3. The correlation diagrams between various spectroscopic parameters of UBs: (a) Ni111393 intensity and NUV
continuum intensity, (b) Ni1I 1393 intensity and Mg 11 2798.8 red-wing intensity, (¢) NiII 1393 intensity and Mg 11 h blue-wing
intensity, (d) Ni111393 intensity and O11355.6 intensity, (e) Si1v 1403 intensity and NiI1 1393 intensity, (f) Si1v 1403 intensity
and NUV continuum intensity, (g) Si1v 1403 intensity and Mg 1T h blue-wing intensity, (h) Si1v 1403 intensity and O11355.6
intensity. The corresponding correlation coefficients (CCs) are labelled in the diagrams. The error bars for Inyy, Ino7es s,
Ipg1n and Ipp are obtained from the ratios of the standard deviations of UBs to those of backgrounds (i.e., the whole FOVs).

We also investigate the correlation between the SilVv intensity and any other spec-
troscopic parameters of the UBs (see Figure 3e-h). We found that Si1V intensity has very
weak (almost no) correlation with any other parameters. Since the Si1v intensity could be
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representative of the main heated plasma of the UBs due to its highest temperature than
other observed spectra, this weak correlation suggests that the responses of UBs in Ni1I,
NUV continuum, Mg 11h wings and O1 are originated from heights differ from that of the
main heated plasma (which is defined to be the place emitting the Si1v line).

3.2. Activities of the Transition Region Loops Associated with UBs

In the SJ 1400 A and 1330 A and AIA 304 A images, we can see that all these UBs are
located in the joint footpoints of multiple loops. The loops (or loop systems) continually
flare up when the corresponding UBs were observed. To continue our analysis, we conduct
a more detailed investigation of the relationship between UBs and transition region loops
in four cases (UB1, UB5, UB7 and UB11). The rest UBs are not suitable for analyses because
of the low temporal resolution of the data, the complexity of the surrounding area, and the
very weak signal of associated loops in the ATA 304 A images.

We start our detailed analysis by giving the closer views for UB1, UB5, UB7, UB11 and
their associated loops in S 1400/1330 A, HMI and ATA 304 A images shown in the left three
columns of Figure 4. We also give quantitative parameters for UBs and their associated
loops in Table 3, including the numbers of loops connected to the UB, magnetic strengths
in the footpoint regions of the loops, loop lengths, and apparent velocities in along the
loops. These values can be useful for numerical experiments for UBs. In SJ 1400/1330 A
images (and the associated animation of Figure 4), the loops related to UBs marked by
dotted-lines are very dynamical and flare up repeatedly along with the lightenings of
the UBs. Cross-checking with HMI magnetograms, we find that the loops are connecting
opposite-polarities, and we give the magnetic strengths of the footpoints of the loops
in Table 3. AIA 304 A images present similar morphologies of the loops related with
UBs (see the third column of Figure 4). The loops in AIA 304 A images also marked by
dotted-lines present similar morphologies to that in SJ 1400/1330 A images, but the loops
in SJ1400/1330 A images are more and finer than that in AIA 304 A images. AIA 304 A
images with a cadence of 12s can show apparent motions of brightenings starting from
UB-regions and moving along the loops.

Because the temporal resolution of the SJ1400/1330 A images is too low, in order to
investigate the dynamics of the transition region loops we investigate dynamics of these
loops in the AIA 304 A images instead. We put four slices along the loops marked by green
dotted-lines in AIA 304 A images in Figure 4. The time-space images corresponding to
these slices can be obtained from AIA 304 A images. The backgrounds for each pixels
along the slices have been obtained from 5 min running average and subtracted from the
original signals. The time-distance images along these slices are given in the right column
of Figure 4. In time-space images, we can see many slant striations marked by blue solid
lines in the time-space images. As compared with AIA 304 A images, these striations are
the signals of brightenings starting from UB-regions and moving along the loops. For
UB5 and UBL11, we can see bi-directional propagating brightenings with similar apparent
velocities appearing symmetrically at both sides of the UB-regions.

We also investigate the time relationship between the loops and the corresponding
UBs. See the right column of Figure 4, the light curves of UBs are overplotted marked by
green curves in the time-space images. For UB11, almost every time the loop flares up, the
event becomes brightening. Furthermore, the beginnings of the moving brightenings in
loops are corresponding to the beginnings of brightenings of UB11. For UB5, we can also
see the similar time relationship. For UB1 and UB7, however, this time relationships are not
clear due to the higher time cadences of S] 1400/1330 A, and dynamics of TR background.
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Figure 4. The left three columns (al-d1, a2-d2 and a3-d3): closer looks for UB1, UB5, UB7, UB11 and their associated
loops in S] 1400 A or 1330 A, HMI and AIA 304 A images, respectively. The black contours and dotted-lines in these images
represent the UBs and loops, respectively. The footpoints (FPs) are marked in HMI magnetograms. The right column (al-a4):
time-space images for the loops marked by green dotted-lines in ATA 304 A images. The blue solid lines indicate the flows
which are originated from UB-regions and propagate along loops. The green solid curves represent light curves of UBs
obtained from SJ 1400 A images. An animation of this figure is provided.

