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ABSTRACT

Context. Quiet-Sun Ellerman bombs (QSEBs) are small-scale magnetic reconnection events in the lower atmosphere of the quiet Sun.
Recent work has shown that a small percentage of them can occur co-spatially and co-temporally with ultraviolet (UV) brightenings
in the transition region.

Aims. We aim to understand how the magnetic topologies associated with closely occurring QSEBs and UV brightenings can facilitate
energy transport and connect these events.

Methods. We used high-resolution HB observations from the Swedish 1-m Solar Telescope (SST) and detected QSEBs using k-
means clustering. We obtained the magnetic field topology from potential field extrapolations using spectro-polarimetric data in the
photospheric Fe16173 A line. To detect UV brightenings, we used coordinated and co-aligned data from the Interface Region Imaging
Spectrograph (IRIS) and imposed a threshold of S0 above the median background on the (IRIS) 1400 A slit-jaw image channel.
Results. We identify four distinct magnetic configurations that associate QSEBs with UV brightenings, including a simple dipole
configuration and more complex fan-spine topologies with a 3D magnetic null point. In the fan-spine topology, the UV brightenings
occur near the 3D null point, while QSEBs can be found close to the footpoints of the outer spine, the inner spine, and the fan surface.
The height of the 3D null varies between 0.2 Mm and 2.6 Mm, depending on the magnetic field strength in the region. Some QSEBs
and UV brightenings, though occurring close to each other, are not topologically connected with the same reconnection process. The
energy released during QSEB:s falls in the range 1023-10% ergs.

Conclusions. This study shows that magnetic connectivity and topological features, such as 3D null points, are crucial in linking

QSEBs in the lower atmosphere with UV brightenings in the transition region.
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1. Introduction

Ellerman bombs (EBs) are small-scale, short-lived enhance-
ments observed in the wings of the Ha spectral line at 6563 A,
first reported by Ellerman (1917). These events typically occur
in solar active regions. They are driven by magnetic reconnec-
tion in the lower solar atmosphere, particularly in the photo-
sphere, due to interactions between opposite magnetic polarities
during magnetic flux emergence. EBs are distinguished by
their characteristic moustache-like spectral profile (Severny
1964), where the He wings show enhanced emission while
the core remains unperturbed in absorption. When observed
near the solar limb, EBs appear as tiny bright flames, with
lifetimes ranging from a few seconds to several minutes (e.g.
Kurokawa et al. 1982; Nindos & Zirin 1998; Watanabe et al.
2011; Rutten et al. 2013; Nelson et al. 2015). Recently, events
similar to EBs were also discovered in quieter parts of the Sun,
away from active regions, by Rouppe van der Voort et al. (2016)
using Ha observations from the Swedish 1-m Solar Telescope
(SST; Scharmer et al. 2003). They are called quiet-Sun Eller-
man bombs (QSEBs) and share many characteristics with EBs
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but occur in less magnetically active areas. Joshi et al. (2020)
and Joshi & Rouppe van der Voort (2022) find that QSEBs are
ubiquitous, estimating that around 500000 QSEBs occur on
the Sun at any given moment using high-resolution HS obser-
vations from SST. This estimate was revised to 750000 by
Rouppe van der Voort et al. (2024), who utilised He observa-
tions for improved detection due to the higher spatial resolution
and larger contrast of the shorter wavelength He line.

Both QSEBs and EBs occur due to magnetic recon-
nection, and several studies have explored various topo-
logical scenarios that explain the occurrence of EBs. One
of the scenarios is the magnetic reconnection between the
newly emerging flux and pre-existing magnetic fields (e.g.
Watanabe et al. 2008; Hashimoto et al. 2010; Hansteen et al.
2017; Nébrega-Siverio et al. 2024). In another scenario, EBs
can arise in unipolar regions due to a misalignment of
field lines causing the formation of a quasi-separatrix layer
(Demoulin et al. 1996) between regions with the same mag-
netic polarity. There, shearing between the different topological
configurations can trigger reconnection (Georgoulis et al. 2002;
Watanabe et al. 2008; Hashimoto et al. 2010). Another scenario
proposed by Pariat et al. (2004, 2006, 2012a,b) suggests that
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Fig. 1. Overview of the observed region in the HB blue wing, SJI 1400, and magnetic field (Byos). The two white squares mark the regions with
continuous QSEB and UV brightening activity. The first four events analysed in this paper occurred in Region 1, and the fifth event occurred in
Region 2. Red contours at the top outline the QSEB detections. Yellow contours outline >50 UV brightenings. The arrow in the top panel shows
the direction towards the nearest limb. B; os maps with contours at 20~ above the noise level for these two regions are shown on the right, with the
QSEB and UV brightening contours. The values for By os in panels (c) and (d) have been saturated to +100 G for better representation.

EBs can occur at bald patches, where U-shaped photospheric
magnetic loops are prone to reconnection. They can also hap-
pen at the separatrices associated with bald patches in emerging
serpentine-shaped magnetic fields. These different reconnection
scenarios highlight the complexity and diversity of the magnetic
topologies that can lead to the formation of EBs. It is therefore
worth investigating if this complexity in the magnetic topology
also extends to QSEBs.

