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Abstract

We investigate the oscillations in active region (AR) NOAA 12891, which produces a C2.0 three-ribbon flare
accompanying a jet on 2021 November 2. Using the data from the Atmospheric Imaging Assembly onboard the
Solar Dynamics Observatory, the 5 minutes decayless kink oscillations of coronal loops were detected and they are
independent of the solar flare. Based on the observed oscillations and seismological diagnostics, we estimate that

the Alfvén speed and magnetic field in these coronal loops are around 466 kms™

"and 7.6 G, respectively.

Additionally, the flare-related jet shows its plasmoids with 1 minute periodicity same as the intensity fluctuation of
nearby flare ribbon. The correlation between the intensity fluctuation of jet and that of flare ribbon indicates that
their 1 minute oscillations should originate from the same reconnection process.
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1. Introduction

Oscillation is the prevalent phenomenon in the Sun. It is
common that oscillations exist in the various objects of the
active region (AR), such as coronal loops (Nakariakov &
Kolotkov 2020), flares (Zimovets et al. 2021), jets, and
filaments (or prominences) (Arregui et al. 2018).

The kink oscillation is the periodic transverse displacements
of coronal loops, which was interpreted as the standing fast
kink waves (Nakariakov et al. 2021). Kink oscillations can be
divided into two main types, such as decaying (Aschwanden
et al. 1999; Nakariakov et al. 1999; Schrijver et al. 2002; White
& Verwichte 2012) and decayless (Tian et al. 2012; Nistico
et al. 2013; Anfinogentov et al. 2015; Gao et al. 2022) cases.
The decaying kink oscillations are usually triggered by nearby
eruptions (Zimovets & Nakariakov 2015), and they will
experience rapidly damping during their lifetimes. In the
decayless cases, coronal loops can last for several cycles
without significant damping, while its excitation mechanism is
still an open issue, e.g., a harmonic driver (Nistico et al. 2013),
a self-oscillation model (Nakariakov et al. 2016), a random
driver (Afanasyev et al. 2020), etc.

The flare oscillations generally refer to the quasi-periodic
pulsations (QPPs), which are the periodic behavior of flare light
curves. QPPs can occur in all bands of electromagnetic waves,
and usually with multiple periods. Their characteristic periods
range from subseconds to several minutes. The reasons of
QPPs are usually explained as the magnetohydrodynamic
(MHD) oscillations in coronal magnetic loops or quasi-periodic
magnetic reconnection (Nakariakov & Melnikov 2009; Van
Doorsselaere et al. 2016; McLaughlin et al. 2018; Kupriyanova

et al. 2020; Zimovets et al. 2021). However, it is not yet
possible to get a definite conclusion of its origin due to the lack
of sufficient observational information. Furthermore, the
characteristic periods of QPPs are similar to quasi-periodic
fast-propagating (QFP) magnetosonic wave trains, and they
might be two different aspects of the same physical process
(e.g., Liu et al. 2011; Shen & Liu 2012; Shen et al.
2018a, 2018b, 2022; Miao et al. 2021).

The jet refers to the ejection of outward plasmoids (plasma
blobs). Based on previous observations, it was found that
successive plasmoids ejection in the jet (Zhang & Ji 2014; Shen
et al. 2017, 2019a; Zhang & Ni 2019), which is the typical
indication for magnetic reconnection due to the tearing-mode
instability of the current sheets (Shen 2021). Therefore, the
periodic plasmoids in the jet manifest the characteristic period
of reconnection. Hong et al. (2022) reported a long-duration jet
in which 5 minutes intensity oscillation originated from
continuous magnetic reconnection modulated by p-modes
oscillations.

