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ABSTRACT
The coronal magnetic topology significantly affects the outcome of magnetic flux rope

(MFR) eruptions. The recently reported nested double null magnetic system remains unclear
as to how it affects MFR eruptions. Using observations from the New Vacuum Solar Tele-
scope and the Solar Dynamics Observatory, we studied the formation and successful eruption
of a hot channel MFR from NOAA active region AR12173 on 2014 September 28. We ob-
served that a hot channel MFR formed and erupted as a coronal mass ejection (CME), and
the magnetic field of the source region was a nested double null magnetic system in which an
inner magnetic null point system was nested by an outer fan-spine magnetic system. Obser-
vational analysis suggests that the origin of the MFR was due to magnetic reconnection at the
inner null point, which was triggered by the photospheric swirling motions. The long-term
shearing motion in the source region throughout around 26 hours might accumulate enough
energy to power the eruption. Since previous studies showed that MFR eruptions from nested
double null magnetic systems often result in weak jets and stalled or failed eruptions, it is
hard to understand the generation of the large-scale CME in our case. A detailed comparison
with previous studies reveals that the birth location of the MFR relative to the inner null point
might be the critical physical factor for determining whether an MFR can erupt successfully
or not in such a particular nested double null magnetic system.

Keywords: Solar activity(1475); Solar flares(1496); Solar coronal mass ejections(310); Solar
filament eruptions(1981)

1. INTRODUCTION

A magnetic flux rope (MFR) is a group of helical
magnetic field lines wrapping around a common
axis, which hints that magnetic field lines inside
an MFR have the same central axis and are rooted
around similar locations (e.g., Liu 2020). Obser-
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vationally, the MFRs can contain filaments (e.g.,
Aulanier et al. 1998; Mackay et al. 2010), com-
posed of relatively cold and dense plasma, which
are typically seen as dark and elongated structures
in absorption in Hα and extreme ultraviolet (EUV)
wavelengths on the solar disk, while appearing as
bright features off the solar disk. On the solar
disk, MFRs may appear as sigmoids with a forward
or reversed sigmoidal shape, observed in EUV
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and soft X-ray (SXR) wavelengths (e.g., Savcheva
& van Ballegooijen 2009; Aulanier et al. 2010).
Also, the hot channels are widely accepted to be
MFRs (e.g., Zhang et al. 2012; Cheng et al. 2013,
2014). Hot channels are visible only at AIA high-
temperature passbands (e.g., AIA 94 and 131 Å),
while invisible in the other low-temperature pass-
bands. An MFR is an ideal carrier of magnetic free
energy, whose eruption is typically in association
with violent solar activities, such as flares (e.g.,
Wang et al. 2015), large-scale magnetohydrody-
namic (MHD) waves (e.g., Shen et al. 2018, 2019a,
2022; Zhou et al. 2021b), CMEs (e.g., Cheng et al.
2011; Shen et al. 2011, 2012b) and solar storms
(e.g., Möstl et al. 2018).

The initiation and eruption mechanisms of MFRs
have attracted much attention. To date, two types
of physical mechanisms are frequently used to ex-
plain the initiation and eruption of MFRs. One
is the ideal MHD instabilities without dissipation
process, including the kink instability (e.g., Török
et al. 2004; Ji et al. 2003) and the torus instability
(e.g., Kliem & Török 2006). For kink instability,
it will occur if the magnetic twist of the MFR ex-
ceeds a critical value (e.g., Török et al. 2004). The
torus instability is determined by the competition
mainly between the Lorentz-self force (hoop force;
pointed outwards) and the strapping force (gener-
ated by the external poloidal field and pointed in-
wards). With the radius of the current ring expand-
ing rapidly, if the inward strapping force decreases
faster than the outward hoop force, the system will
become unstable, which refers to the torus insta-
bility (e.g., Kliem & Török 2006). Another type
is reconnection-based models. For example, in the
so-called tether-cutting model (e.g., Moore et al.
2001; Chen et al. 2014; Shen et al. 2024), two sets
of magnetic field lines can be formed above the po-
larity inversion line (PIL) of a bipolar region due
to the magnetic reconnection in the current sheet
between the two groups of J-shaped sheared mag-
netic field lines. While the outward-moving mag-
netic field lines form a long MFR, the downward-

moving reconnected field lines form the hot flare
arcade. Another well-known reconnection-based
model under a bipolar field is called the standard
flare model (e.g., Carmichael 1964; Sturrock 1966;
Hirayama 1974; Kopp & Pneuman 1976). In stan-
dard flare models, when a preexisting MFR erupts
upwards, magnetic field inflow beneath it creates
a current sheet where reconnection rapidly con-
verts magnetic energy into plasma heating and par-
ticle acceleration. Lin & Forbes (2000) proposed
a two-dimensional hybrid CME model including
an MFR, in which the system is initiated by the
loss of equilibrium of the pre-eruption configura-
tion, and stretching of the background strapping
magnetic field lines can form a current sheet un-
derneath the rising MFR. The fast magnetic recon-
nection within the current sheet can accelerate the
eruption of the MFR to form a CME, leaving be-
hind two conjugated flare ribbons connected by a
group of hot flare arcades in the eruption source
region.

