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Abstract

We present measurements of periodicity for transverse loop oscillations during the periods of activity of two
remote and separated (both temporally and spatially) flares. The oscillations are observed in the same location more
than 100 Mm away from the visible footpoints of the loops. Evidence for several possible excitation sources is
presented. After close examination, we find that the eruptions during the flaring activities play an important role in
triggering the oscillations. We investigate periodicities using time—distance, fast Fourier transform, and wavelet
techniques. Despite different excitation sources in the vicinity of the loops and the changing nature of amplitudes,
the periodicity of multiple oscillations is found to be 4—6 min.

Unified Astronomy Thesaurus concepts: Solar coronal loops (1485); Solar flares (1496)

Supporting material: animation

1. Introduction

It has been known for decades, both theoretically and
observationally, that magnetohydrodynamic waves govern the
dynamics of solar coronal loops and the study of oscillations can
yield some properties of the loops (see Roberts et al. 1984;
Aschwanden et al. 1999; Nakariakov et al. 1999). Coronal loop
oscillations with displacement amplitudes of a few Mm are
termed large-amplitude oscillations. These oscillations have been
found to decay quite rapidly (see Nistico et al. 2013). On the other
hand, oscillations that are small amplitudes and persist for a long
time without any significant decay are called small-amplitude
oscillations (Nistico et al. 2013; Anfinogentov et al. 2015).

Although the observational evidence of large- and small-
amplitude oscillations of varying periodicities has been
mounting, understanding of the exact excitation process, or
even the actual source that excites these flare-induced large-
amplitude decaying oscillations and the long-duration small-
amplitude oscillations, requires more scrutiny. There have been
theoretical efforts to explain the rapid decay of large-amplitude
oscillations and several mechanisms, such as phase mixing
(Ofman & Aschwanden 2002), resonant absorption (Goossens
et al. 2002; Ruderman & Roberts 2002; Hindman & Jain 2018),
the wake patterns of a traveling disturbance (see, e.g., Terradas
et al. 2005), and interference phenomena in a multi-
dimensional wave cavity (Hindman & Jain 2014) have been
put forward. Out of these mechanisms, resonant absorption has
attracted a lot of attention as the cause of wave damping since
coronal plasma is non-uniform and, therefore, it is believed that
resonant absorption, a conversion of one type of wave into
another, is inevitable.

Terradas et al. (2010) investigated an analytical model about
resonant absorption as the damping mechanism. It has also been
suggested by Hindman & Jain (2014) that a fast wave
propagating from a flaring site can perturb loops in an arcade
and set up resonant oscillations in them due to constructive
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interference. Such a scenario does not require any local
dissipation because, once the fast waves have passed by, the
amplitude automatically dies out. Of course, there are loops of
varying lengths and shapes in an arcade, and loop oscillations in
an arcade can have vertical and horizontal oscillations coupled
(see, e.g., Hindman & Jain 2015; Thackray & Jain 2017).
Similarly, for low-amplitude “decay-less” oscillations, Hindman
& Jain (2014) also demonstrated that the resonant oscillations
set up by continuous stochastic sources in the background
plasma can cause loop structures to oscillate without decay for a
long time. However, highly inhomogeneous plasma in the solar
corona and the limited spatial resolution of current instruments
make it difficult to see clearly the geometry of the magnetic
active region and verify or discard different theories.

Most observational reports of loop oscillations have been
concerned with oscillations induced by a single driver (i.e., one
visible flare or an eruption near the loop) but in recent times,
some interest has been shown in the influence of consecutive
flares on oscillations (Allian et al. 2019; Zhang et al. 2020); in
general, however, the literature is limited on this issue. In
particular, there is no study, to our knowledge, that has reported
oscillations in the same location in an active region due to
multiple excitation sources.

In the present study, we provide evidence of consecutive
oscillations that are observed during two big successive flaring
activities along with other eruptions. Although the flares and
eruptions are remote from one another, measurement of the
oscillations is at the same location. The paper is organized as
follows. In Section 2 we present the observational data and
characterize the impulsive events occurring in the active region.
In Section 3 we describe in detail the time—distance, fast Fourier
transform (FFT), and wavelet techniques used to detect
oscillations in the loops. Also, we discuss the interaction between
eruptions, flares, and oscillations found in the loop structure.
Finally, we present the conclusions of our study in Section 4.