Higher in the solar atmosphere, regions with opposite mag-
netic polarities can host ultraviolet (UV) bursts. They are
observed with the Interface Region Imaging Spectrograph (IRIS;
De Pontieu et al. 2014) as compact, intense, and rapidly vary-
ing brightenings in the SiIV spectral lines (Peter et al. 2014).
These events are typically smaller than 2” and have dura-
tions ranging from mere seconds to over an hour (Young et al.
2018). The SiIv emission lines observed during UV bursts are
often broadened, with their spectral wings including absorption
blends from neutral or singly ionised species such as FeIl and
Nill. This suggests that the plasma, heated to transition region
temperatures of around 100000 K, is located beneath a cooler
chromospheric canopy of fibrils (Peter et al. 2014), an interpre-
tation that has since been supported by several studies (e.g.
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Vissers et al. 2015; Gupta & Tripathi 2015; Huang et al. 2017,
Kleint & Panos 2022). Like EBs, UV bursts are also triggered
by magnetic reconnection in complex topological configurations
in the solar atmosphere. Toriumi et al. (2017) and Zhao et al.
(2017) demonstrate that UV bursts frequently appear at bald
patches in emerging flux regions. On the other hand, Tian et al.
(2018) find that only a small portion of UV bursts can be linked
to bald patches. Most of these events take place in regions
with high squashing factors (Demoulin et al. 1996; Titov et al.
2002; Longcope 2005), around 1 Mm above the surface, where
strong variations in magnetic connectivity and electric currents
are present. This is similar to the mechanism observed for EBs
(Pariat et al. 2004). Chitta et al. (2017) and Smitha et al. (2018)
highlight the fan-spine topology as an apt magnetic configura-
tion for UV burst generation. Fan-spine topologies can also form
in the case of flux emergence, with a null point present some-
where in the atmosphere. Rouppe van der Voort et al. (2017) and
Nobrega-Siverio et al. (2017) show that UV bursts occur as a
result of magnetic reconnection between newly emerging mag-
netic domes and the pre-existing ambient magnetic field. This
structure consists of a dome-shaped fan surface with a 3D mag-
netic null point where the magnetic field strength goes to zero
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Fig. 2. Cartoons schematising the magnetic topologies derived from potential field extrapolations for co-occurring QSEBs and UV brightenings.
Panel (a) shows a dipole configuration with a black vertical line marking the polarity inversion line (PIL). Panels (b), (c), and (d) depict UV
brightenings occurring at the null point of a fan-spine topology. These three panels highlight various possible locations for QSEBs: near the
footpoint of the outer spine (b), near the footpoint of the inner spine (c), and near the dome footpoints (d). The orange-shaded parts highlight the

possible regions influenced by the energy flow from the reconnection site.

(Priest & Forbes 2002; Longcope 2005). The inner and outer
spine pass through this null point, with their footpoints rooted in
regions with the same magnetic polarity, while the fan surface (or
dome) footpoints are anchored in a ring-shaped area of opposite
polarity around the inner spine. The null point acts as a potential
site for magnetic reconnection, facilitating energy release and
triggering a UV burst at this location.

Vissers et al. (2015) demonstrate simultaneous occurrences
of EBs and UV bursts, observed through IRIS spectra in the
Mg triplet and SiIv lines. Their analysis shows that EBs
can heat plasma to much higher transition region temperatures
than previously thought. Similarly, Tian et al. (2016) identi-
fied ten UV bursts associated with EBs that show notable Ha
wing brightening but lack a line core signature, indicating that
these events might share similar origins. Hansteen et al. (2019)
used a 3D radiative magnetohydrodynamic Bifrost simulation
(Gudiksen et al. 2011) to model how EBs and UV bursts can
form along an extended current sheet at different heights in the
solar atmosphere. They found that EBs and UV bursts are part
of the same magnetic reconnection system, occurring at differ-
ent heights along the current sheet. Specifically, EBs are con-
fined to the lower photosphere, up to around 1200 km, while
UV bursts form at higher altitudes, ranging from 700km to
3 Mm above the photosphere. Hansteen et al. (2019) suggest that
the orientation of the current sheet and the viewing angle can
cause spatial offsets between EB and UV burst occurrences.
Skan et al. (2023) used magnetohydrodynamic simulations with
the MURaM (Vogler et al. 2005; Rempel 2017; Przybylski et al.
2022) code to explore small-scale loop-like structures in the

solar atmosphere. The synthetic Ha and SiTv signatures in their
simulations have been linked to EBs and UV bursts, with some
events showing coincident emissions in both observables. This
is further supported by the observations of Vissers et al. (2015),
Chen et al. (2019), and Ortiz et al. (2020), which demonstrate
that UV bursts frequently co-occur close to EBs with a spatial
offset towards the limb. Nelson et al. (2017) provided the first
evidence of transition region response to a QSEB, detecting Si1v
emissions using coordinated Ha and IRIS observations.

In our previous study, Bhatnagar et al.(2024, hereafter
Paper I), we investigated the spatial and temporal relationship
between QSEBs and UV emissions in IRIS observations. We
found that the SiIv emission did not result in as intense and
extremely broadened spectral profiles as in active region UV
bursts and referred to these events as UV brightenings. We
also showed that 15% of long-lived (>1min) QSEBs could
be associated with UV brightenings in the SiIv lines. This
analysis revealed that QSEBs often precede UV brightenings,
which occur within 1000km of the QSEB, typically in the
direction of the solar limb. Some QSEBs, which were sam-
pled by the IRIS slit, also exhibited emissions in the SiIv and
Mg1I triplet spectral lines, implying that QSEBs can generate
localised heating up to transition region temperatures. The obser-
vations of Paper I include high-quality measurements of the
photospheric magnetic field. In this paper, we build upon this
foundation and analyse the magnetic topology of regions with
co-spatial and co-temporal QSEBs and UV brightenings, as well
as explore different reconnection scenarios that can relate these
events.
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Fig. 3. Details of the QSEB with dipole magnetic topology in Region 1, at the instance of maximum wing enhancement in the wings of the HB
line. The top row shows the QSEB in HB —0.6 A, the By os map with contours at 20~ above the noise level, and SJIs 2796 and 1400. SJIs 2796 and
1400 are at a different time, as the UV brightening begins before the QSEB. The yellow contour in panel (d) shows a region with >5¢ intensity
in SJI 1400. The dashed pink box in panel (b) encloses the area considered to calculate the magnetic flux and magnetic energy shown in Fig. 5.
Panel (e) shows the normalised intensity in HS at the blue cross in the HB —0.6 A image shown in panel (a). Panel (f) shows the At diagram for the
blue marker over the QSEB. The position of this marker has been adjusted a few times to follow the strongest EB spectra for each timestep. The
vertical blue markers in panels (e) and (f) denote the position of the wing of the HS line, the image of which is shown in panel (a). The horizontal
blue marker in panel (f) denotes the time of the snapshot shown in this figure. An animation of this figure, which shows the evolution of both the

QSEB events discussed in Sect. 4.1, is available in the online material.