Compared with a bipolar magnetic field, Antio-
chos et al. (1999) proposed the well-known mag-
netic breakout model to emphasize the importance
of multipolar magnetic fields in forming CMEs and
flares. In the magnetic breakout model, a mag-
netic null point exists between the core and the
overlying fields. The magnetic null point where
the magnetic field vanishes is a crucial element in
the magnetic breakout model, and it can be the lo-
cation for the formation of a current sheet (e.g.,
Priest 2014). Reconnection at the null point can
remove the enveloping field above the core field,
allowing the core field to further expand (e.g., An-
tiochos et al. 1999; MacNeice et al. 2004; Karpen
et al. 2012). Usually, the magnetic null point is
associated with the discontinuity in the magnetic
field; it often exists in regions where magnetic
field lines show strong gradients that can be iden-
tified as quasi-separatrix layers (QSLs; Priest &
Démoulin 1995). Generally, regions with high-
degree Q-values often denote the possible recon-
nection locations (e.g., Pariat & Démoulin 2012),
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and intense current will be generated along QSLs
due to the large gradients of the magnetic field
(e.g., Priest 2014). Calculating the squashing fac-
tor Q in a magnetic field is often used to find loca-
tions where magnetic reconnection might occur. In
principle, regions where the squashing factor Q is
much greater than 2 are usually regarded as QSLs
(Titov et al. 2002).

Simulation and observation evidence suggest
that the magnetic breakout model is a universal
mechanism for explaining solar eruptions across
multiple scales, from large-scale CMEs to small-
scale solar jets (e.g., Wyper et al. 2017, 2018,
2021; Kumar et al. 2018, 2021; Li et al. 2019; Zhou
et al. 2021a). According to this model, through
shearing the field lines along the PIL beneath the
null point, the breakout system is energized and
a twisted flux rope might be created underneath
the central strapping field prior to the onset of
the breakout phase (e.g., Antiochos et al. 1999;
Wyper et al. 2017, 2018). During the slow rise of
the flux rope, the null point becomes increasingly
compressed as the core confining field lines of the
flux rope expand upwards towards it, and then a
breakout current sheet (BCS) forms, and magnetic
reconnection within it will remove some strapping
field lines above the rising flux rope. Hence, as the
flux rope rises, a flare current sheet (FCS) forms
below it, and the flare reconnection takes place and
accelerates the breakout reconnection in a positive
feedback process. For breakout jets, the corre-
sponding configuration is often called a fan-spine
magnetic system, which is composed of the spine
lines inside/outside the dome-shaped fan with a
coronal null point among them (e.g., Sun et al.
2013; Wyper et al. 2017, 2018; Shen et al. 2019b;
Hou et al. 2019; Hong et al. 2019; Shen 2021).

Remarkably, eruptions in a nested magnetic flux
system containing two null points were observed
and analyzed in previous studies (e.g., Hou et al.
2019; Li et al. 2019; Karpen et al. 2024), which
can be named as a nested double null magnetic sys-
tem. Especially, Karpen et al. (2024) reported a de-

tailed investigation of an MFR eruption in a nested
double null magnetic system, and the MFR under-
went a stalled eruption within a nested fan-spine
system. In their case, an MFR formed and acceler-
ated quickly in a nested double null magnetic sys-
tem but stopped and stayed within the large-scale
fan-spine magnetic system, which suggests that the
nested double null magnetic system adds the com-
plexity of the eruption process.

Similar to Karpen et al. (2024), our study also
focused on the eruption in a nested double null
magnetic system. The main difference between to
Karpen et al. (2024) is that in our case, the MFR
escaped successfully and caused a CME. Thus, a
comparison study relative to Karpen et al. (2024)
is necessary to investigate the physical reasons for
determining whether a CME can occur in such a
nested double null magnetic system, and this can
also help deepen our understanding of the erup-
tions in the nested double null magnetic system and
the magnetic breakout mechanism. The present
study mainly focuses on how the CME formed
from a complicated nested double null magnetic
system and aims to answer the question of why the
CME can occur in our case but not in Karpen et al.
(2024). Instruments and data details are introduced
in Section 2. Results are presented in Section 3.
Discussions and a summary are given in Section 4.

2. INSTRUMENTS AND DATA

We used the extreme ultraviolet (EUV) data
taken by the Atmospheric Imaging Assembly
(AIA; Lemen et al. 2012) and the magentograms
taken by the Helioseismic and Magnetic Imager
(HMI; Schou et al. 2012) onboard the Solar Dy-
namics Observatory (SDO; Pesnell et al. 2012).
This event was also observed by the X-ray Tele-
scope (XRT; Golub et al. 2007) onboard the Hin-
ode (Kosugi et al. 2007). High temporal and spa-
tial resolution Hα observations taken by the New
Vacuum Solar Telescope (NVST; Liu et al. 2014),
soft X-ray (SXR) and hard X-ray (HXR) data
recorded respectively by the Geostationary Op-
erational Environmental Satellites (GOES) and the
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Figure 1. Overview of this event on 2014 September 28. Panels (a) is AIA 171 Å image overlaid by HMI magne-
togram contours (± 300 G, red = positive, blue = negative). Two filaments (F1 and F2; indicated by the green and
yellow arrows, respectively) exist under a large-scale fan-spine magnetic flux system within a null point, noted by
a white arrow. Panel (b) is AIA 304 Å image and displays the eruption signatures of the source region. The white
rectangle in panel (b) indicates the field of view (FOV) of panels (c) and (d). Panel (c) presents the locations of the
two filaments (F1 and F2; indicated by the green and yellow lines) on HMI magnetogram. In panel (d), Hα image
acquired by the NVST shows the filaments were stable during the entire process, which is overlaid with the RHESSI
images for 6 – 12 (red) and 25 – 50 (blue) keV for 20%, 45%, 75% and 95% of the maximum emission. The white
arrows in panel (d) indicate the two flare ribbons. Panel (e) is the reconstructed 3D magnetic topology of the source
region revealed by NLFFF extrapolation at 02:12 UT on 2014 September 28. The gray and red curves indicate the
outer fan-spine magnetic system. The black box in panel (e) indicates the FOV of panels (f) and (g) and has the same
range of the white box in panel (b). Panel (f) shows the side view of the inner magnetic null point system (indicated by
the black, pink, cyan and orange curves), containing an inner null point (17.4 Mm above the photosphere). Panel (g)
is the top view of the inner magnetic null point system. The green and yellow curves in extrapolation results indicate
the two observed filaments.
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Reuven Ramaty High Energy Solar Spectroscopic
Imager (RHESSI; Lin et al. 2002). White-light
coronal observations taken by the Large Angle and
Spectrometric Coronagraph (LASCO; Brueckner
et al. 1995) onboard the Solar and Heliospheric
Observatory (SOHO) are also used.