2. Observation

We analyze intensity images of the active region AR 1967.
This region was located on the southeast limb of the Sun and
had a high number of transient events between 2014 January 27



THE ASTROPHYSICAL JOURNAL, 931:151 (13pp), 2022 June 1

Conde C., Jain, & Jatenco-Pereira

Table 1
Summary of The Events in AR 1967 on 2014 January 28

No Event Time Time Location (x, y)
m (A (arcsec)
Peak End
1 Coronal rain 03:48-10:18 (—968.3, —235.6)
2 Eruption E1 04:00-04:40 (—1011.6, —310.8)
3 Eruption E2 04:02-04:30 (—989.4, —299.1)
4 ML.5 flare 04:02 04:09 04:13 (—943.8, —229.5)
5 Eruption E3 05:19-05:59 —985.2, —294.0)
6 (9.2 flare 05:25 05:29 05:31 (—=935.4, —146.9)

Note. Movies and complementary information about the events listed above can be found at: www.solarmonitor.org, www.Imsal.com/isolsearch, and www.

helioviewer.org.

and 28. We chose an observation time from 04:00 to 06:30 UT
on 2014 January 28, pointing out six events that occurred in the
region, as can be seen in Table 1.

To carry out this study, we used images from the
Atmospheric Imaging Assembly (AIA; Lemen et al. 2012)
instrument onboard the Solar Dynamics Observatory (SDO;
Pesnell et al. 2012). We assembled data with a spatial
resolution of 0”6 and temporal cadence of 12 s, in the
131 A, 171 A, and 304 A bandpasses and prepared them using
procedures available in the Solar software. In flaring regions
the SDO/AIA channels 131 A, 171 A, and 304 A are expected
to observe the Fe XXI (logT ~ 7.05 K), Fe1X (logT ~ 5.85
K), and He 1 (log T ~ 4.7 K) lines respectively (O’Dwyer et al.
2010). Therefore, we will describe the characteristics of
eruptions and flares covering a wide range of temperatures,
5% 10°-11.2 x 10° K. The detailed temperature response can
be found in Boerner et al. (2011). .

The loops selected for this study are clearly visible in 171 A
after 05:30 UT. However, the oscillations were detected from
04:00 UT, when the events 2—4 of Table 1 were seen in the
vicinity of the loops. In Figure 1(a) we present a tricolour
image created with the SDO/AIA 304-131-171 A bandpasses.
The green dashed line represents the central axis of the coronal
loops selected for the analysis. This image is at the same time
the M1.5 flare and the eruptions E1 and E2 were observed. In
Figure 1(a) we also indicate other events observed in the
region: coronal rain, the eruption E3, and the C9.2 flare. The
time evolution of the events listed in Table 1 can be seen in the
Figure 1 animation. Panel (b) of Figure 1 shows the region
capturing the loops rotated 146° in 171 A (left) and 304-131-
171 A (right) bandpasses. The yellow slits denoted by S0-S6,
located around the top of the loops indicate the region of
interest (ROI) where we search for oscillations. The integsity
variation with time on these slits, as measured in 171 A, is
shown in panel (c). The full procedure for obtaining such time—
distance measurements is described in Section 3.1.1.

3. Results and Discussion

Now that all the main events of AR 1967 have been
identified and listed in Table 1, we can examine in detail the
oscillations that were prominent in the ROI. This will enable us
to understand whether the loop structures in an active region
can be excited repeatedly by different events and if so, how
does the nature of these oscillations compare.

3.1. Periodicities of Oscillations in a Coronal loop Structure

We investigate variations in intensity by taking the time
snapshots of the loops seen on January 28, in 171 A
wavelength. Recall that we display the loops in a vertical
position by rotating the data cube 146 degrees clockwise (see
Figure 1(b), left panel). We then traced seven slits (S0-S6),
indicated by yellow lines, on the top of the loops. They are
perpendicular to their central axis (shown by dashed green lines
in Figures 1(a), (b)) of the loops. Each slit is 19.6 Mm long and
2.18 Mm wide, keeping one pixel (~0.435 Mm) of the distance
between each one. We also traced other four slits at different
heights below the slit SO, but oscillations were not clearly
visible in them. So, we focused our attention between SO and
S6 and used different techniques to examine periodicities in
these intensity variations.