2. Observations

The observations are a 51 min time series acquired with the
SST in quiet Sun near the north limb (u = 0.48) on 22 June
2021 from 08:17:52 UT to 09:08:32 UT. The CHROMospheric
Imaging Spectrometer (CHROMIS; Scharmer 2017) instrument
acquired HB spectral data at 27 line positions at a temporal
cadence of 7s. The CRisp Imaging SpectroPolarimeter (CRISP;
Scharmer et al. 2008) provided spectro-polarimetric data in the
Fel 6173 A line at a cadence of 19's. Milne-Eddington inver-
sions were performed to estimate the full magnetic field vec-
tor using an inversion code by de la Cruz Rodriguez (2019). The
noise level in the maps of the line-of-sight magnetic field (Bros)
was estimated to be 6.4 G, as done in Paper 1. High data qual-
ity was achieved with the aid of the SST adaptive optics system
(Scharmer et al. 2024) and image restoration using multi-object
multi-frame blind deconvolution (MOMFBD, Van Noort et al.
2005) as part of the standard SSTRED data reduction pipeline
(de la Cruz Rodriguez et al. 2015; Lofdahl et al. 2021).

IRIS observed the same region as part of a coordinated obser-
vation campaign with SST. We used the slit jaw images (SJIs) in
the 1400 A and 2769 A channels that were acquired at a cadence
of 18s. The SJI 1400 A channel is dominated by emission in
the transition region Si1v 1394 A and 1403 A spectral lines. The
SII 2769 A channel is centred on the MgII k line core. We
aligned observations from the Atmosphere Imaging Assembly
(AIA; Lemen et al. 2012) instrument on board the Solar Dynam-
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ics Observatory (SDO; Pesnell et al. 2012) to the SST observa-
tions following a procedure developed by Rob Rutten'. For more
details on the observations and alignment between the different
spectral lines and channels, we refer to Paper I.

3. Method of analysis
3.1. Identification of events

A detailed description of the method of identifying QSEB events
in the HB data, the associated UV brightenings in the SJI 1400
data, and steps for linking them together is given in Paper 1. In
short, the QSEB detection employs k-means clustering (Everitt
1972) to identify characteristic EB spectral profiles and subse-
quently uses connected component analysis to connect EB pro-
files in space and time. Each QSEB event received an event ID
number and was tracked using the Trackpy Python library?. In
total, 1423 QSEB events were detected in the 51 min time series.
For the UV brightenings, we focused on the strongest events by
employing a threshold of 50~ above the median background. This
resulted in the detection of 1978 UV brightening events. We
find that many of the associated UV brightenings occur within
1000 km of the QSEBs.

This paper focuses on two regions where QSEBs and UV
brightenings were repeatedly observed throughout the time

! https://robrutten.nl/Recipes_IDL.html
2 https://soft-matter.github.io/trackpy/v0.6.4/
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Fig. 4. Magnetic topology of the two QSEBs with dipole configurations in Region 1. Panels (a) and (c) show the loops connecting the positive
and negative polarities before the two QSEBs occur. The height of the loops are 200 km and 323 km, respectively. The heights of the same loops
reduce to 90 km and 160 km in panels (b) and (d) when the QSEBs occur. In this (and subsequent) VAPOR visualisation(s), the grey-scale image
at the bottom shows the By os map, and the higher image shows the HB wing in light blue and white shades. The QSEBs are visible as elongated
white patches in the right column. The yellow arrow shows the direction towards the closest solar limb.

series. Regions 1 and 2 are marked in Fig. 1. The figure shows an
instance when strong QSEB events were visible in the HB wing
and their associated >50 UV brightenings visible in SJT 1400 in
these two regions. From Region 1, we examined four instances
of QSEBs occurring at the same location at different times dur-
ing the time series, and from Region 2, we studied two QSEBs
occurring at the same location and at different times. These are
chosen to highlight the varied magnetic field configurations at
the site where the QSEBs and UV brightenings occur. The UV
brightenings in Region 1 are at spatial offsets ranging between
390 km and 980 km from the QSEB in the direction of the closest
limb. For Region 2, The UV brightenings also occur with some
spatial offset towards the limb at distances between 560 km and
740 km, from the QSEB.

3.2. Magnetic field extrapolation

We performed fast Fourier transformation based potential field
extrapolations (Nakagawa & Raadu 1972; Alissandrakis 1981)
on both the regions using the corresponding Byops data. The
box sizes for the extrapolation were 256 X 256 X 256 pixels for
Region 1 and 600 x 560 x 256 pixels for Region 2. This corre-
sponds to a physical domain size of 7Mm X7 Mm X 7Mm for
Region 1 and 16.5Mm X 15.4 Mm x7Mm for Region 2. The
regions were chosen such that the bottom boundary was approx-
imately in flux balance when performing the magnetic field
extrapolations. This ensured that the resultant extrapolated mag-
netic field approximately satisfied the divergence-free condition.
The mean of Byps for Regions 1 and 2 are 0.6G and 2.0G,
respectively, which are well below the 6.4 G noise level in By ps.
The corresponding values for the ratio of total flux to the total
unsigned flux are 0.09 and 0.25, respectively. The magnetic field

lines for the extrapolated field were drawn using the visualisa-
tion software VAPOR (Li et al. 2019). The magnetic field lines
shown in the subsequent figures were traced by selecting a small
region near the base of the QSEB and randomly placing the seed
points with a bias towards stronger values of absolute B og to
initiate the bidirectional field line integration. This allows us to
continuously follow the strong polarities as they move during the
time series. To detect the location of the magnetic null points, we
biased the seed points with a large squashing factor (Titov et al.
2002, 2009). This allowed us to follow the changes in fan-spine
topology associated with the 3D null points during the event in
more detail. The squashing factor was computed with the code
from Liu et al. (2016). For a visual comparison of the extrapo-
lated magnetic field lines with QSEBs in HS and UV brighten-
ings in the SJI 1400 A channel in 3D, we placed the QSEBs in
Hp slightly above the photosphere, while for the UV brighten-
ings, the SJI 1400 layer is placed at different heights based on
the height of the 3D null point.