The AIA image has a temporal cadence of 12
s and a spatial resolution of 1′′.2, which provides
quasi-simultaneous multi-wavelength ultraviolet
and EUV images to probe the solar atmosphere
from the photosphere to the corona. The HMI
provides data, including the photospheric Doppler
speed, line-of-sight (LOS) magnetograms, and
vector magnetograms with a spatial resolution of
1′′. The cadences of the Doppler speed and LOS
magnetograms are both 45 s, while that of the vec-
tor magnetograms is 720 s. The NVST took the Hα
center images with a cadence of 12 s and a spatial
resolution of 0′′.33. In addition, the LASCO pro-
vides the white-light images of the outer corona
from 2 to 32 R⊙.

3. RESULTS

On 2014 September 28, we observed a nested
double null magnetic system in NOAA AR12173,
where a large-scale fan-spine magnetic system
hosts a small-scale magnetic null point system.
A hot channel erupted from below the large-scale
fan-spine magnetic system, resulting in a GOES
M5.1 flare whose start and peak times were at
about 02:39 UT and 02:58 UT, respectively. In
addition, LASCO observed a slow CME traveling
toward the southwest at an average speed of about
215 km s−1.

3.1. Overview

Figure 1 shows the overview of the event on 2014
September 28. As displayed in Figure 1(a), a large-
scale fan-spine magnetic system can be observed
directly in the AIA 171 Å image at 02:12:11 UT
before the eruption. During the violent eruption of
the event, we observed a circular flare ribbon and
a bright remote ribbon as indicated by the white
arrows in Figure 1(b). Under the large-scale fan-

spine magnetic system, there were two filaments
(F1 and F2) as indicated by the green and yellow
arrows in Figure 1(a) and (d). The projection posi-
tions of the two filaments are overlaid on the HMI
line-of-sight (LOS) magnetogram as indicated by
green and yellow curves in Figure 1(c). It is clear
that the two ends of F1 were rooted in the two
main magnetic regions of opposite polarities (P1
and N1; see the green curve in Figure 1(c)), while
those of F2 were rooted in two small satellite mag-
netic regions at the periphery of the two main mag-
netic poles (P2 and N2; see the yellow curve in
Figure 1(c)). Since the AR12173 was located in
the southwest of the solar disk, F1 and F2 may de-
viate from the photospheric polarity inversion line
(PIL) due to the projection effect. F1 and F2 can
be observed clearly in the NVST Hα image (see
Figure 1(d)). In addition, the contours of RHESSI
sources at energy bands of 6 – 12 (red) and 25 –
50 (blue) keV were also overlaid on the Hα image.
One can see that the hard X-ray RHESSI sources at
the energy band of 25 – 50 keV reveal not only the
loop-top source (the middle one) but also the foot-
point sources (the upper and bottom ones located
on the flare ribbons). The two filaments remained
stable at their original site throughout the whole
eruption process (denoted by the green and yellow
arrows in Figure 1(d)). This raises the question of
what caused the observed flare and CME. There-
fore, we alternatively investigated the pre-eruption
magnetic configuration below the large-scale fan-
spine magnetic system to determine the eruption
mechanism and interpret the associated flare and
CME.

We extrapolated the three-dimensional coronal
magnetic field of the eruption source region using
the nonlinear force-free magnetic field (NLFFF)
optimization method based on the photospheric
vector magnetic field as input (Wheatland et al.
2000), to study the pre-eruption magnetic config-
uration of the source region. The coronal mag-
netic field satisfying equations, i.e., ▽ × B = αB
and ▽ · B = 0 meets the force-free criteria, where
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Figure 2. Evolution of the source region on 2014 September 28. Panels (a) – (c) are composite images of AIA 94
Å (green) and 131 Å (blue) during different evolution phases: the pre-eruption, eruption, and post-eruption phases.
In Panel (b), the dashed white curve indicates the axis of the hot channel MFR, which is shifted to the left to avoid
covering the MFR due to its weak radiation. The white line in panel (b) denotes the path of the time-distance diagram
in Figure 3(a), from A to B. The white box in panel(b) indicates the integration region of the normalized light curve of
AIA 131 Å in Figure 3(b). Panels (d) – (f) are differential composite images of AIA 94 Å, 131 Å and 171 Å. The blue
and red arrows mark the hot channel and the outer null point of the large-scale fan-spine magnetic system, respectively.
Panels (g) and (h) show the running difference images of a CME observed by LASCO/C2 and C3, with AIA 171 Å
images. A dashed black curve marks the bright front of the CME, and the bright core is denoted by the white arrow in
(h). The animation covers a duration of about 90 minutes from 02:00 UT to 03:30 UT on 2014 September 28.
(An animation of this figure is available)

α = α(x) is a function of position along each mag-
netic field line. When α varies in space, the extrap-
olated field becomes nonlinear. We used the vector
magnetic field observed by the HMI at 02:12 UT
before the onset of the event as the bottom bound-
ary condition to extrapolate the three-dimensional
coronal magnetic field. We plotted some key mag-
netic field lines in Figure 1(e) – (g) to show the
basic magnetic connectivity and topology of the
eruption source region. Interestingly, the extrap-
olated results show an inner magnetic null point

system situated within the fan structure of a large-
scale fan-spine system (see red and gray curves
in Figure 1(e)). The top and side view of the in-
ner magnetic null point system are shown in Fig-
ure 1(g) and (f), respectively, and the inner mag-
netic null point system is indicated by the black,
cyan, pink, and orange curves. The height of the
inner null point is measured to be about 17.4 Mm
above the photosphere as indicated by the red ar-
row in Figure 1(f), and the height of the outer null
is measured about 36 Mm. The green and yellow
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curves in the extrapolation results in Figure 1(e) –
(g) represent the two observed filaments F1 and F2,
respectively. One can see that the two filaments are
confined under the nested magnetic flux system.