3.1.1. Time-Distance Diagrams

We first create time—distance images to show the time
variation in intensity for every slit, increasing the signal-to-
noise ratio by smoothing the intensity over the slit width. In
order to highlight the oscillatory features, we convolved the
image by using the matrix

1 2 1
0 0o 0| (1
-1 =2 —1

In Figure 1(c) oscillatory signals are visible in the lower slits
S0-S3 soon after 04:02 UT, when the eruptions E1, E2, and the
M1.5 flare started. Therefore, we now discuss the time—distance
in detail, for these slits SO-S3. The blow-up view of these four
slits, shown in Figure 2(c), illustrates clearly their position on
the loop structure. Figure 2(d) shows the soft X-ray flux as a
function of time as measured by the Geostationary Operational
Environmental Satellite (GOES; Aschwanden 1994). The M1.5
flare has a broad distribution of the flux with a peak at about
04:05 UT, whereas the flare C9.2 has a maximum at ~05:30
UT with a narrow distribution of flux. The time—distance plot
for each slit is shown in Figure 2(e). At first glance, it gives the
impression of being a continuous oscillating signal which is
shifted in time as we move from SO to S1 to S2 to S3. We do
not have any evidence of a wave front or a blast wave in this
data set during or just prior to these times. Only a coronal mass
ejection was observed by the Large Angle and Spectrometric
Coronagraph instrument (Brueckner et al. 1995), on board the
Solar and Heliospheric Observatory spacecraft (Domingo et al.
1995), on 2014 January 28 between 08:36 and 11:00 UT, but
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Figure 1. Image of the active region AR 1967 obtained by the SDO/AIA instrument on 2014 January 28. (a) SDO/AIA tricolour image in the 131-171-304 A
channels. The dashed green line represents the loops selected for this analysis. The yellow slits (S0-S6) on the top of the loops show the region where we found the
oscillations. The picture captures the instant the M 1.5 flare and eruptions E1 and E2 happened. Also, it is possible to see the location of the C9.2 flare, the eruption E3,
and the coronal rain. (b) Image of the loops rotated 146 degrees clockwise in 171 A (left) and 131-171-304 A (right). The dashed green line indicates the central axis
of the loops. The perpendicular yellow lines represent the slits SO-S6. It is possible to see the eruptions reaching the lower part of the loops. (c) Time—distance images
of slits SO-S6. The green vertical lines represent the beginning of the M1.5 and C9.2 flares. An animation of this figure is available. It covers the observation period

from 04:00 to 06:30 UT on 2014 January 28. The video lasts 18 s.

(An animation of this figure is available.)

this is outside the time interval used in our data analysis which
is from 04:00 to 06:30 UT. Even then, it is still possible that
there was a coronal propagating disturbance from the lower
part of the loop that propagated toward the top of the loop. If
this is the case, a propagating disturbance that passes through
the slits appears to have a low speed of about 3 km s ';
however, this speed is likely to be high in reality due to the
strong radius of curvature of the loops.

A close examination of Figure 2(e) reveals that around 05:30
UT, the oscillations seem to be slightly compressed suggesting
that the C9.2 flaring activity might have also influenced the same
loop system. If we assume that the loop system was disturbed by
successive flares (M1.5 and C9.2), we can regard the oscillations
as having been excited by the individual flare and extract the
oscillation parameters. From the time—distance images, we can
extract periods and decay rate by fitting the intensity profile with
a Gaussian function. Thus, considering the peak of the Gaussian
as the maximum brightness, in a similar way as Carcedo et al.
(2003), we fitted the resulting time series with the sinusoidal
function f(¢) = Aexp(—t/7)cos(2nt/P + ¢), where A is the
amplitude, P is the period, 7 is the damping time, and ¢ is the
wave phase. The fitted parameters are shown in Table 2.

It is also interesting to note that there are several visible
oscillations close to the main continuous oscillation, especially
around 06:00 UT in SO and S1. Such multiple oscillations on a
single slit suggest that the loop structure is inhomogeneous and
the slit captures oscillations of several thin nearby loops. Since

these oscillations appear to be in phase, it is quite possible that
the nearby oscillations are due to skin depth. The near-field
response to the main bright oscillating loop depends on the skin
depth. Based on a simple model that is commonly used in
coronal seismology, Hindman & Jain (2021) have shown that
loops of about 160 Mm or more could have a skin depth of
50 Mm or more. Thus, it is possible that here, since the slits
S0-S3 are within 10-11 Mm and since the main loop is longer
than 160 Mm, the loops are coupled and oscillate in harmony.