The propagating brightenings can be moving plasma (flows) starting from UB-regions.
We can also calculate the apparent velocities for the propagating brightenings using the
slopes of these slant striations. The apparent velocities along the loops in AIA 304 A images
are given in Table 3. In three cases, the velocities are less than 50 km s~1, but in UB7 the
velocity is as high as 100km s~ 1.
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Table 3. Parameters for UBs and their associated loops.

Magnetic Strength [G] Loop Length Apparent Velocity
UBID Loop Number UB-Region Footpoint [Mm] [kms~1]
3 in 1400 42
UBL L 194422/19+5 234411 3o 2443
. FP1: 541+6 165
UBS5 >4 in 1400 5246/102+3 FP2: 146 + 20 10.0 45+15
4in 304 FP3: 698 + 70 180
5 in 1330 FP1: 108+ 6 71
UB7 2 in 304 —424£4/27 45 FP2: —80+ 4 54 100+22
. FP1: 246 + 16 11.0
UB11 7in 1400 ~73+28/<10 FP2: 171+ 6 10.7 29+15
6in 304 FP3: —132+3 11.6+29

Loop number: The loop (system) numbers associated with UBs are obtained by multi-channels, i.e., SJT1400/1330 A and AIA 304 A.
Magnetic strength: photospheric magnetic field strength in the unit of Gauss around the UB-region. Please note that the magnetic strengths
listed in Table 2 were obtained from the regions of UV bursts only that is different from here. Apparent velocity: The velocity of flows are
derived from ATA 304 A images.

4. Discussion and Conclusions

In the present study, we investigate twelve UBs occurring in the joint footpoint region
of multiple loops seen in the IRIS 1400 A (or 1330 A) images. The spectral characteristics of
these UBs are consistent with those reported in the previous studies, e.g., [5,14,16]. Again,
our results also show the variety in the characteristics of the UBs. This suggests that UBs
can take place in a variety of plasma environments. The lifetime of these 12 UBs are also
different from each other. Eight of them can exist more than 20 min in SJ images and
others only exist several minutes. Notably, the long-lasting events appear intermittently
and the duration of each appearance is about several minutes consistent with that of the
short-existing UBs. This indicates that the long-lasting events are generated by intermittent
process of magnetic reconnection.

We quantified the observational characteristics at different aspects of these UBs, i.e., the
responses in NUV continuum, Mg 11 2798.8 red wing, Mg II h blue wing, OTand Si1v, and
investigated their correlations. The response of NiII absorption is well correlated with NUV
continuum and Mg 11 2798.8 A red wing intensities that is consistent with that reported by
Tian et al. [16]. Our results further suggest that the responses in NUV continuum intensity
and Mg 11 2798.8 A red wing can also be used to study the absorption materials related to
the UBs. The correlations between Si1v intensity and any other parameters are very weak
(almost no correlation), which suggest that the responses of UBs in Nill, NUV continuum,
Mg 11h wings and OT1 are originated from locations differ from the heating ones.

The events studied here could be different from those modelled by Hansteen et al. [27],
who found EBs and UBs can be a result of the magnetic reconnection in a long-lasting
current sheet that located in a large bubble of emerging magnetic field, carrying with it
cool materials from the photosphere. In their case, the plasma densities in current sheet
and cool region could be similar to each other, and the emission of SilV is expected to
have a correlation to the responses of cool absorption lines (such as Ni1I). In our study, we
found that the correlation between Si1v intensity and the response of NiII absorption is
very weak. This indicates that the heated plasma and the cool absorption materials related
to the UBs might be not correlated, although their different formation temperatures might
also play a role.

Combining SJ 1400/1330 A and AIA EUV images, we made a detailed analysis for
four UBs (UB1, UB5, UB7 and UB11) that clearly show connections with the activities in
the associated transition region loops. These loops flare up several times when UBs are
enhanced. We found that brightenings starting from UBs’ region and propagating along
loops can be clearly seen in the SJ 1400/1330 A, AIA 304A images and their corresponding
time-space images. The apparent velocities along the loops are less than 50 km s~! in three
cases and as high as 100 km s~! in one case. For symmetry, the brightenings can propagate
from the UB-regions towards opposite directions with similar apparent velocities in some
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cases. Given that these UBs are believed to be magnetic reconnection phenomena, we
suggest that the propagating brightenings are the signals of moving plasma due to heating
from the magnetic reconnection in the UBs’ sites.