3.2. Eruption Details

After checking AIA images carefully, we noticed
that a sigmoidal, hot magnetic structure formed
above the filaments (indicated by the green and
yellow arrows in Figure 2(a)). The shape of the
structure is indicated by the dashed white curves in
Figure 2(b). The newly formed sigmoidal structure
can only be seen in the high-temperature channels
of the AIA (such as AIA 94 Å and 131 Å). Since
it can not be observed in low-temperature wave-
length channels of the AIA, the observed S-shaped
structure should be a so-called hot channel (Zhang
et al. 2012). To investigate the internal dynam-
ics process between the newly formed hot channel
and the large-scale fan-spine magnetic system, we
made composite images by using the AIA 94 Å,
131 Å and 171 Å running difference images (see
Figure 2(d) – (f)). We found that due to the gradual
rising motion of the hot channel (indicated by the
blue arrows in the locally enlarged images in Fig-
ure 2(d) – (f)), the initial outer null point structure
deformed into a thin and linear feature, as indicated
by the red arrows in the locally enlarged images in
Figure 2(d) and (e)). The appearance of the linear
feature may suggest that the null point became in-
creasingly compressed to form a BCS there. From
02:39 UT (Figure 2(e)) to 02:42 UT (Figure 2(f)),
one can see that the BCS bent southwards, thinned,
lengthened and was pushed away from the previ-
ous site to a certain distance (more details can be
found in the online animation associated with Fig-
ure 2). As shown in the previous simulation stud-
ies (e.g., Wyper et al. 2017, 2018, 2021), such bend
motion of BCS was closely related to the rising of
an MFR. In the breakout model, the rising MFR
can cause its overlying restraining field loops to
expand and create a BCS at the separatrix between
the closed bipolar flux system and the surround-
ing open or closed flux system. When the rising

twisted flux forces against the separatrix, the ex-
plosive reconnection will occur and the reconnec-
tion site may be elongated and bent along the dome
and, simultaneously, push the current sheet farther
or higher. Therefore, comparing the phenomena
in this event with the previous simulation results
mentioned above, after 02:39 UT, the BCS was sig-
nificantly bent and became longer and farther. This
may represent that the hot channel front reached
the breakout sheet and led to an explosive energy
release. After the explosive reconnection, the hot
channel erupted successfully, forming the obvious
bright flare arcade below it (see Figure 2(c)). Then,
a CME appeared in the FOVs of the LASCO/C2
and C3 (see Figure 2(g) and (h)). The dashed black
curve and the white arrow in Figure 2(h) indicate
the CME’s bright front and core, respectively.

To further demonstrate the evolution of the hot
channel in detail, we made a time-distance dia-
gram using the AIA 131 Å time-sequenced images
along a path indicated by the white line in Fig-
ure 2(b). We plot the results in Figure 3(a). In
the time-distance diagram (see Figure 3(a)), the hot
channel first appeared at 02:19 UT (see the dashed
white curve), and then, it showed two distinct erup-
tion phases. The hot channel first experienced a
slow-rising phase from 02:19 UT to 02:31 UT and
then went through an impulsive acceleration phase
starting from 02:31 UT (see the dashed white curve
in Figure 3(a)). Such a kinematic behavior of an
erupting MFR has been reported in many studies
(e.g., Shen et al. 2012a; Zhang et al. 2012; Chen
et al. 2014; Cheng et al. 2014). In the present
event, the eruption speed and acceleration of the
hot channel are plotted in Figure 3(c). During the
slow-rising phase, the average speed is about 9.9
km s−1, and the average acceleration is only about
0.02 km s−2. In the impulsive acceleration phase,
the speed of the hot channel increased quickly from
about 20.8 km s−1 to 124.9 km s−1 within 14 min-
utes, with an average value of about 70.7 km s−1.
The acceleration of the hot channel also increased
impulsively from about 0.06 km s−2 to about 0.21
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X-ray fluxes at different energies in different colored curves. The speed (blue) and acceleration (red) of the hot channel
in panel (c) were measured along the dashed white curve in panel (a). The left and right dashed vertical lines in panels
(a) and (b) indicate the start time of the slow rise and the impulsive acceleration phase of the hot channel, respectively.

km s−2, with an average value of about 0.14 km s−2,
almost one order of magnitude larger than that dur-
ing the slow-rising phase. Finally, the accelera-
tion of the hot channel dropped rapidly from about
02:41 UT.