4. Results

In this study we highlight four different magnetic topologies that
can be associated with QSEBs and their related UV brightenings.
Figure 2 presents simple cartoon sketches of these four topolo-
gies, which can be briefly described as follows:

a. The QSEB and UV brightening occur at the polarity inver-
sion line (PIL) between a dipolar arrangement of opposite
polarities.

The UV brightening occurs at a 3D magnetic null with a fan-
spine configuration and

b. The QSEB occurs around the footpoint of the outer spine.

c. The QSEB occurs around the footpoint of the inner spine.

A221, page 5 of 13
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Fig. 5. Evolution of positive and negative magnetic flux and magnetic
energy for the two QSEBs with dipole magnetic field configurations in
Region 1. The error in positive and negative flux is shown as thin-shaded
regions along the curves. The region used to calculate these quantities is
outlined in Fig. 3b. The yellow-shaded regions denote the QSEB occur-
rences.

d. A QSEB or multiple QSEBs occur around the footpoints of
the fan surface.

We present observations corresponding to each of these config-

urations in the subsequent subsections.

4.1. QSEBs and UV brightening with a dipole configuration

We observed two QSEBs in Region 1, which have a dipole mag-
netic topology. Figure 3a shows the flame-like QSEB in the blue
wing of the HB line. We discuss two instances of QSEB activity
— (i) QSEB-1 from 08:56:22 UT with a duration of 202 s and (ii)
QSEB-2 from 09:03:57 UT with a duration of 87s. The snap-
shot in Fig. 3 at time 09:04:47 UT corresponds to the QSEB-2
event when the QSEB exhibits maximum wing enhancement.
Significant increases in wing intensity are observed at other
times as well, which can be seen in the accompanying movie.
The snapshot shows that the QSEB-2 occurred on the stronger
positive polarity, as shown in panel (b). However, the corre-
sponding movie (see the online version) reveals that during the
first event, QSEB-1 starts between the two opposite polarities
and slowly moves to the stronger positive patch during the sec-
ond event. The location at which the HB spectra are displayed,
indicated by the blue marker over the QSEB, was adjusted a
few times to sample the strongest QSEB spectra throughout the
sequence. The SJI 1400 image in Fig. 3d shows a UV bright-
ening near the QSEB with >50 contours. These events appear
before, after, and during the occurrence of the two QSEBs.
Figure 4 illustrates the magnetic topology near the QSEBs at var-
ious timesteps, which is similar to the sketch in Fig. 2a, where
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the field lines connect the two opposite polarities. Panel (a)
shows the topology before the onset of QSEB-1 at 08:56:15 UT,
with extreme Bjog values of —49 and +70G at the loop foot-
points. Panel (b) depicts the topology when the QSEB occurs
at 08:56:58 UT, with extreme Bjos values of —36 and +68 G
at the footpoints of the dipole. Similarly, for QSEB-2, panel
(c) denotes the instance before its occurrence at 09:03:07 UT,
with extreme By s values of —100 and +93 G at the dipole foot-
points. These values reduce to extreme By os of —64 and +77 G
when the QSEB-2 occurs at 09:05:02 UT, shown in panel (d).
We observe slight flux emergence before the onset of QSEB-
1 from 08:53:29 UT. The changes in magnetic flux and mag-
netic energy are shown in Figs. 5a and 5b. To calculate the
magnetic flux, we considered the region enclosed by the dashed
pink box in Fig. 3b. For the magnetic energy of the potential
field, we considered a small volume around the QSEB, with the
same bottom boundary as used for calculating the magnetic flux
and extending slightly beyond the height of the loops in the z-
direction (till z = 415km). The apex height of the loops at
08:56:15 UT, just before QSEB-1 begins, is 200 km above the
photosphere. The cancellation between the two opposite polari-
ties begins at 08:56:30 UT, reducing the magnetic energy within
the region. The magnetic energy before the onset of this QSEB is
7.27 x 10** ergs, which decreases by 7.06 x 10?3 ergs by the time
the QSEB ends. The loop apex height also starts to decrease,
reaching 90km above the photosphere at 08:56:58 UT, when
QSEB-1 occurs. After QSEB-1 ends, a considerable flux emer-
gence is observed in the region, resulting in a build-up of mag-
netic energy in the volume to 1.71 x 10> ergs by 09:03:50 UT.
Consequently, the loop height increases to 323 km before the
beginning of QSEB-2. This QSEB initiates at 09:03:57 UT as
soon as the magnetic energy begins to drop. The loop height
also reduces to 160km during the strongest enhancements of
the HB line. The magnetic energy continues to decrease until
09:06:51 UT, with a total of 9.26 x 10** ergs being released. The
corresponding By os values for both the cases mentioned above
show that the loop height is proportional to the By os at the foot-
points of the loops. The heights of these loops increase when
there is flux emergence and decrease when there is cancellation.
We see that more magnetic energy is released when QSEB-2
occurs, indicating more cancellation, which has stronger Biog
at the loop footpoints compared to QSEB-1. The accompany-
ing movie also shows that QSEB-2 shows more wing enhance-
ment of the HB spectra than QSEB-1. The UV brightening is
shown close to the loop tops of the QSEB with some spatial oft-
set towards the direction of the limb, which is shown in Fig. 6.