According to the velocity amplitudes, filament oscillations
are usually classified as large-amplitude and small-amplitude
oscillations (Oliver & Ballester 2002). In general, large-
amplitude oscillations are triggered by external disturbances,
such as Moreton waves, extreme ultraviolet (EUV) waves,
shock waves, flares, and jets (e.g., Okamoto et al. 2004; Asai
et al. 2012; Liu et al. 2013; Luna et al. 2014; Shen et al.
2014a, 2014b; Zhang & Ji 2018). Small-amplitude oscillations
in filaments are local in nature and thread perturbations had
been observed (Lin et al. 2007; Okamoto et al. 2007; Ning et al.
2009; Li et al. 2018, 2022).
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Figure 1. (a), (b) SDO/HMI continuum intensity image and LOS magnetogram of AR 12891. Red and blue contours represent 500 and —500 G, respectively. (¢)—(f)

Flare images observed by SDO/AIA in 171, 131, 304, and 1600 A.

(An animation of this figure is available.)

In this paper, we investigate the oscillations in a flare-
productive AR, including the decayless kink oscillations of
coronal loops, and the intensity oscillations of flare ribbon and of
flare-related jet. This AR was observed by the Atmospheric
Imaging Assembly (AIA; Lemen et al. 2012), and the
Helioseismic and Magnetic Imager (HMI; Schou et al. 2012)
onboard the Solar Dynamics Observatory (SDO; Pesnell et al.
2012). All of the above data have been removed solar rotation by
derotating to 08:00 UT. In Section 2, we describe the observations
of the AR, which are followed by the data analysis in Section 3.
The discussion and conclusions are provided in Section 4.

2. Observations

The AR studied here is NOAA 12891 during the period from
07:20 UT to 08:30 UT on 2021 November 2. It is located at
N17W00, almost near the solar disk center. It has about 150"
width along east—west direction and about 200” length along
north-south direction. According to the categorization of
sunspots (Toriumi & Wang 2019), the magnetic configuration
of this AR is classified as 3 type at the photospheric level, as
shown in Figures 1(a) and (b), which present the HMI
continuum intensity image and the line-of-sight (LOS)
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Figure 2. The GOES soft X-ray flux between 07:30 UT and 08:00 UT.

magnetogram. The maximum values of positive and negative
fields are about 1600 G and —1500 G, respectively. Red and
blue contours represent £500 G in Figure 1. The preceding
spots and the following spots show the positive and negative
polarities, as usual as magnetic field configuration on the
northern hemisphere during the odd solar activity cycles (2021
belongs to the 25th solar cycle). The preceding spots are closer
to the equator. Meanwhile, there are lots of magnetic poles
composed into the preceding and following spots. Such
complicated configuration of photospheric fields results into
the coronal loops interlacing each other, as AIA 171 A image
in Figure 1(c), which shows the side observations of large-scale
loop systems located at the northern and southern of this AR.
From AIA 171 A animation between 07:20 UT and 08:30 UT
(AIA_171.mp4), we find these coronal loops are almost stable,
although some bright structures propagating along them.
However, the coronal loops in the middle of AR, location
between 180" and 250" along Solar-Y-axis, are oscillating
with time.

In addition, there is a solar flare eruption in this AR. It was a
C2.0 class event, and started at 07:37 UT, peaked at 07:40 UT
and ended at 07:44 UT according to Geostationary Operational
Environmental Satellite (GOES) soft X-ray (SXR) flux, as
shown in Figure 2.

This event is well detected by SDO/AIA. EUV emission of
AIA 131 A channel for flaring corona comes primarily from Fe
XX1128.75 A line (T'~ 1.1 x 107 K). AIA 171 A is expected to
observe the Fe 1X 171.07 A line (T~ 7 x 10° K) for the upper
transition region/quiet corona (O’Dwyer et al. 2010). The 304
A channel is dominated by the two He 1303.8 A lines

(T~5x 10* K), which is expected to detect the chromo-
sphere/transition region. Based on C 1V lines (near 1600 A,
T~ 10° K) and nearby continuum (7~ 5 x 10° K), AIA 1600
A has a broad response from the upper photosphere to
transition region, but the UV continuum of the upper photo-
sphere dominates this channel.

