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ABSTRACT

Context. Transition region explosive events are characterized by non-Gaussian profiles of the emission lines formed at transition
region temperatures, and they are believed to be manifestations of small-scale reconnection events in the transition region.
Aims. Traditionally, the enhanced emission at the line wings is interpreted as bi-directional outflows generated by reconnection of
oppositely directed magnetic field. We investigate whether the 2D picture also holds in a more realistic setup of a 3D radiation
magnetohydrodynamics (MHD) quiet-Sun model. We also compare the thermal responses in the transition region and corona of
different events.
Methods. We took a 3D self-consistent quiet-Sun model extending from the upper convection zone to the lower corona calculated
using the MURaM code. We first synthesized the Si iv line profiles from the model and then located the profiles which show signatures
of bi-directional flows. These tend to appear along network lanes, and most do not reach coronal temperatures. We isolated two
hot (around 1 MK) events and one cool (order of 0.1 MK) event and examined the magnetic field evolution in and around these
selected events. Furthermore, we investigated why some explosive events reach coronal temperatures while most remain cool. We
also examined the emission of these events as seen in the 174 Å passband of Extreme Ultraviolet Imager (EUI) onboard Solar Orbiter
and all coronal passbands of Atmospheric Imaging Assembly (AIA) onboard Solar Dynamics Observatory (SDO).
Results. The field lines around two events reconnect at small angles, i.e., they undergo component reconnection. The third case is
associated with the relaxation of a highly twisted flux rope. All of the three events reveal signatures in the synthesized EUI 174 Å
images. The intensity variations in two events are dominated by variations of the coronal emissions, while the cool component seen
in the respective channel contributes significantly to the intensity variation in one case. Comparing to the cool event, one hot event is
embedded in regions with higher magnetic field strength and heating rates while the densities are comparable, and the other hot event
is heated to coronal temperatures mainly because of the low density.
Conclusions. Small-scale heating events seen in EUV channels of AIA or EUI might be hot or cool. Our results imply that the major
difference between the events in which coronal counterparts dominate or not is the amount of converted magnetic energy and/or
density in and around the reconnection region.
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1. Introduction

Transition region explosive events are small-scale dynamic
events identified from spectral observations of the solar transi-
tion region lines. These events were first reported by Brueck-
ner & Bartoe (1983) and named "turbulent events". Explosive
events are characterized by non-Gaussian line profiles with wing
enhancement. These events are often found at the edge of the
chromospheric network (e.g., Dere 1994; Innes et al. 1997a).
Some explosive events are associated with flux emergence and
cancellation, which are often believed to be the signatures of
magnetic reconnection (e.g., Dere et al. 1991; Chae et al. 1998),
and the emission enhancements at the line wings is interpreted as
bi-directional reconnection outflows (Innes et al. 1997b). The re-
connection outflows can sometimes appear as network jets (Tian
et al. 2014; Chen et al. 2019) or nanojets (Chen et al. 2017, 2020;
Antolin et al. 2021) in the transition region images taken by the
Interface Region Imaging Spectrograph (IRIS, De Pontieu et al.
2014).

Many magnetohydrodynamics (MHD) models, mainly in
2D, of magnetic reconnection are constructed to reproduce the
line profiles with signatures of bi-directional outflows (e.g.,

Innes & Tóth 1999; Roussev et al. 2001a; Innes et al. 2015; Ni
et al. 2021) and to understand the temporal evolution and de-
tailed structures during the reconnection processes (e.g., Peter
et al. 2019). Recently, the Si iv line profiles with extreme line
broadening or signatures of bi-directional reconnection outflows
have also been reproduced in some self-consistent 3D MHD
models (Hansteen et al. 2017, 2019).

In addition to explosive events, extreme-ultraviolet (EUV)
brightenings in the quiet-Sun regions have been extensively
studied based on narrowband coronal imaging observations for
decades (e.g., Berghmans et al. 1998; Aschwanden et al. 2000;
Madjarska 2019; Chitta et al. 2021). The thermal energy of these
events follows a power-law-like distribution (Aschwanden et al.
2000; Purkhart & Veronig 2022). Recently, the Extreme Ultra-
violet Imager (EUI; Rochus et al. 2020) onboard Solar Orbiter
(Müller et al. 2020) achieved an unprecedented spatial resolu-
tion of ∼200 km during its perihelion and is able to resolve
the smallest EUV brightenings, sometimes named "campfires",
which could be observed by far. Berghmans et al. (2021) found
that these events follow a power-law-like distribution and are an
extension of previously reported EUV brightenings to a smaller
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scale. Furthermore, Panesar et al. (2021) and Kahil et al. (2022)
found that some of these events are associated with flux emer-
gence and/or cancellation in the photosphere, inferring that the
small-scale EUV brightenings may be triggered by magnetic re-
connection.

