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Abstract We present a study of a mini-filament erupting in
association with a circular ribbon flare observed by NVST
and SDO/AIA on 2014 March 17. The filament was located
at one footpoint region of a large loops. The potential field
extrapolation shows that it was embedded under a magnetic
null point configuration. First, we observed a brightening of
the filament at the corresponding EUV images, close to one
end of the filament. With time evolution, a circular flare rib-
bon was observed around the filament at the onset of the
eruption, which is regarded as a signature of reconnection
at the null point. After the filament activation, its eruption
took the form of a surge, which ejected along one end of
a large-scale closed coronal loops with a curtain-like shape.
We conjecture that the null point reconnection may facilitate
the eruption of the filament.
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1 Introduction

Mini-filament eruptions are common activity phenomena
occurring everywhere on the Sun. Along magnetic polar-
ity inversion lines (PILs), miniature filaments show a curved
shape, and their eruptions are usually associated with mag-
netic flux emergence and cancellation in the photosphere
(Wang et al. 2000; Hong et al. 2011). Similar to large-scale
filament eruptions, the miniature filament eruptions are of-
ten accompanied by two-ribbon flares (e.g., Liu et al. 2010).

In a complicated fan spine configuration, moreover,
small-scale filament eruption is associated with a null point
reconnection, producing a circular ribbon (Wang and Liu
2012; Liu et al. 2015; Li et al. 2017b; Zhang et al. 2015;
Hong et al. 2017). Under such configuration, the activation
and rising of the filament usually disturb the null point, and
even interact with the field near the null point (Liu et al.
2015; Li et al. 2017b). On the other hand, some authors
even speculated that the null point reconnection may facili-
tate the filament eruption (Jiang et al. 2013; Sun et al. 2013).
The null-point reconnection in this setting is likely of the
“breakout” nature (Antiochos 1998; Antiochos et al. 1999;
Shen et al. 2012a). In a multipolar system the reconnec-
tion process, involved weaker overlying field, is generally
mild, but is crucial to the subsequent eruptions. This pro-
cess may alleviate the constraints on the filament and reduce
the magnetic tension force that stabilizes the system, then
less energy is required to open the higher-lying loops. Sim-
ulations of blowout of the twisted jet core field by the break-
out reconnection with ambient fields were also conducted
(Pariat et al. 2009; Rachmeler et al. 2010). Rachmeler et al.
(2010) suggested that reconnection is indeed necessary for
jet formation in symmetric jet models in a uniform coronal
background field.

When the null point reconnection occurs, energized and
accelerated particles flow down from the reconnection site
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along the magnetic field line propagate toward footpoint,
precipitating at different layers of the solar atmosphere
(Priest and Forbes 2002). The produced emissions are ob-
served in both the photosphere and the corona, appeared as
circular ribbon, which exactly matches the footpoints of the
fan field lines (Reid et al. 2012; Wang and Liu 2012; Sun
etal. 2013; Yang et al. 2015a). For the complicated magnetic
topology, many studies have shown that magnetic reconnec-
tion favorable occurs at quasi-separatrix layers (QSLs) (Mi-
lano et al. 1999; Aulanier et al. 2005; Lawrence and Gekel-
man 2009; Wilmot-Smith et al. 2010; Gekelman et al. 2012),
which divides domains of distinct connectivity with strong
connectivity gradients (Mandrini et al. 1991; Demoulin et al.
1997). Through calculate the squashing factor, the gradient
of the field line linkage can be measured (Titov et al. 2002).

To our knowledge, filament eruptions of chromosphere
may play a key role in the formation of jets or surges (Shen
et al. 2012b; Sterling et al. 2015; Hong et al. 2016, 2017; Li
et al. 2017b). Especially, there are few reports about the ob-
servation of miniature filament eruption under a null point
magnetic topology. The null point reconnection of the jets is
apparently analogous to the breakout process involved in the
production of major coronal mass ejections (CMEs) (Antio-
chos et al. 1999). The filament eruption associated with cir-
cular ribbon provides direct support for the model of Moore
et al. (2010), which depicts a jet-scale magnetic breakout.
Therefore, the kinematics of a small-scale filament eruption
associated with a surge are desired in order to further under-
stand the physics of the jet phenomenon.