Figures 1(c)-(f) show AIA 171, 131, 304, and 1600 A
images at 07:40 UT near the flare maximum phase. There are
two ribbons on AIA 304 A image, and flare loops connected
them on AIA 131 A image. However, as what can be seen in
the 1600 A image, the south ribbon could be a double-ribbon
flare itself, thus the eruption could be a three-ribbon flare, as
there were marked in Figure 1(f), the northeast, middle and
southwest ribbon, and this is consistent with eruptions within a
fan-spine topology (Masson et al. 2009; Pariat et al. 2010;
Wang & Liu 2012; Shen et al. 2019b). The brightening of two
south ribbons preceded the northeast ribbon, and the latter can
be regarded as the remote brightening in the fan-spine
reconnection eruption. Moreover, it is interesting that the jet
intermittent erupted into the corona from the flare ribbon during
the flaring time, and the jet showed an obvious twisting
structure (07:40 UT) as what had been observed by Shen et al.
(2011). The jet could be generated through the reconnection
between the newly formed post-flare-loop in the fan-spine
reconnection and the pre-existing ambient loop rooted in the
positive polarity region next to the minor negative polarity
located at the north of the compact negative polarity. There is a
small loop structure at the west of the jet-base, which is the
supporting evidence for the occurrence of the jet.
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Figure 3. (a) Time—distance diagram of slit-1 in Figure 1(c), and the vertical red dotted line labels the onset of flare. The magenta pluses represent the points we
manually select along the bright pixels. (b) Cyan curves draw sinusoidal fits of oscillating coronal loops, and their key parameters are listed in Table 1.

Table 1
Key Parameters of Oscillations in Figure 3
Parameter 1 2 3 4 5 6 7 8 9
Oscillatory period, P (min) 5.64 5.01 5.00 5.06 5.39 5.03 4.80 4.80 5.29
Displacement amplitude, A,, (Mm) 0.71 0.67 0.53 0.59 0.53 0.55 0.53 0.53 0.28
Radius of the loop cross-section, R (Mm) 0.86 0.82 0.74 0.62 0.75 0.69 0.61 . 0.66

3. Data Analysis
3.1. Oscillations in Coronal Loops

As mentioned before, the oscillating loops are located in the
middle of AR. To show the oscillations in detail, we outline
two artificial slits (slit-1 and 2) in Figure 1(c) as the cyan and
magenta vertical lines. Slit-1 have a full width of 3” (5 pixels)
and slit-2 is 12" (20 pixels). Slit-1 is located at the position of
inclined coronal loops, while slit-2 is on the top of loops, which
result in the oscillatory behavior with different pictures. In
other words, when the loops display the transverse oscillations,
we can detect the transverse wave from the loop side view, like
as slit-1, while maybe only the dark or bright structure from the
loop top (when loops displace along LOS), like as slit-2.

Figure 3(a) plots the time—distance diagram of loop oscillation
from 07:20 UT to 08:30 UT. The Y-axis is from solar south to
north. Same as our imagine, there are many transverse
oscillating structures. Based on the local maximum brightness
marked by magenta pluses, in total nine trajectories are
outlined. Then, we use a sinusoidal function with a linear
background to fit these trajectories. The fitting function (Zhang
et al. 2020; Dai et al. 2021; Li et al. 2022) is

A(1) :Amsin(z?wt—k ¢) + kt + Ao, (1)
where A,, represents the displacement amplitude, P is the

oscillatory period, ¢ is the initial phase, and kf + Ay is a linear
term of the equilibrium position, in which k is the drifting
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Figure 4. (a) Time—distance diagram of slit-2 in Figure 1(c), and the vertical red dotted line labels the onset of flare. (b) The smooth-subtracted image of the top panel.
(c1) The wavelet spectrum of the magenta curve, which represents the rapidly varying components between two horizontal magenta lines in panel (b). (c2) The

corresponding global power spectrum.

velocity in the plane-of-the-sky. Next, in Figure 3(b), the fitting
results as shown in cyan curves, and their key parameters are
listed in Table 1, in which the radius of the cross-section of the
loop result from a Gaussian fitting (Petrova et al. 2022). To get
the minor radius of loop, we select the column pixels in
Figure 3(a), which represent the intensity in the direction of
perpendicular to the loop, and a Gaussian profile is used to fit
the intensity. Thus, the half width at half maximum (HWHM)
of Gaussian fitting is the radius of the loop, which can be
calculated from HWHM = +/2In20.