In Figure 2(e) we overlay the fitted oscillations detected on
slits SO-S3 on the intensity profiles. The horizontal axis is time
in minutes and the distance along the slit is denoted by D in
Mm on the vertical axis. In SO the oscillations appear to
coincide with the initiation of M1.5 and the eruptions E1 and
E2. In Table 2 the fitted parameters show that this is a decaying
oscillation with periodicity P=4.48 £0.15 min. A few
minutes later, we see oscillations of P =4.21 £ 0.07 minutes
in S1, and after 05:00 UT oscillations of P =4.5 £+ 0.09 min
could also be seen in S2. Contrary to SO, the amplitude of the
oscillating threads grows for both S1 and S2. A little before the
(9.2 flare begins, some signs of oscillatory signals are visible
in S3 but these are really faint. After the C9.2 started,
oscillations of periods between 3.84 £0.06 and 4.99 +£0.12
min are seen at D =~ 5 Mm, i.e., at the left of the loops’ central
axis. In SO, the oscillations appear to be decaying, but in S1 and
S3 they appear to be increasing in amplitude between
05:45-06:00 UT (see Table 2).
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Figure 2. Time-distance images along the slits SO-S3 traced on the top of the loops. (a) Image of the loops rotated 146 degrees clockwise in the SDO/AIA 131-171-
304 A channels during the M1.5 flare and eruptions E1 and E2. (b) Similar to (a) the image shows the loops in 171 A after the C9.2 flare starts. The yellow lines
represent the part of the slits SO—S3 where we found periodicities, which occurred around the central axis of the loops. In panel (c) it is possible to see the region
covered by the slits. (d) Soft X-ray light curve at 1-8 A in the time interval between 04:00 and 6:00 UT. The peak flux of the M1.5 and C9.2 flares is visible in the plot.
(e) Time—distance images along the slits SO—S3. Below each diagram we plot the same image with the red lines representing the fitted functions for periodicities. The

green vertical lines indicate the beginning of the M1.5 and C9.2 flares.

On the other hand, a set of oscillations can be seen clearly in
higher slits on the right hand of the loops’ central axis around the
start of the C9.2 flare at 05:25 UT. In Figure 3(a) parts of the slits
S0-S6 are shown by the yellow lines. Also, the eruption E3 is
visible in the lower part of the loops. These oscillations are most
pronounced at the beginning of the C9.2 flare, near the maximum
height of the loops visible in 171 A, i.e., from S4 to S6. In
Figures 3(b), (c) we show time—distance diagrams with the time
series fitted for slits SO-S6. The time—distance images for SO and
S1 show decaying oscillations of P=4.75+0.05 and
P =5.82+0.07 min. The other slits showed increasing ampli-
tudes with periods between 4.03 £ 0.08 and 5.3 4= 0.08 min (see
Table 2). These oscillations with increasing amplitude could be
driven by the energy continuously deposited by the C9.2 flare and
the eruption E3 that occurred near the footpoint of the loops,
which could prevent their rapid damping (see also Wang et al.
2012). The waveform in Figure 3(c) around ~05:50 UT appears
to be complicated and far from a sinusoidal wave. The shape
suggests that the loops may have been excited suddenly and
impulsively. The only known event that coincides with this time
is the small increase in the X-ray flux, as shown in Figure 2(d).

Although the fitted functions give very precise numbers for
periodicities (see Table 2), note that the oscillatory signal is not
properly resolved so the periods deduced from the fitting
functions are unlikely to be accurate. It is, therefore, sensible to
consider periods between 4 and 6 min. It appears from Figures
2 and 3 that the entire loop system where the slits were placed
is influenced by the flares and the associated eruptions. It has
been proposed by Hindman & Jain (2015) that in fact the entire
arcade is impacted by flaring activities and to properly
understand the connection between oscillations, background
plasma, and the flaring activities, we need to look at the
characteristics of the large part of the active region. Therefore,
we will now examine the full region of interest, as shown in
Figure 2(c), instead of just the four slits.

3.1.2. Fast Fourier Transform

In the previous section, we created the convolved time—
distance images for the slits S0-S6 for the duration
04:00-06:30 UT. We detected periodicities between 4—6 min
by fitting the oscillatory time signals with a sinusoidal function
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Table 2
Fitted Parameters for Periodicities Found along The Slits SO-S6 Represented in Figures 2 and 3
Slit Class Flare Ag T P 1}
(Mm) (min) (min) (deg)
@ (@) 3 “ ® 6)
Fitted parameters, Figure 2

SO Before C9.2 0.93 £0.07 —17.30 £ 0.19 448 £0.15 —28.39 +£6.03

After C9.2 0.47 +£0.02 —20.24 £ 0.71 3.84 £ 0.06 107.34 £ 97.17
S1 Before C9.2 0.29 +0.01 46.09 + 1.66 421+ 0.07 146.89 + 80.58

After C9.2 0.33 £0.04 29.13 £0.49 4.14 £ 0.09 228.22 £+ 64.17
S2 Before C9.2 0.26 £+ 0.01 26.04 £ 1.65 4.50 £ 0.09 199.18 £ 61.13

After C9.2 0.26 £ 0.04 31.46 £0.35 4.03 £0.12 —103.20 = 49.16
S3 After C9.2 0.35 £0.05 76.96 £ 0.14 499 £0.12 —97.17 £ 49.12