4.2. UV brightening at 3D null and a QSEB at the outer spine
footpoint

Figures 7a and 7b show an observation corresponding to the
topology illustrated in Fig. 2b. The UV brightening, shown as a
yellow region, occurs near the 3D null point, which is located
193km above the photosphere. Two QSEBs are observed in
close proximity to this UV brightening; we call them QSEB-
A and QSEB-B. QSEB-A is located where the outer spine of
the 3D null connects with the positive polarity. In the snap-
shot shown in Fig. 7 at 08:21:20 UT, it has a magnetic bright
point type spectrum with no EB-like wing enhancements. How-
ever, after 90 s, this magnetic bright point evolves into a QSEB,
displaying strong intensity enhancements in the wings of the
Hp line. The QSEB-A occurs on the positive patch, which has
extreme Brog value of +89G before the QSEB begins and
increases to By os of +148 G during the QSEB event. In Figs. 8a
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Fig. 6. Magnetic topology for a dipole configuration showing the co-
spatial and co-temporal QSEB and UV brightening in Region 1. Panel
(a) presents a 3D view with the north limb pointing up, the QSEB
close to the photosphere, and the UV brightening at the top of the
loops, slightly offset towards the north limb. Like in Fig. 4, the grey-
scale image in the bottom is the Bips map, and the higher image is the
Hp wing image with the QSEB in light blue and white shades. In this
(and subsequent) 3D visualisation(s), the UV brightening in SJI 1400 is
shown as a yellow patch. Panel (b) shows a top view of the loops, QSEB,
and UV brightening. The yellow arrow shows the direction towards the
limb.

and 8b, we see flux emergence and increase in the magnetic
energy begin right when this QSEB occurs, indicated by the
yellow-shaded region. The reconnection at the 3D null point
causes localised heating, which we observe as the UV bright-
ening near the null point. QSEB-A likely occurs due to energy
transport from the reconnection site at the 3D null along the outer
spine where the field is strong. The magnetic field is very weak
at the footpoint of the inner spine, which could explain why there
is not sufficient heating to produce an observable QSEB. QSEB-
B is also observed close to the UV brightening, but based on the
magnetic connectivity, it does not appear to be triggered by the
same magnetic reconnection responsible for the UV brightening.
This QSEB exhibits a dipole configuration, similar to Fig. 2a.
The footpoints of the loops connecting the two polarities, along
with the footpoints of the inner spine, the fan surface, and the
outer spine of the 3D null, are depicted in Fig. 7c. The evolution
of magnetic flux shows the cancellation of opposite polarities
during its occurrence, as shown in Fig. 8c. The magnetic energy
for both QSEBs is calculated within a box around the QSEBs
with the bottom boundary as the dashed pink boxes shown in
Fig. 7c, and considering height till z = 276 km. The magnetic
energy for QSEB-B increases to 2.06 x 10%* ergs and drops by
1.00 x 10?* ergs by the time the QSEB ends. While the QSEB-B
and the UV brightening share a common negative polarity, their
respective reconnections occur on opposite sides of this polar-
ity. As a result, this QSEB and UV brightening are not directly
connected to each other.

4.3. UV brightening at 3D null and a QSEB at footpoints of
the fan surface

In Sect. 4.2 we present a QSEB close to the UV brightening
with a dipole configuration at 08:21:20 UT. Four minutes later,
at 08:25:10 UT, a QSEB is observed again at the same location.
This time, the fan surface (dome) associated with the 3D null
has expanded, with some of its footpoints now situated at the
positive polarity where the QSEB occurs, as shown in Fig. 9a.
A sketch of this topology is shown in Fig. 2d. In the time series
that follows, we observe many QSEBs near the footpoints of this
dome structure. The inner spine is rooted in a negative polar-
ity patch, while the footpoints of the dome connect to nearby
positive polarities. These QSEBs typically occur at the stronger
positive polarity regions linked to the footpoints of the fan sur-
face of the 3D null. Here, we present a case where the QSEB
occurs at one of these stronger positive polarities, which has
extreme Bpog value of +54 G, though, in the subsequent time
series, QSEBs are also observed at two other strong positive
polarity patches. The QSEB could be happening due to energy
flow from the reconnection site to the stronger polarities, caus-
ing localised heating. The 3D null is positioned at a height of
approximately 480 km above the photosphere, rooted in a nega-
tive polarity patch, which has an extreme By og value of —45G
during this event. The UV brightening occurs close to the 3D
null point, where reconnection likely occurs due to misalign-
ment between magnetic field lines of the fan surface and the
emerging dipole loops, potentially forming quasi-separatrix lay-
ers and current sheets. Figure 9a shows the dipole configuration
of this QSEB, while Fig. 9b shows the B os map with one of
the footpoints of the dipole being located on the same negative
polarity patch where the inner spine of the 3D null is located.
This indicates that a common reconnection could be the source
of both the QSEB and the UV brightening. Figure 10a shows
flux emergence, with the positive polarity at the QSEB location
increasing its flux even while the QSEB occurs. Only the neg-
ative polarity, where the footpoints of the dipole of the QSEB
are located, shows some decrease in flux from 08:25:17 UT. For
this calculation, we considered a box around the QSEB, with
the bottom boundary as the dashed pink region shown in Fig. 9
and taking height till z = 415km. This type of configuration
seems to be a miniature version of the larger topologies studied
in numerical simulations, where the emerging dipoles are shown
to affect the pre-existing null point configuration like in coronal
bright points (N6brega-Siverio & Moreno-Insertis 2022) or flux
rope eruptions (Torok et al. 2024).