2 Data calibration, alignment, and magnetic
field modeling

For this study, we mainly used multi-wavelength data from
the Atmospheric Imaging Assembly (AIA; Lemen et al.
2012) and the Helioseismic and Magnetic Imager (HMI;
Schou et al. 2012) on board the Solar Dynamics Observa-
tory (SDO; Pesnell et al. 2012) and ground-based Ho ob-
servations of the New Vacuum Solar Telescope (NVST; Liu
and Beckers 2001; Liu et al. 2014). Observations from both
SDO/AIA and NVST provided a good opportunity to study
the eruption of a filament phenomenon and associated cir-
cular flare ribbon. A Ha channel high resolution imaging
system of NVST can be used to observe the fine structures
in the chromosphere. The He filter was a tunable Lyot filter
with a bandwidth of 0.25 A. It can scan spectra in the +5 A
range with a step size of 0.1 A. We examined Ho 6162.8 A
images that obtained by NVST from 05:47 UT to 09:34 UT
on 2014 March 17. The high-resolution data was very suit-
able to trace the erupting process of mini-filament with a
spatial resolution of 0.32” at a cadence of 12 s. The cali-
brated Level 1+ data underwent a flat-field-correction and
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dark-current-subtraction with the speckle masking method
(Weigelt 1977). The method of the high-resolution recon-
struction of NVST data was described in detail by Xiang
et al. (2016). All of He images were further co-aligned
based on a subpixel level image registration procedure (Feng
et al. 2012; Yang et al. 2015b). Recently, several works have
been published using NVST data (Bi et al. 2015; Li et al.
2015b; Hong et al. 2016, 2017; Shen et al. 2015, 2017; Xue
et al. 2016; Yan et al. 2015; Yang et al. 2014, 2015c, 2017;
Wang et al. 2016; Tian et al. 2017).

To better understand the magnetic field configuration
within the filament’s eruption region, we used the Fourier
transform method (Alissandrakis 1981) to derive potential
field extrapolation by using the vector magnetic field data
(HMI; Schou et al. 2012). We also calculated squashing fac-
tor Q by using the code induced by Liu et al. (2016). The
squashing factor associated with the field lines is defined as
slog O = sign(B;) x log;, Q (Titov et al. 2011).

3 Results

The surge was originated from the northwest part of AR
12002 (S20°W40°) on 2014 March 17. Figure 1 shows the

(b) 304 A 08:50 UT

Fig. 1 (a) HMI magnetogram, (b) AIA 304 A image showing the
erupting surge (indicated by the arrow), (¢) AIA 171 A image show-
ing large-scale coronal loops that linked ARs 12002 and 12004, and
(d) AIA 1600 A image showing the brightening of surge footpoint
in the chromosphere. The white box in (¢) indicates the field of view
(FOV) in Fig. 2. The FOV is 230" x 270"



The surge-like eruption of a miniature filament associated with circular flare ribbon

Page30f6 26

Fig.2 NVST He, AIA 304 and
211 A images show the eruption
of the surge. The simultaneous
HMI magnetogram is
overplotted as the blue/red
contours for positive/negative
polarity in panel (a), with
contour levels of 100, 290,
—100, and —290 G. The white
box in panel (b2) indicates the
FOV in Fig. 4, in which the light
curves are measured as shown in
Fig. 3(a). The curved arrow,
“S”, marks the slit position of
the time slice shown in

Fig. 3(b)—(d). The FOV is

55" x 40"

7

»%

general appearance of the AR and the occurring surge in
AIA 304 A and 171 A. Clearly, the surge base appeared
as a transient brightening in 1600 A image (panel (d)) and
corresponds to the southern footpoint region of a large-
scale coronal loops system connecting AR 12002 to 12004
(S10°W30°), and the 304 A and 171 A images (panels (b)
and (c)) show that the surge was ejected along the southern
legs of the large-scale coronal loops.

Figure 2 shows the eruption of the filament and the for-
mation of the surge in multiwavelength observations ob-
tained by the NVST and SDO/AIA. Thanks to the high-
resolution Ho line-center observations, we can identify that
there exists a tiny filament before the surge’s formation
(panel (al)). To aid matching, HMI magnetograms shows
the simultaneous photospheric magnetic field below fila-
ment (see panel (a)). The filament sited above the polar-
ity inversion between opposite polarities. It has a projected
length about 1.88 x 10* km, which corresponds to the length
of miniature filaments observed by Wang et al. (2000).

The evolution of surge was displayed in Ho, AIA 304
and 211 A wavebands. At 08:47 UT, one end of the filament
began to rise, accompanying with a bright patch around the
filament (see panel (b2 and c2)). In this process, the fila-
ment erupted as a surge, which showed up as slightly curved
and extended linear structures (panel (a3, b3 and c3)), with
much size than that of its footpoint bright patch. At 08:53
UT, EUV surge expanded to its maximum length (see panel
(b3 and c3)). At the He images, the ejection plasma showed
more slender shape compared to the surge at 304 and 211 A.
Two accompanying animations at EUV and Ha can be pro-
vided to depict the behavior in more detail.