Similar propagating brightenings have also been reported by Huang et al. [30] and
Rouppe van der Voort et al. [25]. Huang et al. [30] observed propagating loop brightenings
in the S] images which are associated with six transition region explosive events. They spec-
ulated that the propagating brightenings are the result of magnetic reconnection. Based on
the results from observations and numerical simulations, Rouppe van der Voort et al. [25]
interpreted the propagating brightenings as a result of magnetic reconnection mediated
by the plasmid instability. As mentioned above, some long-lasting UBs in this study were
intermittently brightened and associated with repeated propagating brightenings along
transition region loops. The propagating brightenings in this study might be generated by
magnetic reconnection mediated by the plasmid instability.

Small-scale reconnection events (e.g., EBs and UBs) occur frequently in emerging
active regions (e.g., Vissers et al. [14], Pariat et al. [46] and Young et al. [1]), especially in
the earliest stage of flux emergence (e.g., Tian et al. [36]). For the UBs, the plasma can
be heated up to the transition region temperature by the local heating through magnetic
reconnection in the low atmosphere [1,5]. Furthermore, they appear often to be associated
with loops (e.g., Rouppe van der Voort et al. [25], Huang et al. [30] and Tian et al. [36]).
During flux emergence, such events were proposed to help the rise of undulatory flux tubes
into high atmosphere (appearing as coronal loops with heated plasma, Pariat et al. [46]
and Hou et al. [47]). Our study present consistent results including the UB-like spectral
properties and propagating brightening along loops, indicating that the UBs in this study
could play a role in the local plasma heating and providing mass and magnetic flux into
high solar atmosphere.

Peter et al. [5] suggested an U-loop scenario for this kind events. In the upper part
of the U shape, the magnetic field reconnects and results in one UB. In this cases, one big
loop can be generated through the process of the magnetic reconnection. Before magnetic
reconnections, the morphologies of UBs and the transition region loops shown in the
present work appear to be consistent with that picture. In our imaging observations, we
did not find signal of the generated loop. The reason can be that the temporal resolution
of these data-sets are too low and the generated larger loops decay too quickly. Therefore
we cannot capture the loops resulted from magnetic reconnection in the U-loop geometry.
Another explanation is that there are multiple fine-scale U-loop configurations in a small
region (e.g., UB region) and the magnetic reconnections occurring in one small-scale U-loop
cannot produce any loops with distinguished changes in size.

In summary, our observations indicate that UBs occurring in the joint footpoints
of multiple transition region loops are consistent with those reported in the literature.
UBs can occur in a variety of magnetic and plasma environments. Based on our spectral
analysis, we find that the plasma heating in these UBs mainly occurred at the low/mid
chromosphere and the heating regions of most UBs can extend towards the photosphere.
The transition region loops associated with the UBs can flare up due to the activity of the
UBs (i.e., magnetic reconnections in the low solar atmosphere). We suggest that small-scale
magnetic reconnection events play a role in plasma heating and mass transporting in TR
loops from the low solar atmosphere. These observational results could provide insight
into the formation of UBs and the dynamics in the transition region loops.
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Appendix A. The Relative Intensity of NiII Absorption

To obtain the contribution of Ni I absorption to the Si1v 1394 A line (the 7th column),
we first align the Si 1v 1403 A and 1394 A profiles that both of them match each other except
the wavelength range that was affected by absorption lines (see Panel d of Figure 2), and a
residual profile of each event is obtained by subtracting the amplified Si1v 1403 A profile
(that is the original profiles multiplied by the intensity ratio obtained above) from the
original Si1v 1394 A profile (see Panel d of Figure 2); then, the residual profile is used to
represent the absorption of NiI in the Si1v 1394 A profiles (hereafter, NiII representing
profile, see the red lines in Panel d of Figure 2), which appear to have a single Gaussian
profile; for the next step, we apply a Gaussian fit to the NiII representing profile to obtain
its peak intensity (pyj,), line center (Ay;,) and line width (full width at half maximum,
FWHMyj;,); finally, we calculate the ratio between the summed intensity of the NilI
representing profile to that of the amplified Si1v 1403 A profile in the wavelength range of
Ani, = FWHMy;,, and this ratio is used to quantify the absorption contributions of NilI to
the Si1v 1394 A profile and listed in the 7th column. The Doppler shifts obtained from the
Gaussian fits to the NilII representing profile of each UB are also given in the 8th column.
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