4.4. UV brightening at 3D null and a QSEB at the inner spine
footpoint

In Region 2, we identify a QSEB whose topology corresponds
to panel (c) of the cartoon in Fig. 2. The QSEB is shown in
the red wing and the core of Hp line in Fig. 11. There are two
events of this QSEB — (i) from 08:18:54 UT to 08:27:18 UT, with
a duration of 504 s and (ii) from 08:33:00 UT to 08:34:26 UT,
with a duration of 865s. Throughout most of its duration, the
QSEB exhibits brightening primarily in the HB line core spectra,
with intermittent wing enhancements. We show Hf line spec-
tra of two instances in panel (e), one with significant line core
brightening and another with wing enhancement. Even after the
QSEB has ended, brightening in the HB line core persists. A
corresponding movie for Fig. 12 is available as online mate-
rial that further demonstrates this. The snapshot in Fig. 11 and
the accompanying movie also show a UV brightening near the
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Fig. 7. Magnetic fan-spine topology showing a UV brightening at a magnetic null point and a QSEB at the outer spine’s footpoint, resembling the
configuration in Fig. 2b. Panels (a) and (b) show the same instance from different viewpoints. Two QSEBs are observed near the UV brightening:
QSEB-A is positioned at the footpoint of the outer spine, while QSEB-B is located at a dipole configuration, with one footpoint on the negative
polarity patch where the footpoint of the fan-spine with 3D null is also located. QSEB-B is not part of the same reconnection event as the UV
brightening and QSEB-A, which are associated with the fan-spine topology. Panel (c) shows the Bj s map with contours at 1o~ above the noise
level with different markers: The orange crosses denote the projection of the null point of the UV brightening, and yellow circles denote the
footpoints of the dome. The yellow circles on the positive polarity show the footpoints of the outer spine. The red star marker denotes where
QSEB-A is located. The blue and red circles denote the footpoints of the dipole of QSEB-B. The cyan star points to the location of QSEB-B,
which occurs at the PIL. The dashed pink boxes show the area considered to calculate the magnetic flux and magnetic energy for the two QSEBs,
as shown in Fig. 8. Yellow arrows in all panels show the direction towards the limb.

QSEB, with a spatial offset towards the limb. The UV bright-
ening overlaps temporally with the QSEB for most of its dura-
tion, occurring from 08:19:15UT to 08:23:46 UT and again
from 08:25:45UT to 08:26:56 UT, which coincides with the
first QSEB event. Another UV brightening event occurs from
08:28:15UT to 08:30:02 UT, just after the first QSEB detec-
tion has ended, although enhanced Hp line core brightening per-
sists during this period. During the second QSEB event, the UV
brightening is detected above the 5o threshold for a couple of
instances, but the SiIV region appears bright near the QSEB.
Figure 12 illustrates the magnetic topology linking the QSEB
and the UV brightening. The UV brightening occurs close to the
3D null of this topology, while the QSEB occurs at the foot-
point of the inner spine, suggesting a connection between the two
phenomena. The inner spine of the 3D null remains anchored at
the negative polarity patch for a total duration of about 21 min,
even after the QSEB has ended. The strength of the By og varies
between —93 G and —220 G at the footpoint of the inner spine
during this duration. The footpoints of the dome continue to
connect to the nearby positive polarities. During this period, the
height of the 3D null varies between 2.2 Mm and 2.6 Mm due
to variations in By ps. Both the QSEB events primarily occur on
the negative polarity patch throughout their lifetime, as shown in
Fig. 11c. A few weak opposite polarity patches are also present
near this negative patch, where reconnection could cause the
QSEB. However, given the stability of the 3D null point struc-
ture, with the inner spine footpoint anchored at the QSEB loca-
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tion for the entire duration, it is possible that the QSEB results
from the energy transfer along the inner spine after the reconnec-
tion at the 3D null point. This would explain the UV brightening
happening before the wing enhancements, with initial heat-
ing observed in the HpB line core, followed by intermittent
wing enhancements as the event progresses. In this region, we
also observe a brightening in the AIA 171 A channel, located
2-4Mm towards the limb from the QSEB throughout the
sequence. Since there are no significant magnetic polarities near
the AIA 171 A brightening, aside from the polarities where the
QSEB is observed, this brightening may be related to reconnec-
tion happening at the null point, whose inner spine footpoint is
at the QSEB. A map of the AIA 171 A channel in Fig. 13 shows
the brightening in Region 2, close to the cyan marker represent-
ing the QSEB. Similar brightening is also observed in other AIA
channels, such as 304 A and 193 A (not shown in the figure).

5. Discussion

This study investigates the magnetic topologies associated with
co-spatial and co-temporal QSEBs and UV brightenings. QSEBs
were identified from the HfS data using a k-means clustering
algorithm. High-resolution photospheric magnetograms from
the SST enabled us to resolve the magnetic structures under-
lying these events, while IRIS observations provided informa-
tion about their transition region response. Through potential
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Fig. 8. Evolution of positive and negative magnetic flux and magnetic energy for the two QSEBs of Fig. 7. The error bands in positive and negative
fluxes are shown as thin-shaded regions along the curves. Panels (a) and (b) are for QSEB-A, which is located at the outer spine footpoint. Panels
(c) and (d) are for QSEB-B, which is located in a dipole configuration. The yellow-shaded regions highlight the duration of the two QSEB events.
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Fig. 9. Magnetic fan-spine topology showing the UV brightening at the 3D null and QSEB at one of the footpoints of the fan surface. This
resembles the cartoon shown in Fig. 2d. The QSEB also has a dipole configuration. The By os map shows the footpoints of these two phenomena:
orange crosses denote the projection of the null point of the UV brightening, and yellow circles denote the footpoints of the fan surface. Blue
and red markers are the negative and positive footpoints of the dipole of the QSEB, respectively. The QSEB and UV brightening share a common
negative polarity, and the QSEB occurs at the positive polarity where the footpoints of the fan surface are located (intersection of red and yellow
dots around x,y = 3", 2.2”). The contours are at 1o~ above the noise level. The dashed pink box denotes the region used to calculate the magnetic
flux and magnetic energy for the QSEB, as shown in Fig. 10.

field extrapolations applied to the SST Byos data, we iden- topology of QSEBs and UV brightenings together, we provide
tified four distinct magnetic topologies that connect QSEBs insights into the reconnection processes driving these events.
and UV brightenings, ranging from simple dipole configura- In the following subsections, we mention the limitations of
tions to more complex fan-spine structures, each associated with  the current study, discuss the topologies and the summary and
different reconnection scenarios. By examining the magnetic conclusion.
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Fig. 10. Same as Fig. 5 but showing the evolution of magnetic flux and
magnetic energy for the QSEB in Fig. 9. The error in positive and neg-
ative flux is shown as thin-shaded regions along the curves.