To study filament material dynamics and multi-thermal
structures more clearly after eruption, time slices along a

(a2) Ha 08:47 UT

(a3) Ha 08:53 UT

P 4
y

(b1) 304A 08:39 UT (c1) 211A 08:39 UT

T ™ filament

(b2) 304A 08:47 UT (c2) 211A 08:47 UT

/,

(c3) 211A 08:53 UT ’

(b3) 304A 08:53 UT

slit, “S”, indicated by the longer arrow in Fig. 3, are con-
structed from AIA 304, 211, and 131 A images. The result
is given in Fig. 3(b)—(e), in which the ejecting material ap-
peared as a parabolic bright (dark) streak. We note that the
surge ejected at a projected speeds range from 117 kms™! to
147 kms~! with brightening trajectories of the material. Af-
ter 08:55 UT, these material appeared falling back, the accel-
eration of material flows is about 0.13-0.14 km s~2, which is
less than the solar gravitational acceleration (0.27 kms2).
In our case, the accelerated speed is similar to the results of
Shen et al. (2011) and Roy (1973) that the acceleration of
falling material in He surges and EUV jets being less than
free fall. The obtained value is only a fraction of free fall.
This apparent discrepancy is possibly results from the pro-
jection or the damping effects of the magnetized plasmas
in coronal loops. Based on the ratio of the acceleration of
falling material along the surge’s axis to the free fall accel-
eration, we can estimate the angle of the ejective surge with
the plane of the sky that is about 60°.

Before filament eruption some brightenings appeared at
the bottom of the time-slices, implying that there are some
reconnection process happened before the formation of the
surge, which may remove the field line above the filament
(Fig. 3(b)—(e)). We note that a brightening occurred at 131 A
image at 08:43 UT (see Fig. 4(b)), which corresponds to one
end of the filament. Soon afterward, at 08:44 UT, a circular
brightening formed in 131 A above PIL between the central
positive field and the surrounding negative field (Fig. 4(d)).
As the global filament appeared as a long strip of bright-
ness and became active, the circular brightening also formed
completely (Fig. 4(e)—(f)). What type of coronal magnetic
field topology will lead to the observed circular flare ribbon?
As we known, the null point reconnection is often associated
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Fig.3 Panel (a) shows the
positive (pink solid line) and the
negative (pink dashed line)
magnetic fluxes of the surge’s
base region as shown in Fig. 4
during the surge eruption
period. It also shows the light
curves of the same region in
AIA 94, 131,211, 1600 A, and
NVST Ho passbands indicated
by green, dark green, magenta,
olive, and black lines. The red,
green, and blue arrows
emphasize the first, second, and
third peaks, respectively. Panels
(b)—(d) show time-distance
diagrams obtained from 304,
211, and 131 A, along S with a
width of 3” (indicated in

Fig. 2(b3)). The straight dotted
lines are linear fit to the bright
stripes, and the curves are
least-squares polynomial fits to
the falling plasmas

Fig.4 Panels (a)—(e) are NVST
Ho, AIA 131, and 1600 A
images, showing the
morphological feature of the
filament before the eruption and
the evolution of circular ribbon
flare. The simultaneous HMI
magnetogram is overplotted as
the blue/red contours for
positive/negative polarity in
panels (a) and (d), with contour
levels of 100, 290, —100, and
—290 G. The FOV is 24" x 24"

@ Springer

Distance(Mm) Distance(Mm) normalized unit normalized unit

Distance(Mm)

1.2 :(a-l)

H-alpha
ATA1600

o o o o
N S o oo
y

-0

6.0

positive 1

Ll

4.0

=} =3 -
> o o o
[RRRRRRAREP SN SRR RS AR RN AR R ERRR N

Q

N

~

N
~
TN T T

filament

(d) 131A 08:44:56 UT (e) 131A 08:45:32 UT

4

08:55 09:00 09:05

(f) 1600A 08:45:28 UT

circular ribbon

Magnetic Flux (10" Mx)




The surge-like eruption of a miniature filament associated with circular flare ribbon

Page 50f6 26

(c) cut 3 |

outer spine 5

/

~ 4
fan surface 3

m/

fr. 2
cut '
A 1

- L
inner spine (J | |

Fig. 5 (a) The background shows the photospheric vertical magnetic
field. Magnetic field around the filament at 08:48 UT is calculated
from a potential coronal field extrapolation. The closed coronal loops
are depicted by red lines, and parts of them located above the filament
(yellow line). The green field lines is open field lines relative to small
closed coronal loops. In particular, the null point indicated by white

with circular ribbon flare. The remarkably circular ribbon
strongly confirmed the present of a magnetic null config-
uration. For the region of the filament eruption, a positive
polarity was surrounded by negative polarity. This feature
implies the existence of a magnetic null point in the corona
(Antiochos 1998). Using the trilinear null finding method
(Haynes and Parnell 2007), we detected a coronal null point
that suited at 3 Mm height above the western part of pos-
itive magnetic pole (Fig. 5(a)). The potential field extrapo-
lation revealed the magnetic field configuration of the fila-
ment (Fig. 5(a)), which is similar to previous proposed fan
spine magnetic topology (Masson et al. 2009; Wang and Liu
2012).