In the breakout model, an erupting flux rope of-
ten shows two distinct eruption phases (e.g., Wyper
et al. 2017, 2018; Kumar et al. 2018), whose erupt-
ing trajectory is similar to the depiction of the hot
channel in Figure 3(a). In the breakout scenario,
the dissipation of the current sheet under the ris-
ing magnetic flux by the so-called ”tether-cutting”
reconnection (Moore et al. 2001) is commonly re-
sponsible for the formation of the erupting MFR.
During this phase, the MFR would be formed and

built up due to the continuous accumulation of the
magnetic flux, and also rise slowly due to the mag-
netic buoyancy. The continuous rise of the MFR
would lead to a positive feedback eruption process
between the breakout reconnection and flare recon-
nection. In this scenario, breakout reconnection
weakens the overlying strapped field lines, facil-
itating flare reconnection beneath the rising flux;
the flare reconnection can further diminish the re-
straining flux above the rising flux, thereby pro-
moting the breakout reconnection. The mutual fa-
cilitation between the breakout reconnection and
flare reconnection proceeds in a positive feedback
way. This can cause the motion of the MFR to con-
vert from a slow rise to a fast rise. After this, the
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explosive reconnection may occur when the MFR
front reaches the breakout sheet. These would be
the reasons behind the dynamic evolution of two
distinct eruption phases of an MFR in the break-
out scenario. Based on such reasons, we here in-
fer that the slow-rising phase of the observed hot
channel may represent the formation and build-up
phase of the erupting flux in the magnetic breakout
model. The impulsive acceleration of the observed
hot channel may include two parts according to the
magnetic breakout scenario, i.e., the breakout feed-
back phase and the explosive reconnection process.

The above interpretation can be supported by
the measurements of the X-ray fluxes at differ-
ent energy channels and the light curves (see Fig-
ure 3(b)). Magnetic reconnection responsible for
the MFR formation occurs beneath the core strap-
ping field. During this phase, the magnetic recon-
nection should be moderate, leading to limited en-
ergy release. This may result in the build-up and
slow-rising of the hot channel (02:19 UT – 02:31
UT in Figure 3(a)) and a moderate increase in the
light curve of AIA 131 Å from 02:19 UT to 02:31
UT (see Figure 3(b)), whose integrated region was
denoted by the white box in Figure 2(b). Following
this, the feedback process between the breakout re-
connection and flare reconnection would intensify
the energy release, leading to a rapid rise of the
hot channel (indicated by the dashed white curve
after 02:31 UT in Figure 3(a)). Concurrently, the
RHESSI flux curves at relatively low energy chan-
nels of 6 – 12 keV and 12 – 25 keV exhibited a
significant increase. During the impulsive acceler-
ation phase of the hot channel (after 02:31 UT), the
RHESSI flux at relatively low energy channels of 6
– 12 keV and 12 – 25 keV also showed a transition
at around 02:39 UT. Initially, from about 02:31 UT
to 02:39 UT, they rose slowly, but after about 02:39
UT, the SXR and HXR flux curves all soared. This
suggests a more significant increase in energy re-
lease around 02:39 UT. The feedback process is
expected to accelerate the explosive breakout re-
connection process when the hot channel front col-

lides with the breakout sheet and then releases in-
tensive energy. Notably, the transition of the flux
curves during the impulsive acceleration at about
02:39 UT corresponds to the start time of the ob-
served obvious deformation of the breakout sheet,
as shown in Figure 2(e) and (f). This deformation
would be regarded as an observational indicator
of the hot channel front colliding with the break-
out sheet (the relevant analysis has been discussed
above). Therefore, the soaring flux curves (after
02:39 UT) likely relate to the explosive reconnec-
tion, aligning with the predictions in the breakout
model (e.g., Wyper et al. 2017, 2018).

3.3. Activities in the Source Region

By observing the high-temperature channel
videos made from the AIA 131 Å, Fe XVIII 93.932
Å (removed the cool emission from AIA 94 Å) and
XRT Al Poly images of the source region (the an-
imation of the Figure 4 is available in the online
journal for obtaining more details), we noticed
that the inverted S-shaped hot channel mentioned
above gradually appeared in AIA 131 Å, the XRT
Al Poly and Fe XVIII 93.932 Å images (see Fig-
ure 4(a) – (f)), which indicates the formation of a
hot MFR in this source region. Notably, a hot loop
appeared in the XRT Al Poly image (see the insert
plot in Figure 4(c)) shortly after the appearance of
the hot channel. Since the hot channel was very
faint during the initial formation stage, we used
the 131 Å running difference images enhanced via
the gamma correction and the image obtained by
removing the cool emission from AIA 94 Å (Del
Zanna 2013), only displaying the hotter Fe XVIII
93.932 Å (log T (K) ∼ 6.8) emission to better show
the hot channel (see Figure 4(d) – (f)). The pro-
file of the hot channel was indicated by the dashed
curves in Figure 4 around the observed hot channel
to guide eyes. During the slow rising phase of the
hot channel (02:19 UT – 02:31 UT), the hot chan-
nel became more and more evident in observations
(see Figure 4(d) – (f)) and the AIA 131 Å light
curve involving the hot channel also shows a slow
increase trend (see blue curve in Figure 3(b)) from
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Figure 4. Evolution of the source region near the newly formed MFR on 2014 September 28. Panels (a) – (f) show
the evolution of the source region displayed by AIA 131 Å, XRT Al Poly and Fe XVIII 93.932 Å. F1 and F2 are
denoted by the green and yellow arrows in panel (a), respectively. The white line AB in panel (a) denotes the path of
the time-distance plot in Figure 3(a). In panel (b), white and blue contours refer to positive (300 G) and negative (-300
G) polarities, respectively. Panel (c) is XRT Al Poly image, and the white curve in enlarged box denotes a hot loop.
Panels (d) and (e) are running difference images of AIA 131 Å that have been enhanced via the gamma correction.
The dashed curves in panels (c) – (f) mark the axis of the newly formed hot channel MFR, which is shifting to the left
to avoid blocking the MFR. In panel (g), the normalized light curves were obtained from AIA 131 Å images. These
curves have different colors corresponding to the boxes of the same color in panel (b). The vertical dashed line in
panel (g) indicates the time when the brightenings in the boxes B1 – B4 reached their peak. The animation covers a
duration of about 47c minutes from 02:00 UT to 02:47 UT on 2014 September 28.
(An animation of this figure is available)

02:19 UT to 02:31 UT, which may be the evidence
for the formation and build-up processes of the hot
channel during the slow rise phase.