The magnetic nature of the small-scale EUV brightenings
has been investigated through forward modeling with 3D MHD
models. Chen et al. (2021) constructed a 3D MHD model repre-
senting the very quiet Sun and found that the small-scale EUV
brightenings in the model are generated through component re-
connection between bundles of field lines or untwisting of flux
ropes. Similar magnetic setups of component reconnection are
also found in the transition region loop-like brightenings (Skan
et al. 2023). Tiwari et al. (2022) studied small-scale EUV bright-
enings in a model of an ephemeral emerging flux region with
higher levels of magnetic activities in the photosphere and found
that some are related to flux cancellation.

The thermal properties and the relationship between explo-
sive events and small-scale EUV brightenings are still elusive.
Explosive events are frequently observed in the transition region
lines including the Si iv, C iv, and O vi lines, but they rarely ex-
hibit counterparts in the coronal lines such as the weak Mg x line
(Teriaca et al. 2002). However, Innes (2001) reported that several
explosive events in the quiet Sun region appear as EUV bright-
enings in the Transition Region and Coronal Explorer (TRACE,
Handy et al. 1999) 171 Å images. Winebarger et al. (2002) found
that 35% of explosive events in an active region exhibit signif-
icant intensity variations in the TRACE 171 Å passband, par-
ticularly one event that exhibits strong emission in the Ne viii
line (see Fig. 1 therein). Two possible explanations for the in-
tensity enhancement in TRACE images are that some explosive
events are heated to coronal temperatures, or the emission en-
hancement of the transition region lines within the spectral win-
dow leads to the brightenings. Thus, while explosive events may
be dominated by cool plasma at transition region temperatures,
it is unclear whether all of them are not heated to coronal tem-
peratures.

Differential emission measurements (DEM) inversion of co-
ordinated Atmospheric Imaging Assembly (AIA, Lemen et al.
2012) observations implies that small-scale EUV brightenings
detected by EUI can reach 1.2 MK (Berghmans et al. 2021),
while Dolliou et al. (2023) argued that the emission may be
dominated by the cool component considering the irresolvable
time delay of intensity variation in different AIA coronal pass-
bands (Winebarger et al. 2013). Recently, Huang et al. (2023)
examined the spectral profiles taken by Spectral Imaging of the
Coronal Environment (SPICE, SPICE Consortium et al. 2020)
onboard Solar Orbiter within three EUV brightenings observed
by EUI and found that all events exhibit intensity enhancements
in the O vi lines, while two show response in the Ne viii line.
Their findings suggest that not all small-scale EUV brighten-
ings reach coronal temperatures. Dolliou et al. (2024) investi-
gated more EUV brightenings and obtained similar results, i.e.,
all events show strong emission in the transition region lines, but
only some are detectable in the Ne viii line. This implies that
small-scale EUV brightenings are likely dominated by plasma
at transition region temperatures and are not always heated to
coronal temperatures. However, due to the limited spectral res-
olution of SPICE observations, it remains unclear whether the
events studied by Huang et al. (2023) and Dolliou et al. (2024)
are classified as explosive events.

In this paper, we first identified explosive events from a 3D
self-consistent quiet-Sun model and selected three examples for

Table 1. Emission lines used in this study

Ion name Wavelength [Å] log Tmax [K]
Si iv 1393.755 4.90
O vi 173.079 5.50
Fe x 174.531 6.00

a detailed study. We investigated the magnetic field structure in
and around the explosive events, then examined their thermal
properties and responses in the synthesized coronal images. Fur-
thermore, we investigated why some explosive events are heated
to coronal temperatures while most are not, assuming that the
hotter events could resemble some of the explosive events in the
real Sun. Our study suggests that events reaching coronal tem-
peratures result from a higher amount of converted magnetic en-
ergy and/or lower density compared to those dominated by the
cool component.

2. MHD model and methods

We took the same quiet-Sun MHD model as the one used in Chen
et al. (2021). The model is calculated from the coronal exten-
sion of the MURaM code (Vögler et al. 2005; Rempel 2017).
The MURaM code incorporates a numerical diffusion scheme,
which acts to smooth out strong gradients in the simulation. The
change in energy due to the reconfiguration of the field is added
to the internal energy as numerical resistive heating, see Rempel
(2017) for more details. This allows the code to model recon-
nection processes, although the scales which can be resolved are
limited by the numerical scheme and resolution. The model ex-
tends from ∼20 Mm below to ∼17.5 Mm above the photosphere
in the vertical direction with a grid size of 25 km and covers
a region of 50×50 Mm2 in the horizontal direction with a grid
spacing of ∼48.8 km. The magnetic field in the model is gener-
ated by the small-scale dynamo, and the corona self-consistently
maintains an average temperature of ∼1 MK. The snapshots have
a duration of 16 minutes and a cadence of 20 seconds. For more
details on the MHD model, we refer the reader to Rempel (2017)
and Chen et al. (2021).