5.1. Limitations

Here, we discuss some of the limitations of the current method-
ology and their impact on the results of our analysis. This study
focuses on a quiet Sun region where magnetic fields are quite
weak. This region is close to the north limb, which adds sub-
stantial projection effects when comparing events at different
heights. This resulted in noisy measurements of the local trans-
verse magnetic field components (B and By), which are inferred
from the Stokes Q and U profiles. Due to this, it was diffi-
cult to resolve the 180° ambiguity and perform reliable vector
transformations, as it added substantial noise to the vector mag-
netic field. Hence, we only used the line-of-sight magnetic field
(BLos, derived from Stokes V) for the magnetic field extrapo-
lations and performed the potential field extrapolation for this
work without correcting for any projection effects. A potential
field extrapolation assumes no electric currents are present in
the region. However, this approximation might be reasonable for
quiet Sun regions studied here, where we expect relatively small
currents due to weaker magnetic field strengths. As the potential
field is the minimum energy configuration for a given bottom
boundary, using potential field extrapolations does not give us
information on the free magnetic energy. Hence, we could only
approximately estimate the energy released during the event
based on the changes in the potential field energy. Although we
did not use any specific null-detection algorithm, our analysis
consists of finding the null points, which are robust topological
features. Longcope & Parnell (2009) showed that potential field
extrapolations can be used to find these accurately.

5.2. Discussion of the topologies

In Sect. 4.1 we present the dipole configuration, which
is often associated with various scenarios for reconnection,

A221, page 10 of 13

like U-shaped photospheric magnetic loops and bald patches
(Pariat et al. 2004, 2006, 2012a,b). In this case, QSEBs occur
between regions of opposite magnetic polarity near the PIL,
a well-established scenario for EBs, as seen in previous stud-
ies. QSEBs in dipole configurations in our study show mag-
netic flux cancellation between opposite polarities, consistent
with earlier findings for EBs in active regions by, for example,
Vissers et al. (2013) and Reid et al. (2016). We observe QSEBs
either at the PIL between two opposite polarities or slightly off-
set from the PIL and located on the stronger magnetic polarity
patch. The presence of QSEBs near stronger polarity patches,
alongside adjacent opposite polarities, aligns with the results
of Rouppe van der Voort et al. (2016). Georgoulis et al. (2002)
report energy release for EBs in the range of 10261028 ergs,
while Reid et al. (2016) found slightly lower values, between
10?* and 10%6 ergs. In comparison, the energies we observe for
QSEBs fall within the lower limit of these estimates, ranging
from 10?* to 10?* ergs, as QSEBs represent smaller-scale recon-
nection events and have weaker magnetic fields as compared to
EBs.

In Sects. 4.2-4.4, we observe UV brightenings predomi-
nantly near the 3D null points with a fan-spine configuration,
in line with the findings of Chitta et al. (2017) and Smitha et al.
(2018) who show fan-spine topology as key sites for UV bursts.
The UV brightenings studied here do not have the extreme spec-
tral profiles of UV bursts. Some examples of spectra of our UV
brightenings are shown in Paper I, which have lower intensi-
ties than UV bursts. These do not show the broad emissions
and absorption features in the SiTv 1394 A line that are char-
acteristic of UV bursts. Therefore, they may not always be direct
signatures of magnetic reconnection but consequences of energy
transfer associated with the reconnection event. It is also possible
that the events are not energetic enough to produce strong emis-
sion. Chitta et al. (2017) reported the height of the 3D null point
to be 0.5Mm above the photosphere, where magnetic recon-
nection took place. In our observations, the height of the 3D
null points varies considerably, ranging from 0.2 Mm to 2.6 Mm,
depending on the region and the magnitude of the Bpos val-
ues at the footpoint of the inner spine, suggesting a broader
range of reconnection altitudes within the fan-spine configura-
tion. Region 1 has null points between 0.2 Mm and 0.5 Mm,
with no brightenings visible in the AIA 171 A channel. This may
result from the lower height of the 3D null due to weaker mag-
netic field strength at the footpoints, limiting energy release and
reducing the likelihood of showing any coronal signatures. In
contrast, for Region 2, the magnetic field strength at the foot-
points of the null point is stronger compared to Region 1. As a
result, the null points are formed in the upper transition region
or lower corona (2.2-2.6 Mm), and continuous brightening is
observed in the AIA 171 A channel, indicating that the reconnec-
tion may occur at higher altitudes, driving activity in the lower
corona. The observed AIA 171 A brightening appears diffuse
and is not directly located above any strong magnetic fields. The
magnetic patch at which the QSEB is located is the closest mag-
netic field concentration near the AIA 171 A brightening. This
could be similar to the campfires described by Berghmans et al.
(2021), which appear fuzzy in AIA 171 A, 304 A, 193 A chan-
nels with spatial scales of 0.4 Mm to 4 Mm and heights between
1 Mm and 5 Mm. Kahil et al. (2022) also found that 11 out of
38 of their campfires were located far from magnetic footpoints,
with the nearest footpoint approximately 2 Mm away, in quiet
Sun observations near the disc centre. In our case, the reconnec-
tion at the null point likely causes heating across multiple heights
channelled by the inner and outer spine. We observe a QSEB at
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Fig. 11. Details of the QSEB occurring at the footpoint of the inner spine of a 3D fan-spine topology in Region 2. The top row shows the QSEB
in HB +0.6 A, in Hp core, the B; os map with contours at 20~ above the noise level, and SJI 1400. The yellow contours in panel (d) show region
with >S50 intensity in SJI 1400. Panel (e) shows the normalised intensity in HS at the blue cross in the above HB +0.6 A image. The Hp spectra are
shown for two instances — blue shows significant line core brightening, and maroon shows wing enhancement. The HS core also shows the QSEB,
as this event has considerable brightening of the line core. Panel (f) shows the Ar diagram for the blue marker over the QSEB. The position of this
marker has been adjusted a few times to obtain the strongest spectra for each timestep. The vertical blue markers in panels (e) and (f) denote the
position of the wing of HB line for which the image is shown in panel (a). The horizontal blue marker in panel (f) denotes the time of the snapshot
shown in this figure. The horizontal maroon marker denotes the time for the maroon Hg spectra in panel (e). The yellow arrow shows the direction
to the nearest limb. An animation of this figure, which shows the evolution of this QSEB, is available in the online material.