We also observed four brightenings at around the
footpoints of two filaments (see boxes B1 – B4 in
Figure 4(b)). By comparing Figure 4(b) with (c) –
(f), we can see that the two footpoints of the hot
channel were rooted in opposite magnetic polari-
ties close to the edges of the two magnetic poles
of the active region (see B1 and B4 in Figure 4(b)).

The normalized light curves within the colored box
regions in Figure 4(b) were plotted in Figure 4(g).
We noticed that the light curves increased fast at
around 02:19 UT and reached their peak values
at around 02:22 UT after the appearance of the
hot channel (at around 02:19 UT). These suggest
that the hot channel and four brightening patches
might be related to each other temporally and spa-
tially. Such close temporal and spatial relation-
ships might hint at an intrinsic physical relation-
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Figure 5. The reconstructed 3D magnetic topology of the source region and relevant QSLs and J/B distribution. Panel
(a) is the top view of the inner magnetic null point system and has the same range with the black box in Figure 1(e).
The green and yellow curves denote the observed two filaments. The enlarged plot in panel (a) shows the observed
hot channel and displays the same region with the white box in panel (a). The red, orange, yellow and green boxes in
panel (a) correspond to the colored boxes in Figure 4(b). Panel (b) shows the photospheric horizontal velocity map,
determined by the FLCT method, overlaid with the extrapolated field lines. The enlarged plot in panel (b) is XRT
Al Poly image at 02:22:38 UT, which contains a hot loop. Panels (e) and (f) show the distribution of the J/B and
QSLs along the dashed black line in panel (a), crossing the position where the inner null point exists at 02:12 UT
on 2014 September 28. The dashed white lines in panels (e) and (f) indicate the height of the X-type distribution.
Panel (c) is HMI image at 00:00:33 UT on 2014 September 27, overlaid with red (300 G; positive) and blue (-300 G;
negative) contours at 02:22:20 UT on 2014 September 28. Panel (d) is the temporal evolution of the positive (red) and
negative (blue) magnetic fluxes calculated over the same range with panel (b), from 01:20 UT to 02:30 UT on 2014
September 28.

ship among them. The potential physical relation-
ships among them will be discussed in detail in
Section 4.1.

3.4. Magnetic Structure of the Source Region

We reconstructed the pre-eruption magnetic con-
figuration of the source region, and Figure 5(a)
shows the top view of the inner magnetic null point
system having the same range of the black box in
Figure 1(e). The inner magnetic null point system
existed under a large-scale fan-spine magnetic sys-
tem (see the black, cyan, pink, and orange curves
in Figure 5(a)). The green and yellow curves in the
extrapolation results in Figure 5(a) were F1 and F2
(e.g., as noted by green and yellow arrows in Fig-
ure 1(a) and (d)).

Based on the extrapolated magnetic fields, we
calculated the current density (see Figure 5(e)) and
the Q factor (squashing degree, see Figure 5(f))
in the vertical plane passing through the magnetic
null point of the inner magnetic null point sys-
tem along the dashed black line indicated in Fig-
ure 5(a). The position of a magnetic null point is
usually expected to be associated with a high cur-
rent density and a high-degree Q number. In prin-
ciple, regions characterized by high Q values are
often liable to occur magnetic reconnection. By
analyzing the current density and the Q value in the
current density and Q maps, we can find that before
the formation of the hot channel, X-type distribu-
tions of the current density and the Q factor were
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already formed at about 02:12 UT at the position
of the inner null point (see the insets in Figure 5(e)
and (f)). In addition, based on these calculated
current density and Q maps, we can also answer
whether the observed hot MFR was pre-existing in
the corona. Because an MFR is a cylindrical cur-
rent structure, one should identify a circular struc-
ture representing the MFR boundary in the current
density and Q maps perpendicular to the axis of the
MFR (e.g., Savcheva et al. 2012; Guo et al. 2013;
Liu et al. 2016). In the present case, we do not ob-
serve such a structure before the presence of the hot
channel in observations. Therefore, the observed
hot channel might not be pre-existing.

4. CONCLUSIONS AND DISCUSSIONS

In this paper, we present the observations of
a CME originating from a complicated magnetic
source region on 2014 September 28 by using
multi-wavelength imaging observations taken by
the SDO, the NVST, the Hinode, and the SOHO,
and X-ray fluxes recorded by the GOES and the
RHESSI satellites combined with the NLFFF ex-
trapolation. Our analysis results indicate that the
magnetic structure in the eruption source region
is a nested double null magnetic system in which
a large-scale fan-spine magnetic system hosts a
small-scale magnetic null point system below. The
outer fan-spine magnetic system hosting a mag-
netic null can be observed directly in EUV im-
ages taken by the AIA. In contrast, the inner mag-
netic null point system is indirectly revealed by
the three-dimensional coronal magnetic field. Al-
though, there were two filaments in the eruption
source region, they kept stable during the whole
eruption process. Our analysis results indicate that
the observed flare and CME were probably caused
by the eruption of a newly formed hot channel
rather than the observed filaments. In addition, the
observed circular flare ribbon, remote ribbon, and
the two conjugated flare ribbons underneath the
erupting hot channel evidenced the interaction pro-
cess between the newly formed MFR and the outer
fan-spine magnetic system. The present study re-

veals that the formation of a CME is more compli-
cated than we thought and how an MFR forms and
erupts as a large-scale CME from such a complex
nested double null magnetic system. The forma-
tion of the hot channel, the reasons why the ob-
served filaments did not erupt, and the formation
of the CME in the nested double null magnetic sys-
tem will be discussed in the following sections.