In this study, we used the Si iv 1394 Å line profiles to identify
explosive events in our model. We first synthesized the emission
and profiles of the Si iv line following the procedures described
in Chen et al. (2022). The emissivity at each grid point is calcu-
lated following n2

eG(ne,T ), where ne and T are electron number
density and temperature, respectively. G is the contribution func-
tion as a function of temperature and electron number density
given by the CHIANTI atomic database (version 10.0; Dere et al.
1997; Del Zanna et al. 2021). Then we assumed that the line pro-
file at each grid point is a Gaussian with line center given by the
velocity along the line of sight and width given by the thermal
width. In this study, we took the line of sight along the vertical
direction, i.e., we assume the model is located at the disk cen-
ter. Thus, we integrated the emissivity and line profile along the
vertical direction and obtained spatial maps of emission and line
profiles. Furthermore, we degraded the spatial resolution of the
Si iv line profiles. To do this, we first convolved the maps at each
wavelength position of the Si iv line with a 2D Gaussian func-
tion, whose kernel has a full width half maximum of 480 km.
Then we rebinned the spatial maps to a pixel size of 240 km,
which corresponds to the typical spatial resolution of IRIS.

We applied the k-means clustering algorithm (Lloyd 1982)
to the degraded Si iv 1394 Å line profiles. Similar to Bose et al.
(2019) and Joshi & Rouppe van der Voort (2022), we first cal-

Article number, page 2 of 14



Yajie Chen et al.: EE and campfire

culated the total inertia (σk) as a function of the cluster number
(k). Then we chose k = 140 when σk almost decreases linearly
with k. By examining 140 representative profiles for different
groups, we isolated those that reveal bi-directional outflows, i.e.,
profiles exhibit both blue and red wing enhancement. Then the
profiles belonging to these representative profiles are marked as
signatures of explosive events. Among ∼2 million original line
profiles, 1.3% are identified.

In order to examine the response of these events in narrow-
band coronal images, we also synthesized the images at EUI 174
Å and AIA 171, 193, 211, 335, 131, and 94 Å passbands follow-
ing Chen et al. (2021). The radiative loss at each grid point is
given by n2

eR(ne,T ), where R is the response function of differ-
ent passbands that mainly depends on the temperature. Then we
integrated the emissivity for each passband along the vertical di-
rection to obtain the synthesized 2D images.

As the hot and cool components of the EUI 174 Å passband
are dominated by Fe x 174 and O vi 173 Å lines, respectively, we
further synthesized the emission of the Fe x and O vi lines fol-
lowing the procedures for Si iv emission calculation. The lines
used in this study are listed in Table 1. Nevertheless, there are
more than ten lines except for the strongest Fe x 174 and O vi 173
Å lines within the spectral window of the EUI 174 Å passband,
the quantitative analyses of cool and hot components would re-
quire the calculation of intensities of much more spectral lines.
Alternatively, we defined two response functions of Rc and Rh:

Rc(ne,T ) =
{

R174(ne,T ), log10T/K ⩽ 5.75
0, log10T/K ⩾ 5.75

Rh(ne,T ) =
{

0, log10T/K ⩽ 5.75
R174(ne,T ), log10T/K ⩾ 5.75

where R174 is the response function of EUI 174 Å passband.
Then we recalculated the emissivity following n2

eRc and n2
eRh

and integrated them along the vertical direction, respectively. In
this way, we divided the EUI 174 Å intensity (I174) into two parts
for simplification: hot component contributed from plasma with
temperatures above 105.75 K (Ih

174) and cool component related
to plasma with temperatures below 105.75 K (Ic

174), and I174 is
essentially equal to the sum of Ih

174 and Ic
174.

We randomly selected 10 events and examined the vertical
cuts of temperature and density through these events. To com-
pare the properties of these events to those of the campfires, we
include one event studied in Chen et al. (2021). Previous studies
have found that explosive events typically occur along network
lanes (e.g., Dere et al. 1989; Chae et al. 1998). The computa-
tional domain of our model is sufficiently large to produce sev-
eral network patches (Chen et al. 2021). We averaged the inten-
sity maps of the Si iv line across different snapshots, and the re-
sulting average intensity map is shown in Fig. 1(a). The intensity
map presents network patterns, which are associated with small-
scale magnetic concentrations where field strengths exceed 1000
G (see Fig. 1(b)). Then we marked the locations of the selected
explosive events, clearly showing that they are mostly located
along the network patterns, in alignment with the previous stud-
ies. The additional event is the strongest brightening in the Si iv
line intensity maps, and the Si iv line profiles within the event are
also identified as explosive events. We categorized these events
into three groups: those with temperature below 1 MK; those
with temperature above 1 MK and high density; those with tem-
perature above 1 MK but low density. We selected one event
from each category and performed detailed analyses for these

three events in Sect. 3. Although two of the three events analyzed
in this study have obvious coronal counterparts, the Fe x line in-
tensity does not show a statistically significant enhancement at
the regions where the Si iv line profiles are highly deviated from
Gaussian (as shown in Fig. 2). In other words, most explosive
events in our model do not correspond to an enhanced coronal
line emission, which is consistent with the previous spectral ob-
servations (Teriaca et al. 2002).