Fitted parameters, Figure 3

SO After C9.2 0.66 + 0.06 —4.78 £0.24 4.75 £ 0.05 200.54 £+ 112.46
S1 After C9.2 0.63 £0.03 —18.08 £ 0.42 5.82 £0.07 114.59 £+ 85.42
S2 After C9.2 0.19 £ 0.01 23.57 £ 1.61 5.30 £0.08 211.99 £72.74
S3 After C9.2 0.05 £ 0.02 8.75 £0.61 4.03 £0.08 215.67 +76.58
S4 After C9.2 0.13 £ 0.04 21.38 £ 0.17 497 +0.11 143.24 £+ 53.88
S5 After C9.2 0.10 £ 0.05 16.23 £0.15 5.24 £0.10 198.91 £ 61.23
S6 After C9.2 0.09 £ 0.04 8.89 £0.19 427 £0.10 82.17 £ 58.65

in those convolved images. However, the oscillating signals
and the associated periodicities were for selected slits in the
ROL. It would be interesting to see whether locations (pixels),
other than on the slits in the ROI, show the same periodicities.
Recall that we have chosen the top of the loops shown in
Figure 2(c) as the ROL

We calculate the FFT of the time series that also includes the
peak time of fluxes for flares M1.5 and C9.2. With the aim of
understanding the dominant frequencies of each flare, we also
separate the time series into two different intervals and carry
out the FFT for each of these time intervals. In the left column
of Figure 4, we present the FFT power spectrum. The
calculated power is the square of the FFI’s absolute value.
Panel (a) is from 04:00 to 06:30 UT; panel (b) is from 04:00 to
05:00 UT (including only the M 1.5 flare), and panel (c) is from
05:00 to 06:30 UT (including only the C9.2 flare). The red line
in panel (a) indicates the frequency band that includes the two
prominent peaks in this spectrum. Panel (b) shows peak power
at 3mHz and panel (c) at 2.5 mHz. In the right column, we
mark the pixels with the dominant power. The red points in
panel (d) show the pixels with dominant power in the
frequency range f=2.2-4.10 mHz. The blue points in (e)
represent the frequency f= 3.05 £ 0.55 mHz and the magenta
points in (f) correspond to f=2.58 £ 0.55 mHz.

As can be seen from Figures 4(e) and (f), the spatial
distribution of wave power is very different during the M1.5
flaring activity from that in the C9.2 flaring activity. The
dominant power is concentrated in the middle part of the loop
structure in the ROI during the M 1.5 flare as if the flare excited
the entire loop structure coherently in addition to many other
faint structures in the active region. During the C9.2 flaring
activity, the wave power within the frequency band is distributed
quite widely across the loop structure in the ROL Also, note that
the intensity distribution as seen in the SDO/AIA 171 A
bandpass is also quite different during the two flaring activities.
Such different intensity and different spatial distributions of
power is an indication of inhomogeneous loop structure.

It should be noted that, although the overall distribution of
power can be examined this way, caution is required as FFT
analysis can sometimes produce artificial peaks in the power
spectrum due to the complex nature (e.g., non-sinusoidal signal,
especially the type seen in slits S4—S6 around 06:00 UT and/or
unresolved intensity between pixels etc.) of the time series (see
Allian & Jain 2021). Another issue that requires utmost care is
that the start time of the C9.2 flare and the decay time of the
M1.5 flare are not known precisely; there may be some overlap
in the two time intervals that we used for the FFT. Thus, FFT
04:00-05:00 UT and 05:00-06:30 UT may introduce cross-
contamination of power. Also, a shorter time series of one hour
has a poor frequency resolution. These drawbacks warrant data
with better temporal and spatial cadence before any other
quantitative results can be confidently trusted except for the
dominant power around a specific frequency.

From the spatial distribution of the dominant power as
shown in the right column in Figure 4, it is clear that
oscillations are not confined to a thin loop or an individual
thread. The nearby loops are also either impacted or the
excitation source excites more than a single thread. It has been
shown by Hindman & Jain (2021) that many coronal loops do
not oscillate as an independent entity. The skin depth of an
oscillating loop affects the nearby plasmas and field lines.
These field lines can oscillate sympathetically in phase in
response to the main loop’s oscillations due to the skin depth.
Since Figure 4(e) suggests that the entire middle region of the
ROI has a similar frequency, we analyze the time series on a
vertical slit as shown in Figure 5. The slit is 5 pixels wide and
27 pixels long. Panel (b) shows the resulting time—distance
diagram where it is clear that the near-field of the main loop
also oscillates in phase.