4.1. Formation Mechanism of the Hot Channel
MFR

Based on the extrapolated three-dimensional
coronal magnetic field, we find an inner mag-
netic null point system nested by an outer fan-
spine magnetic system (see Figure 1). In the inner
magnetic null point system, if the magnetic re-
connection occurred between the pink and cyan
curves, the loops analogous to the black one can
be formed. Figure 5(a) shows that the location and
shape of the black loop overlying the inner null
point is similar to the observed hot channel, i.e.,
they are both in the shape of an inverse sigmoid
and share nearly the same pair of the footpoints.
Such similarities suggest that the formation of the
observed hot channel can be due to the magnetic
reconnection between the pink and cyan field lines
at the inner null point. According to the extrapo-
lation results, such a magnetic reconnection could
lead to brightenings at the footpoints of the mag-
netic field lines consisting of the inner magnetic
null point system. The imaging observation well
showed four brightenings whose locations are spa-
tially consistent with the four footpoints of the ex-
trapolated magnetic field lines comprised of the in-
ner magnetic null point system (see Figure 4(b) and
Figure 5(a)), which suggest that magnetic recon-
nection did occur at the inner null point. Besides
the magnetic reconnection between the pink and
cyan field lines, the same brightenings can also be
created by the magnetic reconnection between the
orange and black field lines.By checking the XRT
Al Poly soft X-ray images, we observed a hot loop
closely following the hot channel’s appearance at
about 02:22:38 UT. This hot loop was located un-
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der the inner null point, and it had a similar shape
and footpoint locations to the extrapolated orange
curve (see Figure 5(b)). In addition, this hot loop’s
appearance time was close to the peak time of B2
and B3. Based on these close temporal and spatial
relationships between the extrapolated magnetic
field lines and the actual observations, we con-
clude that the magnetic reconnection at the inner
null point should occur between the extrapolated
pink and cyan field lines, where the observed hot
loop in the XRT Al Poly images and the hot chan-
nel MFR in EUV and soft X-ray images represent
the downward and upward moving reconnected
field lines, respectively.

To investigate the trigger of such a magnetic re-
connection, we further checked the velocity map
of the LOS magnetic field using the Fourier lo-
cal correlation tracking (FLCT) method (Fisher &
Welsch 2008). The region of interest of the veloc-
ity map is around the PIL focusing on the inner
magnetic null point system (the black box in Fig-
ure 5(a)), and the time of the velocity map is be-
fore the formation of the hot channel at 02:11:48
UT. The calculated velocity map is superimposed
on the LOS magnetogram at 02:11:48 UT as red
and blue arrows in Figure 5(b). At the same time,
the colored curves are the representative extrapo-
lated magnetic field lines the same as those in Fig-
ure 5(a). One can see that the magnetic polarities
show an apparent clockwise swirling motion. Due
to the high β nature of the photosphere, the mag-
netic field lines are frozen in the photospheric flow
and migrate forced by the photosphere flow. Such
photospheric swirling motion might lead to the ap-
proaching of magnetic field lines rooted in the pos-
itive and negative polarities, such as the pink and
cyan ones, and therefore trigger magnetic recon-
nection at the inner null point. The photospheric
swirling motion lasted for about one hour before
the eruption from 01:10 UT to 02:20 UT, and the
free energy generated by the swirling motion is es-
timated at about 9.75 × 1030 erg (see appendix for
more details). Meanwhile, the positive and nega-

tive magnetic fluxes calculated over the region of
interest both show a continuous decreasing trend
(see Figure 5(d)). This decrease in the magnetic
fluxes is suggestive of the flux cancellation driven
by the magnetic reconnection (e.g., Martin et al.
1985; Livi et al. 1985; Litvinenko 1999; Priest
et al. 2018). The velocity map also revealed that
there existed the component of the photospheric
converging motion at the source region. Such con-
verging motion is in favor of the occurrence of the
magnetic reconnection. The total magnetic energy
released during flux cancellation is E = 1

8π BΦL
(Chitta et al. 2020), where B is the magnetic field
strength, Φ is total cancelled magnetic flux, and
L is the length of the current sheet. We assume
that during the flux cancellation period, Φ ≈ 0.04
× 1021 Mx by calculating the balance part of the
flux loss (see Figure 5(d)), and B ≈ 300 G. Based
on the extrapolated results, we simply assume that
the current sheet is confined by the upper black and
lower orange loops, meaning L ≈ 6.7 Mm. Thus,
the released magnetic energy is about 3.2 × 1029

erg, which would be sufficient to power a B-class
flare in the solar corona (Hannah et al. 2011). Note
that some of the loops generated by the magnetic
reconnection might submerge and act as magnetic
cancellations, but others might still stay in the at-
mosphere. The loops left in the atmosphere could
continue to reconnect, further releasing magnetic
energy. This part can not be included by the sim-
ple quantitative calculation ( 1

8π BΦL), which could
lead to the underestimate of the released magnetic
energy. Thus, in reality, the released magnetic en-
ergy might be greater than the estimated value by
the simple assumption. In addition, we checked
the HMI images for over 26 hours from 00:00:33
UT on 2014 September 27 to 02:22:20 UT on 2014
September 28 (see Figure 5(c)). Notably, the two
main regions of opposite magnetic polarities (P1
and N1; noted in Figure 5(c)) sheared significantly.
The cyan and pink filed lines in Figure 5(a) each
have one footpoint rooted at P1 and N1, respec-
tively. Such shearing motion between P1 and N1
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might inject free energy into this source region
throughout more than 1 day, which might generate
enough energy to power the eruption. Hence, the
photospheric swirl motions revealed by the veloc-
ity map in Figure 5(b) might trigger reconnection
in the inner magnetic null point system, releasing
the free energy built up by the footpoint shearing
and contributing to the formation and build-up of
the hot channel.