3. Results

3.1. Overview of the three examples

In this section, we present the synthesized transition region and
narrowband coronal images as well as the Si iv line profiles
within the events analyzed in this study as an overview. The first
example is shown in Fig. 3. This event exhibits as a compact
transient brightening in the Si iv intensity map. It also reveals
faint emission enhancement in EUI 174 Å passband. The blue
box in Fig. 3 (a) corresponds to one pixel in the Si iv line profile
maps with a pixel size of 240 km. The corresponding Si iv line
profile shown in Fig. 3(c) clearly exhibits two peaks, one at the
blue wing with a Doppler shift of ∼50 km s−1 and the other at
the red wing with a shift of ∼20 km s−1. The two peaks of the
line profile represent the bi-directional flows along the vertical
direction within the blue box. We refer this case as Event 1.

The second example presented in Fig. 4 exhibits great emis-
sion enhancement in both the Si iv line and EUI 174 Å image.
This example was also identified as a transient coronal bright-
ening analyzed in Chen et al. (2021) (Fig. 3 therein), and here
we present another snapshot which corresponds to the earliest
time when the case is visible as a brightening in the synthesized
EUI 174 Å images. The line profile within the example shown
in Fig. 4(c) strongly deviate from Gaussian. The profiles at other
snapshots also show wing enhancement but not as obvious as
the one shown in Fig. 4(c) comparing to emission near the line
center. There is one peak at the red wing with a Doppler shift
of ∼35 km s−1 except for the peak near the rest wavelength, and
the strong blue wing enhancement extends up to ∼70 km s−1.
We have reported that this events is generated by magnetic re-
connection between two adjacent bundles of field lines in Chen
et al. (2021). The reconnection outflows in and around the re-
connection site are associated with the emission enhancement at
wings, and as a result, the Si iv line exhibits a multi-peak broad-
ened profile. We refer this case as Event 2.

The third example presented in Fig. 5 also reveals enhanced
emission in both Si iv line and EUI 174 Å passband. It is worth
mentioning that the intensity enhancement in 174 Å passband is
not strong enough to be identified as a brightening in Chen et al.
(2021). The Si iv line profile identified as an explosive events
was 60 s before the snapshot shown in the Fig. 5 at the same
location, and the profile exhibits double peaks similar to the one
shown in Fig. 3. In Fig. 5, we chose the time when the Si iv line
and EUI 174 Å intensities reach maximum, and the Si iv profile
is still non-Gaussian with red wing enhancement and strong line
broadening. We refer this case as Event 3. In this paper, we focus
on these three examples for a detailed case study. The overview
of the other events is shown in Fig. A.1.

In addition, we obtained the spectral images of the Si iv line
across the three events by using slits that were 50 Mm in length,
positioned along the red dashed lines shown in Figs. 3–5. These
spectral images are presented in Fig. 6. The three events exhibit
clear wing enhancements that are distinct from other quiet Sun
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Fig. 1. (a) Intensity map of the Si iv line integrated over 16 minutes. (b) Magnetogram averaged over 16 minutes, saturated at ±1000 G. Red
crosses in (a) and (b) indicate the locations of the selected events. See Sect. 2.

Fig. 2. Probability density function (PDF) of the Fe x line intensity for
all pixels (in blue) and those identified as explosive events (in orange).
<IFe X> represents the average intensity of the Fe x line across all pixels.
See Sect. 2.

regions, similar to observations of explosive events described by
Brueckner & Bartoe (1983). Furthermore, we present the tem-
poral evolution of the Si iv line profiles at the locations of the
three events in Fig. 7. The wing enhancements of these events
were maintained for approximately two minutes, similar to the
findings reported by Dere et al. (1989).

3.2. Evolution of magnetic field structure

Since the plasma β is considerably less than one around all three
events, they are dominated by changes in the magnetic field.
To understand their generation mechanisms, we investigated the
temporal evolution of the magnetic field structure in and around
these events. For Event 1, we first selected 20 seed points in and
around the region with enhanced Si iv intensity when the Si iv
intensity reaches its peak. Then we traced the field lines from the
seed points in both directions as shown in Fig. 8(a1). In order to
follow the evolution of the magnetic field structure, we traced

the field lines from the same seed points in different snapshots.
We also present the field lines when the explosive event disap-
pears, i.e., one minute after the Si iv intensity reaches its peak, in
Fig. 8(a2). We find that there are two bundles of magnetic field
lines interacting in and around Event 1. When the event disap-
pears, the magnetic field structure changes and only the field
lines along the y-direction remain. In other words, the event is
associated with magnetic reconnection between two bundles of
field lines. The magnetic field structures during and after the oc-
currence of Event 2 are presented in Fig. 8(b1-b2), and these two
panels are reproduced from Chen et al. (2021). There are two
bundles of field lines forking when Event 2 occurs, and the event
is located at the region where the two field line bundles diverge.
After the event disappears, only the field line bundle along the
x-direction remains. Thus, both Events 1 & 2 are triggered by
the interaction between two field line bundles. It is worth men-
tioning that such magnetic field topology works for most coronal
brightenings studied in Chen et al. (2021).