3.1.3. Wavelet Transform

We now compute the wavelet transform for the time series of
the area around the top of the loops, i.e., from SO to S6.
Figure 6 shows the wavelet power spectrum (left panel) for the
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Figure 3. Oscillations in the right side of the central axis of the loops after the C9.2 flare started. (a) Images of the loops rotated 146 degrees clockwise in the SDO/
AlA 131-171-304 A (left) and in 171 A (right) channels. The vertical dashed green line represents the central axis of the loops that we considered. The slit segment
analyzed in this section is indicated by the yellow horizontal line. (b), (c) Convolved time—distance images along the slits SO-S6. The green vertical lines represent the
beginning of the C9.2 flare. The red lines overplotted on (c) represent the fitted functions for periodicities.

time series of the area covered for the slits in Figure 1(b). The
purple line and the dashed region show the area inside the cone
of influence (COI). Outside this COI the periodicities above
99% confidence level are enclosed by black contours, which
show dominant periods centered at 4.48 and 9.10 min. On the
right side, we present the global power spectrum where two
peaks indicate the same dominant periods above the blue line,
which represents the 99% significance level. Therefore,
comparing the periods from the fitted functions, FFT, and
wavelet transform, we can consider P~4.5 min as the
dominant period.

3.2. Interaction between Eruptions, Flares, and Loops

Zimovets & Nakariakov (2015) analyzed 58 events of
oscillating loops that were impulsively excited. They found that
57 of them were associated with eruptions/ejections in the
lower coronal plasma. In the current study also, oscillations are
accompanied by eruptions El1, E2, and E3 (see Table 1).
However, it is unclear whether the ultimate perturbation to the
loops leading to their oscillations is either the displacement of
the loops’ footpoints from their equilibrium position by these
eruptions or the deposition of energy from the eruptions to the
loop. If the former, it is not possible to see such a displacement
due to limited spatial resolution. If the latter, we can estimate
the possible maximum speed, (v.), of the plasma eruptions that
would be necessary to carry energy to perturb the loops. We
now discuss this.

The events listed in Table 1 were also visible in the SDO/
AIA 304 A and 131 A channels. Since the beginning of the
observation time, the M 1.5 flare and eruptions E1 and E2 may
have perturbed the lower part of the loops, which produced
periods of P =~ 4—5 min from slits SO to S2 (see Figure 2(e)). In
Figure 7 we display time—distance images for slits traced over
the central axis of both the loops and eruptions in the SDO/
AIA 171 A, 131 A, and 304 A channels. In order to highlight
features of the eruption observed in 171 A we convolved the
time—distance images using the matrix defined in 1. Figure 7(e)
displays the time—distance image of a slit 2.18 Mm wide and
130.5 Mm long, along the central axis of the loops (green line
in Figure 7(a)). We have defined the vertical axis in Figure 7(e)
from 20 to 100 Mm instead of 20-150 Mm, to show in detail
the distance traveled by E2. The slopes traced with blue dashed
lines indicate the speed of the eruptions v, = 50.32 km s~ '. In
Figures 7(b)—(d) the slits are 2.18 Mm wide and 88.43 Mm
long. The corresponding time—distance images are present in
Figures 7(f)—(h) where the slopes traced with a blue dashed line
indicate the speed reached by the eruptions. They are
ve=222.18 km s, v,=102.92 km s ', and v, = 195.87 km
s~ ! in panels (f)—(h), respectively. Despite the distance between
the central axis of the loops and the eruptions being ~11.75
Mm, in the Figure 1 animation it is possible to see the M1.5
flare situated in the footpoint of the loops and the eruptions
reaching the lower part of them. From the time—distance images
over the central axis of the eruptions, we estimated that they
reached a height of ~90 Mm. The distance between the highest



THE ASTROPHYSICAL JOURNAL, 931:151 (13pp), 2022 June 1

2.0x10%[
1.5x10*F

1.0x10*F

FFT Power

5.0x10°F

0 I 1 L

(a) FFT Power Spectrum ROI

ﬁ{JM\ALﬁﬁﬂumﬂA“th;

FFT Power
+» (2] o
a ) o
Q o <
a O o
T T T

]
Q
(=]
a
T

oL . ) . h . f

(b) FFT Power Spectrum M1.5 flare

gx10*

4x10%F H

FFT Power

2x10*F )ﬂ

(c) FFT Power Spectrum C9.2 flar

L
ol L WY A e A A

0 Z 4 8 8 10 12 14

Frequency {mHz)

Conde C., Jain, & Jatenco-Pereira

(d) ROI
145
_- o
S £ i
- 140 IR X ]
X, X
e R° o
. i...&“ - e
e e o e ..
135 : o :
(e) ROI during the M1.5 flare
145
E
=
= 140
135
(f) ROl during the C9.2 flare
145
E
&
135
10 20 30
X (Mm)