4.2. Stability of the Two Filaments in the Source
Region

The two filaments located under the inner mag-
netic null point system in the eruption source re-
gion seemed detached from the whole eruption
process and remained stable at their original sites
(see Figure 1(d)). In the breakout model, a fila-
ment eruption is not required. It depends on where
the filament is located relative to the flare recon-
nection site (e.g., Kumar et al. 2021). The erupting
MFR is a newly formed hot channel in the present
study, which was formed within the inner magnetic
null point system over the two filaments. As the
magnetic reconnection occurs in the inner mag-
netic null point system, the magnetic field lines
will be rearranged into newly formed confining
loops above the filaments. As the MFR contin-
uously rises, flare reconnection will occur under-
neath the MFR, and more new magnetic flux will
accumulate in the MFR. At the same time, the flare
arcade created by the flare reconnection between
the two legs of the confining field lines of the MFR
will further strengthen the confinement above the
filaments. All these processes occurred will effec-
tively ensure the stability of the filaments.

4.3. Cause of the MFR’s Successful Eruption

The magnetic breakout configuration widely ex-
ists in the solar atmosphere and it has been con-
firmed by many observational and numerical stud-
ies (e.g., Antiochos et al. 1999; MacNeice et al.
2004; DeVore & Antiochos 2008; Shen et al.
2012a; Lynch & Edmondson 2013; Chen et al.
2016). Previous studies also suggested that a small

flux system can be nested into a larger one, which
can make up an overall nested double null mag-
netic system, and eruptions from it might be more
complex (e.g., Hou et al. 2019; Li et al. 2019;
Karpen et al. 2024). Karpen et al. (2024) re-
cently studied a nested fan-spine magnetic system
in which a fan-spine magnetic system is nested by
a large transequatorial pseudo-streamer containing
a null. The eruption of a flux rope from the in-
ner fan-spine system did not cause a large-scale
CME in the outer corona except for a weak shock
and a faint collimated outflow from the pseudo-
streamer. The nested fan-spine magnetic system
hosts two null points. Therefore, it can also be
called a nested double null magnetic system. Com-
bining observation and simulation, Karpen et al.
(2024) conducted a systematic study on how the
nested double null magnetic system modulates the
flux rope eruption within the system. The authors
concluded that the nested double null magnetic
system can significantly restrict the eruption of
the MFR from the inner fan-spine system, which
can account for the observed weak jet and stalled
ejection. Although the basic magnetic topology
in the present event is similar to that in Karpen
et al. (2024), i.e., a nested double null magnetic
system, the MFR eruption successfully caused a
large-scale CME in the outer corona in our event.
To determine what causes such a significant dif-
ference between the two events, we would like to
compare our event to the one reported in Karpen
et al. (2024).

The nested double null magnetic system in
Karpen et al. (2024) can be divided into three flux
systems by the two null points, i.e., the lower part
contains the rising flux rope; the middle part acts
as a strapping field that is anti-parallel to the lower
and upper fluxes; and the upper part also acts as a
strapping field but is parallel to the lower one. Due
to the rise of the MFR, the magnetic null points
will be squeezed into current sheets, and breakout
reconnection within them will dissipate the middle
strapping field from both directions. Since the flux
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rope field is anti-parallel to the the middle flux,
its twist and shear will be dispersed within the
system when it reaches the middle part strapping
field. After reaching the outer null, the downward
magnetic tension force caused by the upper trap-
ping flux will prevent the rising of the MFR, due to
the same orientation between the upper strapping
flux and the toroidal field component of the rising
flux. In this process, the upper confining field acts
like a wall that hinders the eruption of the rising
flux, similar to the effect of a slingshot. Hence, the
nested double null magnetic system can effectively
restrict the eruption of the MFR from the inner
fan-spine system and, therefore, naturally results
in weak or stalled ejections as observed in Karpen
et al. (2024). In the present event, it is clear that the
newly formed MFR is above the inner null point
but below the outer one. This is the same as the
single null point breakout topology for the MFR.
Therefore, the MFR eruption should proceed sim-
ilarly to the single null point breakout eruption,
in which the rising MFR first triggers the break-
out reconnection at the outer null point to open
the external strapping magnetic flux, and then the

flare reconnection underneath the MFR drives the
violent eruption of the MFR to produce the CME.

In comparison to Karpen et al. (2024), the main
difference is the initial birth location of the MFR
relative to the inner null point, which may deter-
mine whether an MFR can erupt successfully or
not in the nested double null magnetic system. Be-
sides the formation position of the erupting flux,
the kink or rotation motion of the flux rope and
the amount of the overlying strapping field above
the rising MFR via external/internal reconnection
may also affect the eruption process of the MFR.
Thus, solar eruptions from the nested double null
magnetic system deserve further relevant theoreti-
cal and observational investigations.
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ogy Program (2023NSFSC1351).

APPENDIX

CALCULATION OF THE POYNTING FLUX

In this paper, we estimate the Poynting flux generated by the swirling motions using the formula F = − 1
4π

Bv Bh · Vh, where Bv and Bh are the vertical and horizontal components of the field and Vh is the horizontal
velocity of the footpoint (Klimchuk 2006). We assume Bv = Bh ≈ 300 G based on the observations, and Vh

≈ 0.2 km s−1. Thus, the estimated Poynting flux is 1.432 × 108 erg cm−2 s−1. By taking the swirling area
S ≈ 1.892 × 1019 cm2 (60′′ × 60′′; see Figure 5(b)) and the duration of the swirl motions (almost an hour)
into account, the free energy generated by the swirling motions is estimated about 9.75 × 1030 erg. The
Poynting flux driven by the photosoheric swirling motions can afford enough energy that is required by the
buildup process of the hot channel.
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