We also present the magnetic field structure in and around
Event 3 in Fig. 8(c1), and this event occurs in a highly twisted
flux rope. When the Si iv brightening disappears, the field lines
are highly relaxed as shown in Fig. 8(c2). It is possible that mag-
netic reconnection between field lines within the flux rope con-
tributes to the relaxation of the flux rope and triggers the ex-
plosive event. The evolution of the magnetic field structure is
similar to one case studied in Chen et al. (2021), in which the
coronal brightening is also associated with an untwisting flux
rope. It is worth mentioning that the changes in the zoomed-in
view of magnetograms are mainly the evolution of internetwork
magnetic field patches, while the locations of the magnetic con-
centrations that form network patterns remain stable during the
16-minute period.

To summarize, the three events are all associated with
changes in magnetic field topology. Events 1 & 2 are related to
the interaction between two bundles of field lines, while Event
3 occurs in an untwisting flux rope, and the magnetic field en-
vironments for the explosive events are similar to the brightest
coronal brightenings in the model. Thus, magnetic reconnection
with small angles between field line bundles or within the twisted
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Fig. 3. Intensity maps and the Si iv line profile for Event 1. (a) Intensity map of the Si iv 1394 Å line. (b) Synthesized emission in EUI 174 Å
passband. (c) The degraded Si iv line profile at the blue box shown in panels (a–b). The size of the blue box is ∼240 km. The intensity is shown in
arbitrary units. The vertical dashed blue line represents zero shift. See Sect. 3.1.
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Fig. 4. Similar to Fig. 3 but for Event 2. See Sect. 3.1.
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Fig. 5. Similar to Fig. 3 but for Event 3. See Sect. 3.1.

flux rope may trigger explosive events and/or coronal brighten-
ings. However, some events are heated above 1 MK, while others
barely reach typical coronal temperatures. So it is necessary to
understand why similar magnetic field topology result in differ-
ent thermal responses in different events.

3.3. Thermal responses

To examine the thermal properties of the three examples, we dis-
play the vertical cuts of various variables through the events . As
shown in Fig. 9(a), Event 1 is located between 2.5–4 Mm above
the photosphere. The vertical velocity map shown in Fig. 9(g)
clearly exhibits signatures of the bi-directional outflows, which
correspond to the two peaks in the Si iv line profile shown in
Fig. 3(c). The decrease in the magnetic field strength and en-
hancement of the heating rates (sum of viscous and joule heat-

ing) around the event (see Fig. 9(h–i)) imply that magnetic re-
connection takes place, which is consistent with the magnetic
field evolution shown in Fig. 8. The event also exhibits a lit-
tle enhanced EUI 174 Å emission next to the Si iv brightening.
Considering EUI 174 Å emission has contribution from both the
Fe x 174 Å line (hot component) and the O vi 173 Å line (cool
component), we also present the emission of the two lines in
Fig. 9(b–c). There is almost no Fe x emission within but above
the event, and the emission patterns of EUI 174 Å passband and
the O vi line overlap significantly. The temperature within the
regions with enhanced EUI 174 Å emission mostly reaches up
to 105.8 K. Thus, this event is dominated by the cool component.

The vertical cuts for Event 2 are presented in Fig. 10. This
event occurs at the heights of 1.5–2 Mm, and the regions with
enhanced Si iv emission are surround the EUI 174 Å bright-
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Fig. 6. (a) Spectral image of the Si iv line across Event 1 along the red dashed line shown in Fig. 3(a). The vertical dashed red line represents zero
shift. The red arrow points to the location of Event 1. (b) Similar to (a) but for Event 2 shown in Fig. 4. (c) Similar to (a) but for Event 3 shown in
Fig. 5. See Sect. 3.1.
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Fig. 7. (a) Temporal evolution of the Si iv line profile within the blue box at Event 1 shown in Fig. 3(a). The vertical dashed red line represents
zero shift. The red arrow points to the moment shown in Fig. 3. (b) Similar to (a) but for Event 2 shown in Fig. 4. (c) Similar to (a) but for Event 3
shown in Fig. 5. See Sect. 3.1.

ening. The transition region and coronal emissions are mainly
from the shell and core of the brightening, respectively. Sim-
ilar to Event 1, there is a decrease in magnetic field strength
within the event and the heating rates are enhanced around it,
which are signatures of magnetic reconnection. The deviation
from Gaussian of the Si iv line profile stems from the upflows
and downflows around the reconnection site. The temperature
of this event reaches above 2 MK, and EUI 174 Å emission is
dominated by the Fe x line. In other words, this event is domi-
nated by the hot component. Compared to Event 1, the number
density within the EUI 174 Å brightening is roughly the same
(1010 cm−3). However, the magnetic field strength around Event
2 is ∼150 G, which is about one order of magnitude higher than
that surrounding Event 1 (∼15 G). As a result, the heating rates
are much higher in Event 2. Thus, the temperature difference be-
tween Event 1 & 2 results from the difference in the amount of
the converted magnetic energy.