The magnetic fluxes of the surge footpoint region and the
light curve of the same region are measured from continuous
observations. These results are given in Fig. 3(a). There is no
significant evolution relation between the positive/negative
magnetic flux and the filament eruption. The light curves in
NVST Ha, AIA 94, 131, 211, and 1600 A displayed ob-
vious emission enhancement. The light curves of AIA 94,
131, and 211 A consisted of three main peaks. The first
peak at 08:45 UT indicated by red arrow corresponds to the
brightening of circular ribbon generated by reconnection of
the null point. The circular brightening can be observed at
131 A images (08:45 UT) as shown in Fig. 5(d) and (e). The
second peak (the strongest value) may be caused by internal
reconnection, among the legs of the erupting filament. How-
ever, for the limitation of observational capability, there is
no appreciable resolution to identify a two ribbon flare in
the base. About the third peak, however, we can only give
an ambiguous interpretation that the brightening is origi-
nated from a recurrent magnetic reconnection of the surge
base (Li et al. 2015a). Moreover, the light curve in He and
AIA 1600 A showing only one main peak implies that in the
chromosphere the circular ribbon was not obvious before
the eruption.

Using the code induced by Liu et al. (2016), we calcu-
lated the QSLs derived from a potential field extrapolation to

arrow is a site where magnetic field lines converge. (b) Map of the
squashing factor Q in the x—y plane at z = 0. The intensity of 1600 A
image at 08:48 UT is overplotted on it as the red contours. (¢) The
corresponding vertical cross-section of Q in a plane are indicated by a
solid line in panel (b)

emphasize some of the identified QSL structure. In Fig. 5(b),
the distribution of the squashing factor Q in the x—y plane
for z =0 was displayed clearly. To get the relation between
the flare ribbon and topology structure, the intensity of AIA
1600 A image was overplotted on the Q map. The region
with strong values in the Q map not match well circular rib-
bon in AIA 1600 A. This may imply that the null point topol-
ogy structure is a very complicated structure. We also plot
the distribution of the squashing factor in plane that perpen-
dicular to the x—y plane (marked in panel (b)). It is seen that
multiple QSLs tend to converge and intersect at the height
of the null point above photosphere, implying this eruption
occurred under a fine spine configuration (panel (c)).

4 Conclusions

By means of observations from NVST and SDO/AIA, the
event was identified as a mini-filament eruption taking place
in the form of a surge, which was located at a footpoint of
large-scale coronal loop. The main results are summarized
as follows:

1. A notable feature of this event is that the circular rib-
bon surrounding the filament, accompanied with an eruption
of filament. The presence of the circular ribbon implies a
configuration favorable for coronal point null reconnection
to occur. Data observations and a potential field extrapola-
tion imply that the circular flare ribbon result from null point
reconnection of the coronal magnetic field. The energetic
electrons generated by null point reconnection were accel-
erated and spiral downward along the fan-like field lines to
the intersection of the fan with the photosphere.

2. The eruptive event is also like several authors reported
filament/flux rope eruption under fan spine structure, which
produced circular flare ribbon in association with null point
reconnection (Wang and Liu 2012; Sun et al. 2013; Jiang
et al. 2013; Joshi et al. 2015; Liu et al. 2015; Yang et al.
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2015a; Li et al. 2017a,b; Hong et al. 2017; Xu et al. 2017).
In a magnetic topology contained a null point, Jiang et al.
(2013) reported that a circular flare ribbon occurred a lit-
tle earlier than the rising of the flux rope. They suggest that
the null point reconnection may cut the overlying field lines
and facilitate the outward expansion of the flux rope. In the
study of homologous circular-ribbon flares, Xu et al. (2017)
suggested that continuous input of the free energy in the
form of a flux rope from beneath the photosphere may drive
a breakout-type reconnection occurring high in the corona,
which could release the constraint on the flux rope and trig-
ger the MHD instability to make filament lose equilibrium.
In our case, the activity of the filament is associated with
the brightening of the circular ribbon. We conjecture that
the null point reconnection may facilitate the eruption of the
filament.

3. Previous studies have shown that many small-scale fil-
ament eruptions usually take the shape of coronal jets (Yang
et al. 2012; Li et al. 2017b). They were found to associate
with cancellations and convergences of opposite fluxes, and
the ejective material propagated along the closed coronal
loops. In our case, the filament eruption is also confined by
the coronal loops, so the plasma can not escape to the out-
erspace.
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