08:22:22 UT

3D null
SJ1 1400 Si IV

Inner spine

Fig. 12. Magnetic fan-spine topology showing the UV brightening at the 3D null and QSEB at the footpoint of the inner spine. This resembles the
sketch shown in Fig. 2c. The inner spine is situated on negative polarity, and the dome footpoints connect to the nearby positive polarities. The

height of the 3D null is 2.3 Mm above the photosphere. The QSEB is shown in both H3 +0.6 A and in the Hp core. The yellow arrow shows the
direction to the nearest limb.
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Fig. 13. Overview of the observed SST region in AIA 171 A and SJI 1400 A, at their original resolution. The dashed black box in AIA 171 A
and dashed yellow box in SJI 1400 A outline the CHROMIS field of view. White boxes highlight Region 1 and Region 2, with cyan cross
markers indicating the locations of the QSEBs. Both QSEBs are associated with nearby brightenings in SJI 1400 A, but only Region 2 shows a
corresponding brightening in AIA 171 A close to the QSEB. The yellow arrow points towards the north solar limb.

the footpoint of the inner spine, UV brightenings in SJI 1400,
which are slightly offset from the null point, and AIA brighten-
ings in the lower corona, which show a greater offset from the
QSEB. Since our observation is close to the north solar limb,
there is a significant projection effect (u = 0.48 corresponding
to a viewing angle of 61°). For every 1 Mm of height in the solar
atmosphere, this geometry introduces an offset of approximately
1.78 Mm in the observed position. Such projection effects can
cause offsets in the aligned datasets between diagnostics that are
formed at different heights. Given that the null points in Region 2
are between 2.2 Mm and 2.6 Mm, this projection would cause a
displacement of around 3.92 Mm to 4.64 Mm, aligning well with
the observed AIA 171 A brightening being 2—4 Mm away from
the QSEB.

We identify three magnetic configurations for QSEBs involv-
ing fan-spine structures, each linked to UV brightenings at the
3D null point and QSEBs at the outer spine, inner spine, and
dome footpoints. While QSEBs may result from photospheric
reconnection, their proximity to UV brightenings suggests a con-
nection to the larger fan-spine structure, with energy transfer
likely driven by reconnection at the 3D null point or at quasi-
separatrix layers that may form between the fan surface and
the emerging dipole where the QSEB occurs. These scenarios
resemble large-scale reconnection events seen in solar flares,
where simultaneous brightenings are observed across these dif-
ferent magnetic footpoints. In our observations, the QSEB at the
inner spine footpoint begins alongside the appearance of the 3D
null point. Similarly, in solar flares, brightenings at inner spine
footpoints occur almost simultaneously with reconnection at the
3D null, as seen in Romano et al. (2017). Furthermore, studies
of circular ribbon flares such as Prasad et al. (2020), Joshi et al.
(2024), and Zhang (2024) highlight that in these flares, basically,
all footpoints of the fan surface brighten as continuous circular
ribbon structures. In contrast, QSEBs usually appear at those
footpoints of the dome where the magnetic field is strongest.
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In the case of QSEBs at the outer spine footpoint, energy may
propagate from the reconnection site, similar to the scenario of
flares described by Reid et al. (2012) and Deng et al. (2013). It
is possible that the outer spine could be open or connected to
a region that lies outside the observed region. In addition to
these scenarios, QSEBs could also result from emerging flux at
the polarity where they occur, which cancels with the overlying
magnetic topology. For solar flares, these brightenings at all foot-
points are mostly observed together. However, we do not observe
all these scenarios occurring together for QSEBs. Unlike solar
flares, QSEBs are much smaller-scale reconnection events occur-
ring lower in the atmosphere. It could be that in these smaller
events, QSEBs occur only at those footpoints where the mag-
netic field strength is strongest.

5.3. Summary and conclusion

We have presented examples of observations related to various
magnetic topologies associated with QSEBs and UV brighten-
ings. We find that QSEBs can occur due to magnetic reconnec-
tion between opposite polarities in a simple dipole configura-
tion. However, they can also occur as part of complex magnetic
topologies involving 3D nulls with fan-spine structures. The
reconnection can happen higher in the atmosphere, with the
energy being transferred down causing the temperature increase
needed to observe the wing enhancement in the HS spectral line.
It is important to note that two or more of the presented scenar-
ios likely occur simultaneously, which results in a combination
of different magnetic topologies. The scenarios discussed in this
paper also explain the co-temporal and co-spatial occurrences of
QSEBs and UV brightenings.

In a follow-up paper, we will explore these fan-spine topolo-
gies further, with QSEBs occurring at multiple footpoints of
the dome and accompanied by inverted Y-shaped jets and UV
brightenings. In future studies, it would be beneficial to use
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observations that are closer to the disc centre, as this would
reduce projection effects. Having u angles slightly greater than
the observations used in this work will give better magnetic field
measurements and allow the QSEB flames to be observed. Addi-
tionally, similar topological studies can be done for EBs and
UV bursts in active regions, which involve reconnection between
stronger magnetic fields.

Data availability

Movies associated to Figs. 3, 11 available at

https://www.aanda.org
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