Fig. 11 shows vertical cuts through Event 3. The vicinity of
the reconnection region also reveals a decrease in magnetic field
strength, increase in heating rates, and clear bi-directional flow

patterns. The height of this event ranges from 3–5 Mm, and the
region with enhanced Si iv emission surrounds the EUI 174 Å
brightening. Similar to Event 2, EUI 174 Å emission is domi-
nated by Fe x, and the O vi emission is mainly located at the
edge of the coronal brightening. In this snapshot, the tempera-
tures within the event reach above 1 MK. The surrounding mag-
netic field strength is ∼15 G, similar to that of Event 1. More-
over, the heating rates as well as the converted magnetic energy
of Events 1 & 3 are comparable. Nevertheless, the density is
109.5−10 cm−3, which is much lower than that in Event 1. Thus,
the temperature discrepancy is mainly due to the density differ-
ence in and around the reconnection region.

4. Discussions

In this study, we first investigated the magnetic field topology
around the explosive events. Two events are located in the re-
gion where two bundles of field lines interact, and one example
is associated with an untwisting flux rope. The magnetic field
structures greatly change after the explosive events disappear,
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(a1)                          I 

(a2)                          I 

(b1)                            II 

(b2)                            II 

(c1)                             III 

(c2)                             III 

Fig. 8. Magnetic field structure evolution. (a1) The background shows a zoomed-in view of the vertical magnetic field in the photosphere, and
the magnetogram saturates at ±350 G. The curves represent magnetic field lines passing through Event 1. The corresponding time is the same as
Fig. 3. (a2) Similar to (a1) but for the magnetogram and magnetic field lines one minute later. The white boxes indicate the location of the event.
(b1-b2) Similar to (a1-a2) but for Event 2. The time difference of the two panels is 9 minutes. Reproduced from Chen et al. (2021). (c1-c2) Similar
to (a1-a2) but for Event 3. The field of view for all panels represents a small part of the overall calculation domain. See Sect. 3.2.

implying that the events are located at the reconnection region.
The enhancement in current density and heating rates and the
decrease in magnetic field strength in all the examples also indi-
cate that magnetic reconnection occurs. Magnetic reconnection
between the field line bundles or within the twisted flux rope
triggers the bi-directional flow patterns, which result in the wing
enhancement of the Si iv line profiles. Chen et al. (2021) in-
vestigated the magnetic field environment of the strongest coro-
nal brightenings in the same model and found that the energetic
coronal events are mostly triggered by component reconnection
between the different field line bundles. Such rearrangement of
the tangled magnetic field and associated heating has also been
found within cool transition region loops (Li et al. 2014), hot
active region loops (Reale et al. 2019), and post-flare loops (Par-
enti et al. 2010). In addition, there is one example related to the
relaxation of a highly twisted flux rope, which may explain the
small-scale transient coronal brightenings accompanied by cool
plasma structure (Panesar et al. 2021). In other words, different
types of reconnection events, e.g., transient coronal brightenings
and explosive events, in our self-consistent quiet-Sun model may
share the common magnetic field environments, i.e., component
reconnection.

The scenario of component reconnection, either between dif-
ferent field line bundles or within a flux rope, triggering the ex-
plosive events is different from magnetic field setups of most
2D reconnection models of explosive events, in which explo-
sive events are often generated through anti-parallel reconnec-
tion (e.g., Roussev et al. 2001b; Innes et al. 2015; Peter et al.
2019). The magnetic field setups in the 2D models are inspired
by the connection between explosive events and magnetic field

changes in the photosphere, i.e., flux emergence and cancella-
tion (e.g., Chae et al. 1998; Muglach 2008). In a 3D model of
an ephemeral emerging flux region with a higher level of photo-
spheric magnetic field activities, Tiwari et al. (2022) found that
some small-scale coronal brightenings are associated with mag-
netic reconnection between emerging and emerged/preexisting
flux. However, the magnetic field in the photosphere is gener-
ated and maintained by the small-scale dynamo in our model,
and hence our model represents the very quiet Sun without large-
scale flux emergence or preexisting fields. The lower level of
photospheric magnetic activities in our model might explain the
reason that the selected explosive events and coronal brighten-
ings in our model occur at coronal heights and are not directly
related to the magnetic evolution in the photosphere. At least,
our model can explain explosive events and coronal brightenings
without signatures of magnetic field evolution in the photosphere
(Muglach 2008; Panesar et al. 2021).

Although sharing similar magnetic field environments, the
temperature of these events can be quite different. Events 2 &
3 are heated above 1 MK, while Event 1 barely reaches typi-
cal coronal temperatures. In principle, the temperature depends
on density and the amount of converted energy, or heating rates.
Compared to Event 1, the magnetic field strength and hence heat-
ing rates are higher in Event 2 and the density is comparable,
while the density is much lower in Event 3 and the heating rates
are similar. Thus, the peak temperature of reconnection events
is constrained by both heating rates and density. Using a series
of X-type neutral point reconnection models, Peter et al. (2019)
suggested that the maximum temperature in the vicinity of re-
connection events and plasma β follow a power-law distribution.
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line through Event 1 shown in Fig. 3. The emissions are shown in arbitrary units. The contours outline the regions with enhanced Si iv emission.
See Sect. 3.3.

We will perform statistical analysis of explosive events in our
model to examine whether the relationship between peak tem-
peratures and plasma β also follows a power-law distribution as
a subsequent study.