These oscillations almost have the period of 5 minutes and
adjacent loops oscillate in phase. The average displacement
amplitude of these oscillations is about 0.55 Mm, which is
smaller than the radius of these loops cross-section. Obviously,

these oscillations can last for at least two cycles without
significant damping, indicating they are decayless. It is
interesting that the loop oscillations are independent of the
flare eruption. The red dotted line labels the flare starting.
Oscillations 1-5 take place at the interval including the flare
lifetime from 07:37 UT to 07:44 UT. Their oscillating
behaviors do not change as well as no flare eruption. This is
because that oscillating loops in Figure 3 are not the flare loops.
Figure 1(d) shows the flare loops connected the flare ribbons
are bright during the eruption, and they are oblique along the
diagonal direction of the AR. We do not find oscillating
behaviors in these loops.

Figure 4(a) shows the time—distance diagram of slit-2, and
the vertical red dotted line labels the onset of flare. There are
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Figure 5. (a) Time—distance diagram of slit-3 in Figure 1(c). (b) The smooth-subtracted image, and the cyan curve represents the rapidly varying component in the
position of cyan horizontal line. (c1)—(c2) The wavelet spectrum of the cyan curve and its global power spectrum. (d) Time—distance diagram of slit-4. (e) The smooth-
subtracted image, and the magenta curve represents the rapidly varying component in the position of magenta line. (f1)—(f2) The wavelet spectrum of the magenta
curve and its global power spectrum. (g) The normalized intensity fluctuations of flare ribbon and jet. (h) The correlation between the intensity fluctuation of flare

ribbon and that of jet. The correlation coefficient (cc) is also given.

lots of oscillating loops but they do not display obvious
transverse oscillations in the plane-of-the-sky as shown in
Figure 3. This is because slit-2 at the loop top is perpendicular
to the oscillations. In order to see oscillations clearly,
Figure 4(b) gives the smooth-subtracted image of the top panel,

i.e., after subtracting the slowly varying component, which is a
300s running average of original intensity. Therefore, the
intensity fluctuations are shown through bright and dark
kernels, which represent the enhanced and weakened emission
intensity, respectively. These oscillations are the kink modes
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with vertical polarization (i.e., displace in the loop plane rather
than perpendicular to, so they show no obvious displacements
in the plane-of-the-sky), which were found to be coupled to the
electron density variation (Aschwanden & Schrijver 2011). The
rapidly varying component between two horizontal magenta
lines is plotted in Figure 4(c1) with the magenta curve, and the
corresponding wavelet spectrum is also given, from which we
can see the dominant period is around 5 minutes, indicating
coronal loops oscillate with the period of 5 minutes. This is
consistent with the 5 minutes period obtained from previous
decayless kink oscillations.