Figure 4. Fast Fourier transform (FFT) analysis of the region at the top of the loops. The left column represents the power spectra found in different time intervals. (a)
Between 04:00 and 06:30 UT where the dominant power is in the range of 2.2-4.1 mHz. (b) From 04:00 to 05:00 UT capturing only M1.5 flaring activity. The
dominant power is in the band of 2.5-3.6 mHz. (c) Interval of 05:00-06:30 UT capturing C9.2 flaring activity. The dominant power is between 2.0 and 3.1 mHz. The
right column represents the pixels where the frequencies are dominant. (d)—(f) correspond to (a)—(c), respectively.

point reached by the eruptions and the first slit (SO) was
about 50 Mm.

Just after the C9.2 flare started, oscillations with periods
of 5—6 min were seen in the right part of the central axis of
the loops (see Figure 3(b)). This flare site was located ~108.9
Mm away from the loop top, but no wave front or direct
ejection of plasma was visible in the data. Instead, we
observed an eruption, E3, that occurred close to the footpoint
of the loops. It was then followed by emergence of an arcade
in the lower part (see Figure 3(a)). To see the evolution of the
eruption E3, we traced several slits over the images of SDO /
AIA in 171 A, 304 A, and 131 A channels, as shown in
Figures 8(a)—(e).

Flare C9.2 started about 6 min after eruption E3 (see Table
1). Both events were seen in 171 A. However, the beginning
and the end of E3 were most clearly visible in 304 A and
131 A, respectively. Figure 8(a) shows the emerging arcade
and E3 at the lower part of the loops. The green and red lines
indicate the central axis of the loops and the first slit, SO.
These were used for further investigation. We considered
2.8 Mm wide slit and 130.5 Mm long over the central axis of
the loops, to show the time—distance image displayed in the
panel (f). This panel clearly shows the emerging arcade. The
slope shown with a blue dashed line indicates that a speed of
Ve~ 17 km s~ ! would be required by the erupting plasma to
reach the top of the loops.
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Figure 5. FFT analysis and time—distance image in the region during the M1.5 flare. (a) Region of interest displayed in Figure 4(e). The blue points represent the
pixels where the frequency band of 2.5-3.6 mHz is dominant. The dashed green line indicates the slit where we made the time—distance image shown in (b).

In Figure 8(b) we displayed the flipped image of the AR
1967 in 171 A. The orange lines indicate the two triggered
points where the eruption E3 was seen. Details of the E3’s first
part were visible in 304 A (Figure 8(d)). Thus, we traced a slit
2.8 Mm wide and 48.7 Mm long at the base of the eruption.
This was represented by the orange lines in panels (b) and (d).
In panels (g) and (j) we show the time—distance diagrams for
the slit traced in both 171 A (panel (b)) and 304 A (panel (d)). It
is possible to see that the plasma reached a height of 42 Mm
from the base with speeds v, =24.1 km s'in 171 A and
v, =10.7 km s 'in304 A (see panels (g) and (j), respectively).
From this same point, plasma was ejected in the direction of the
loops. Thus, we rotated this image 137 degrees clockwise and
traced a slit on the central axis of the ejection (see panel (d)).
The time—distance diagram displayed in the panel (i) shows that
the plasma covered a distance of ~60 Mm with a speed of
ve=237.2 km s ", The second part of E3 was seen in 171 A
(panel (b)) and 131 A (panel (e)). We also traced a slit 2.8 Mm
wide and 44.78 Mm long, over the central axis of this eruption
which is represented by the orange lines in panels (b) and (e).
Time—distance images show the evolution of this eruption in
panels (h) and (k). The slopes traced estimate the speed of this

eruption in 171 A to be ve=6.4 km s} (panel (h)) and
ve=12.1 km s~ (panel (k)) in 131 A.

Although there was no visible wave front, even if we
speculate that an invisible perturbation reached the top of the
loop structure, we can estimate the fastest possible speed. The
peak flux for M1.5 and C9.2 was for about 660 and 360 s,
respectively. Taking into account that the flares were located at
(943”8, —229”5) (M1.5) and (-935”74, —146"9) (C9.2), and
the slit SO was at (1044776, —398”38), the speeds can be
estimated at vyq = 216.43 km s~ for M1.5 and vq = 553.03 km
s~ ! for 9.2, from the following equation:

_ \/(XOSC - xﬂ)2 + (yosc - yﬂ)2

, 2
A 2

Vil

with coordinates of both SO (xysc, Yosc) and the flare (xg, yg).
It has also been suggested that the change in magnetic
pressure, leading to implosion (Hudson 2000), could lead to
oscillatory behavior as the loops lose their equilibrium state
during the magnetic reconnection. This possibility cannot be
ruled out. However, the observational signatures to support this
scenario remain elusive in a resolution-limited data set such as
this one. The presence of coronal rain, which is clearly visible
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in the Figure 1 animation, could also be a source for the
excitation of oscillations in the loops. However, the change in
amplitude with time and their connection to the coronal rain
will need to be explored further.