In order to quantitatively investigate the contribution of
plasma with transition region and coronal temperatures, respec-
tively, we artificially divided the EUI 174 Å emission into two
parts: cool and hot components (Ih

174 and Ic
174 calculated in

Sect. 2). The intensity variations of the EUI 174 Å passband
and its two components of the three events are shown in Fig. 12.
Event 1 barely reaches coronal temperatures, and the variation of
EUI 174 Å intensity is dominated by the cool component. The
hot component is higher than the cool component, but the hot
component is mainly from the coronal emission above the event
(see Fig. 9) and exhibits as a background emission fluctuation.
Events 2 & 3 are heated up to typical coronal temperatures, and
their EUI 174 Å emission are dominated by the hot component.

In addition, the intensity variations of the Fe x and O vi
are shown in Fig. 13. We used the O vi 173 Å line because of
its contribution to EUI 174 Å passband. Explosive events can
also be identified from the O vi 1032 Å line (e.g., Teriaca et al.
2004), and Huang et al. (2023) investigated spectral observations
including the 1032 Å line of small-scale coronal brightenings
taken by SPICE. We synthesized the intensity maps of the O vi
1032 Å line for several snapshots and compared them to the 173
Å line intensity maps. The intensity patterns of these two lines
are almost the same, although the intensity ratio changes a lot.
It is because the formation temperatures of the two O vi lines
are almost the same while their line ratio is sensitive to the tem-
perature. Moreover, the intensity variation of the 1032 Å line
exhibits a similar tendency to the 173 Å line. Thus we chose the

173 Å line for the following analyses. The light curves of the
O vi and Fe x line roughly follow the cool and hot components
of EUI 174 Å passband shown in Fig. 12, respectively. For Event
1, the O vi line exhibits significant emission enhancement when
the EUI 174 Å emission peaks, but the Fe x line does not. It
is because the intensity variation in this event is dominated by
the cool component and the O vi line, and the Fe x emission is
mainly from the coronal background above the event. For Event
2, intensity variations of the Fe x and O vi lines are both similar
to that of EUI 174 Å. At the first snapshot when Event 2 occurs,
its temperatures have reached above 2 MK at the core and de-
crease to 104.5 K at the edge. Thus the hot and cool components
increase simultaneously at the beginning. During the magnetic
reconnection process, the pressure near the reconnection sites is
greatly enhanced, and plasma therein expands. As a result, den-
sity drops and the emissions from different temperature ranges
decrease together. The light curve of the Fe x line in Event 3
also follows the tendency in that of EUI 174 Å. Interestingly, in-
tensity variation of the O vi line in Event 3 shows double peaks,
and the Fe x line reaches its peak in between the separated peaks
of the O vi line. It is consistent with one event investigated in
Huang et al. (2023). However, Event 3 cannot fully reproduce
the features of the case in their observations. They found that the
light curve of the C iii (formation temperature of 104.85 K) line
also exhibits double peaks, and the O vi and Ne viii lines reach
their peaks in between. It was explained as the heating and cool-
ing of the event. We examined the light curve of the Si iv line in
Event 3, and it only shows one peak at t = 40 s. After examin-
ing vertical cuts for this event at different snapshots, we found
that the average temperature within the EUI 174 Å brightening
gradually increases from ≤ 104.0 K at t = 0 s to ∼ 106.0 K at
t = 100 s and slightly decreases at t = 120 s. So the plasma
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Fig. 10. Similar to Fig. 9 but along the red dashed line through Event 2 shown in Fig. 4. See Sect. 3.3.
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Fig. 11. Similar to Fig. 9 but along the red dashed line through Event 3 shown in Fig. 5. See Sect. 3.3.

heating and subsequent cooling can explain the Fe x intensity
peak in between the two peaks of the O vi line. Then the density
quickly drops since t = 140 s due to fast untwisting of the flux
rope. It results in rapid intensity decrease in both the Fe x and
O vi lines because the emissivity is proportional to n2

e . In other
words, the intensity variations in Events 2 & 3 are first domi-
nated by temperature changes and then density variations. Our

analyses are based on examining of vertical cuts, and corks may
be needed to be introduced into similar models to draw a more
comprehensive and accurate picture of the temporal evolution of
temperature and density and their responses in emissions (Druett
et al. 2022).

It is straightforward to tell whether the events are heated to
typical coronal temperatures from spectral observations of coro-
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Fig. 12. (a) Intensity variations of EUI 174 Å passband in Event 1. The black solid curves represent the intensity variations of synthesized EUI
174 Å emission within the blue box shown in Fig. 3. Blue and red curves represent the cool and hot components, respectively. (b-c) Similar to (a)
but for Event 2 & 3 shown in Figs. 4 and 5, respectively. For each panel, the three light curves are normalized by the maximum value of the black
curve. The vertical black dashed lines represent the time of the snapshots shown in Figs. 3, 4 and 5, respectively. See Sect. 4.