3.2. Oscillations in Flare Ribbon and Jet

As noted earlier, this flare is a three-ribbon event (see online
animation AIA_171.mp4). Figures 1(d) and (e) show that the
northeast ribbon is composed of several bright kernels, while
the middle and southwest ribbons are not, just bright lines. The
AIA animation shows that all ribbons increase their brightness
to maximum and then decay accompanying the GOES SXR
light curve. However, we find the middle and southwest
ribbons brightness oscillating. As shown in Figure 1(c), we
outline slit-3 along the two ribbons. Here, a constant width of
6” (10 pixels) is used for this slit, which is wide enough to
cover the ribbon brightness at various times. The two ribbons
are along the northeast-southwest direction, thus slit-3 is nearly
a straight line. After integrating the brightness along the width
of slit, Figure 5(a) displays the time—distance diagram of the
two ribbons from 07:30 UT to 08:00 UT at AIA 171 A. The Y-
axis is ribbon distance from solar north to south. The middle
and southwest ribbons are separated about 3” at around 20" of
the Y-axis, and they display their maximum brightness at
07:38:30 UT simultaneously, which is earlier about 90 s than
the GOES SXR maximum. These pixels around 07:38:30 UT
are saturated due to the strong emission at maximum bright-
ness. Figure 5(a) shows some bright stripes periodic appear-
ance, although they are little faint by eyes. Using the same
method as Figure 4, but subtract a 72 s running average of
original intensity instead of previous 300s, the smooth-
subtracted image of Figure 5(a) is shown in Figure 5(b) from
07:40 UT to 07:52 UT, in which the ribbon intensity
oscillations are apparent than in original time—distance image.
The cyan curve is overplotted along the dotted line at around
15" of the Y-axis. It represents the rapidly varying component
of the ribbon brightness. Figures 5(cl) and (c2) give the
wavelet spectrum and global power of the cyan curve. The
result shows that 1 minute is the typical oscillatory period of
the middle and southwest ribbons simultaneously.

The AIA animation also displays a jet eject forward the south
direction from near the middle ribbon. This jet is intermittent
and seems have a periodicity. In order to analyze the period,
slit-4 is outlined along the trajectory of jet, as shown in
Figure 1(c). The plasma blobs of jet change their direction with
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time, thus slit-4 is not a straight line but a curve with a width of
3" (5 pixels). Figure 5(d) gives the time—distance diagram
image from 07:30 UT to 08:00 UT at AIA 171 A. The Y-axis is
along the trajectory of jet from solar north to south. The main
eruption of jet last for about three minutes, and each ejection is
the plasma blob propagating outer. Thus, each ejection appears
as an oblique stripe in Figure 5(d). The slope of these stripes is
the speed of jet, which is detected as 242 kms ™. Figure 5(e)
gives the smooth-subtracted image, and each blob is enhanced
and more clearly. The magenta curve is plotted at 59” of the Y-
axis, and several peaks indicating the different plasma blobs.
Figures 5(f1) and (f2) give the wavelet spectrum and global
power of the magenta curve. Similar to the flare ribbon, the jet
have a typical period of 1 minute.

Figures 5(b) and (e) show that the ribbon is oscillating as
similar to the jet, i.e., at the same interval between 07:42 UT
and 07:46 UT, almost at the same phase. Figure 5(g) plots the
light curves of flare ribbon (cyan) and jet (magenta) after
subtracting smooth background. Although the peak values of
two light curves are different, they are correlated and almost in
phase. Figure 5(h) plots the correlation between two curves, the
correlation coefficient (cc) of 0.69 further confirms the fact that
they are oscillating in phase.

4. Discussion and Conclusions

We study the loop oscillations in AR NOAA 12891 near the
solar disk center for more than one hour, in which a C2.0 three-
ribbon flare takes place accompanying a periodic jet on 2021
November 2. As usual as other ARs, there are plenty of coronal
loops connecting the positive and negative fields. SDO/AIA
observation shows that these coronal loops are dynamics,
especially, we find some of loops are oscillating with a typical
period of 5 minute. It is interesting that not all loops in AR
12891 display the oscillatory behavior, i.e., the loops at the
north and south of the AR, as shown in Figure 1(c). These
loops are oblique and have an angle to the equator, while the
loops between them are oscillating and seem to parallel to the
equator.

The AIA observation gives us an opportunity to study the
loop oscillation from the loop top and side. In other words, we
can present the loop behavior from two views, parallel and
perpendicular to the oscillatory direction. Figure 3 gives the
loop oscillation from the loop side view. Their oscillating
trajectories are outlined and we can conclude the transverse
wave mode. The oscillatory amplitude and the period are well
detected from the observation. The results show that the loop
oscillations are decayless. Figure 4 shows the loop oscillations
from the loop top view. In this case, the transverse oscillations
display bright and dark kernels, and only the period can be
detected from the observation, other parameters such as the
amplitude cannot.
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Based on the observed 5 minutes oscillations of coronal
loops in the present case, we can make some seismological
diagnostics to estimate the coronal magnetic field strength
(Nakariakov & Ofman 2001; White & Verwichte 2012; Nistico
et al. 2013). These loops oscillations are most likely the
standing fundamental kink modes, we can use the relation
between kink speed (Cy) and internal Alfvén speed (Cp,;), as

a-%_ |2 ¢, ®)
P 1 + pe/pi

where L, P, p., p; are the length of loop, oscillatory period,
external and internal plasma density, respectively. From the
AIA images, the radii of these loops are similar, and the value
is about 40”, thus the length of loop can be estimated (L ~ 7R).
Assuming the ratio of density p./p;~0.1 (Nakariakov &
Ofman 2001), and combine the observed typical 5 minutes
period, we can obtain Cx;~ 466 kms . Then, the magnetic
field can be derived from

B = CaiJ1op; = CaiJponimp i, 3

where pg, 1, my, i are the magnetic permeability in vacuum,
internal electron number density, proton mass and the mean
molecular weight (u.=1.27; Nakariakov & Ofman 2001;
White & Verwichte 2012; Nistico et al. 2013). If assuming the
number density n;=10""m™?, the coronal magnetic field
strength B ~ 7.6 G, which is similar to the expected value.

There is a C-class three-ribbon flare eruption during the loop
oscillating, we find the loop oscillations are independent of the
flare eruption. This is because the oscillating loops are not the
flare loops, as shown in Figure 1(d). The flare loops are located
at the north of the oscillating loops, and they are oblique to the
equator. It is still an open question that such loops are not
oscillating in the AR.

However, we find that brightening of middle and southwest
ribbons of the three-ribbon flare displays the oscillation, and
with the typical period of 1 minute. The 1 minute oscillations in
solar flare are reported before (Simdes et al. 2013; Ning 2017;
Shen et al. 2018a; Li et al. 2020, 2021; Li & Chen 2022; Shi
et al. 2022). In this event, the accompanying jet also shows the
1 minute period, and the jet eject from the region near the
oscillating ribbon. Our analysis indicate that both the jet and
ribbon are almost oscillating in phase during the same interval.

Theoretically, the coronal loops display the 5 minutes
decayless oscillations, which could be related to the solar
global p-mode oscillations. It is reasonable that the p-mode
oscillations propagating into the coronal loops from the
footpoints (De Moortel et al. 2002; De Pontieu et al. 2005).
In this case, all the coronal loops could oscillate with a typical
period of 5 minutes. However, we find not all, but some loops
display such oscillations. This fact suggests that there is an
external driver or transmitter between the coronal loops and the
global p-mode oscillations. Besides the possible global p-mode
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oscillations, small-scale reconnection events at the loop
footpoints and upflows might be other reasons to maintain
the decayless loop oscillations. However, we did not find
related evidence due to the limitation of spatio-resolution and
the lack of spectral observation. This needs much more works
on both theory and observation to find an answer.

It is obvious that both the flare ribbon and jet display
1 minute periodicity, thus they could come from the same
physical process, 1i.e., periodic magnetic reconnection
(McLaughlin et al. 2012; Karampelas et al. 2022a, 2022b)
scenario, which can produce the intermittent phenomenon with
a periodicity. However, this mechanism seems not suitable here
since we did not observe any evidence for supporting this
interpretation. Alternatively, since we detected periodic
plasmoids along the jet spire, the periodic behavior of the
plasmoids and the flare ribbon could be the result of the
periodic generation of plasmoids in the reconnection which
produced the jet.
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