250 300 350 400 450
Time (s)

0.0

0.2

0.4

0.6

0.8

1.0

550 600 650 700
Time (s)

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

liz
e

d
 I

n
te

n
s
it
y

0 50 100 150
Time (s)

0.0

0.2

0.4

0.6

0.8

1.0
EUI 174
Fe X
O VI

(a) (b) (c)

Fig. 13. Similar to Fig. 14 but for the intensity variations of the synthesized Fe vi (blue) and O vi (red) lines. The light curves of EUI 174 Å
passband are also presented as black solid lines. See Sect. 4.

250 300 350 400 450
Time (s)

0.0

0.2

0.4

0.6

0.8

1.0

550 600 650 700
Time (s)

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

liz
e

d
 I

n
te

n
s
it
y

0 50 100 150
Time (s)

0.0

0.2

0.4

0.6

0.8

1.0
AIA 171
AIA 193
AIA 211
AIA 131
AIA 335
AIA 94

(a) (b) (c)

Fig. 14. Similar to Fig. 12 but for the light curves of the synthesized AIA images at different passbands. Each curve is normalized by its maximum
value. See Sect. 4.

nal emission lines, but it is very challenging to isolate the con-
tribution of hot and cool components in coronal imaging obser-
vations. All AIA coronal channels have contribution from the
transition region lines (O’Dwyer et al. 2010; Del Zanna et al.
2011), and forward modeling with 3D MHD models indicates

that the cool component cannot be neglected (Martínez-Sykora
et al. 2011). Winebarger et al. (2013) suggested that some small-
scale active region loops never reach 1 MK as their intensity in
different AIA passbands peak at roughly the same time. Further-
more, Dolliou et al. (2023) performed a statistical time lag anal-
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ysis with intensity variations of some transient small-scale coro-
nal brightenings in EUI 174 Å and AIA coronal passbands. They
found that the time lags are negligible and suggested that those
events are dominated by cool components. To compare with their
findings, we calculated the AIA emissions in different passbands
and presented their light curves within the three events investi-
gated in this study in Fig. 14. Intensity variations in AIA pass-
bands match very well for both Events 1 & 2, while Event 1 is
dominated by the cool component and Event 2 is multi-thermal
and dominated by the hot component. The cool and hot compo-
nents of EUI 174 Å emission show similar variations in Event 2,
and it is also valid for all AIA coronal passbands. The cadence
of our model is 20 s, so it is also possible that the current tempo-
ral resolution of our model may not be sufficient to resolve the
heating procedures and hence the time lags between intensities in
different passbands. The correlation among light curves of differ-
ent passbands in Event 3 is weak. The peaks near t = 40 s in 193
and 335 Å passbands are mainly contributed from the transition
region lines with formation temperatures ≤ 105.5 K. The heating
processes are more gentle than in Event 1, and the temperature
gradually increases, resulting in various responses in different
passbands. Thus, our analyses suggest that the co-temporal in-
tensity variations in all AIA passbands have two possible expla-
nations: the event is dominated by the cool component or covers
a wide temperature range with heating on short time scales.

5. Conclusions

In this study, we isolated three explosive events in a 3D self-
consistent MHD model of a quiet Sun region. The Si iv line pro-
files within the events are highly deviated from Gaussian, indi-
cating bi-directional flows triggered by magnetic reconnection.
They appear along network lanes and last for approximately two
minutes. Two events are located at the interacting regions of field
line bundles, and one example is associated with a highly twisted
flux rope. Their surrounding magnetic field structures are similar
to those of transient coronal brightenings studied in Chen et al.
(2021). In addition, the magnetic field topologies greatly change
after the events disappear and the heating rates in and around
the events are strong. Thus, explosive events in our model are
manifestations of component reconnection.

Although explosive events may share a similar magnetic field
environment, their peak temperatures can be very different. The
plasma within Event 1, like most events, barely reaches above
1 MK, while Events 2 & 3 both achieve typical coronal tem-
peratures. By examining the vertical cuts of various parameters
through the events, we found that temperature differences can re-
sult from a different amount of converted magnetic energy, i.e.,
heating rates, or local plasma density.

Furthermore, we investigated the light curves of AIA coro-
nal passbands. Both Events 1 & 2 exhibit simultaneous intensity
variations in all AIA passbands, while they are dominated by the
cool and hot components, respectively. So the negligible time
lags among AIA passbands cannot tell whether the event is dom-
inated by plasma at transition region temperatures. It is also pos-
sible that the heating processes are too fast to be resolved in ob-
servations. Moreover, the Fe x emission greatly increases within
the events dominated by the hot component and exhibits as back-
ground fluctuations within event dominated by the cool compo-
nent. Thus, spectral observations are necessary to determine the
thermal properties, and future space missions such as Multi-slit
Solar Explorer (MUSE; De Pontieu et al. 2022) and EUV High-
Throughput Spectroscopic Telescope (EUVST; Shimizu et al.

2019) are important to unveil their detailed thermal properties
and heating processes.
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Appendix A: Additional examples of explosive
events

In the main text, we presented detailed studies of three examples.
Here we provide an overview of other randomly selected events
in the same format as in Fig. 3.
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Fig. A.1. Intensity maps and the Si iv line profiles for the other events. Each row is analogous to Fig. 3 but for different events. See Sect. A.
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