3.3. Energy Density Estimates for the Events and the
Oscillations

It is useful to investigate further the generation mechanism
of oscillations by comparing the energy density produced by
the transient events and the oscillations. In a similar way as
Sarkar et al. (2016), we calculated the kinetic energy density of
the eruptions and flares, assuming the linear motion of these
events concerning the central axis of the loops using the
equation

1
Eey = Epevvz, €)
where p,, is the density of the plasma related to the events, i.e.,
eruptions (E1, E2, and E3) and flares (M 1.5 and C9.2), and v is
the estimated speed of the plasma (see Figures 7 and 8).

The density of the plasma can be estimated by using the
automated temperature and differential emission measure
(DEM) analysis developed by Aschwanden et al. (2013). Thus,
we made temperature 7 (K) and emission measure EM (cm™)
maps considering the time at which the flare’s energy flux
peaked, i.e., 04:09 and 05:29 UT for M1.5 and C9.2 flares,
respectively. Figure 9 shows the temperature and emission
measure maps in logarithmic scale, log(7T) and log(EM)
respectively, for the active region AR 1967 during the time
in which the flare’s peak was registered. The upper panels (a),
(b) show the active region during the M1.5 flare together with
eruptions E1 and E2, while the lower panels (c), (d) include the
C9.2 flare and eruption E3. The black boxes enclose the regions
where the events occurred, which also include the footpoint of
the loops. The magenta dashed lines indicate the central axis of
the loops. We highlight with red and orange lines (perpend-
icular to the magenta dashed line), the slits SO-S3 (in panels
(a), (b)) and SO0-S6 (in panels (c), (d)) where we detected the
oscillations.

With the information obtained from the 7 and EM maps, we
calculated the number density 7, (cm ™) and then approximated
the event density pe, (kg m ). During the M1.5 flare peak,
n,=1.14x 10° cm > and p., = 1.14 x 107"* kg m>. At a
later time, the C9.2 flare occurred further away from the
location of the eruption E3. The density values during the C9.2
flare were n,=1.38 x 10° cm > and Pev = 1.38 X 10712 k%
m >, while for the plasma in eruption E3 n, = 2.06 x 10% cm ™
and pey = 2.07 x 103 kg m>. The number density values for
the regions studied are presented in column 3 of Table 3. In the
same manner, we list the eruptions and flares in column 1,
indicating the wavelength in which they were observed, and
their speeds in column 2. With these values and using the
Equation (3), we found that energy density for the region
during the M1.5 flare was in the range of ~ 107°-10"2 J m .
The energy density released by the C9.2 flare was 2.12 x 10"
J m? and the eruption E3 was in the range of ~ 10 °-107*J
m ™ (see column 4 of Table 3). Although it is beyond the scope
of the current study, the method reported by Hannah & Kontar
(2012) or Cheung et al. (2015) for determining DEM should be
used to verify our results.

We estimated the kinetic energy density contained in the
plasma at the locations of the slits (S0-S6), where we measured
the oscillations (Goossens et al. 2013)

Eos = ™43, 4)
where pos is the density found in the slit from the T and EM
maps, A is the displacement amplitude, w = 27/P is the angular
frequency, and P is the period. We list Ay and P in Table 2
(columns 3 and 5). The corresponding number density for the
slits was ~ 107 cm ™ (see column 6 of Table 3) and Pos ™~ 10~
kg m°, during both the M1.5 and C9.2 flares. Thus, the
oscillations’ energy density during the M1.5 flare was ~ 10~ "—
107 I m™>. At the time of the C9.2 flare, this energy density was
in the interval of ~ 107%-107® J m 3 (see column 7 of Table 3).

In the first part of the oscillatory motion (from 04:00 to
05:00 UT), the eruptions E1, E2, and the M1.5 flare occurred
near the footpoints of the loops. In this case, the disturbance
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Figure 7. Speed of the eruptions E1 and E2 around the loops. (a) Image of the loops in 171 A at the time of the eruption E2. The central axis of the loops and the slit
SO are represented by the green and red lines, respectively. Images of the eruptions E1 and E2 taken by SDO/AIA in the 171 (b), 131 (c), and 304 A (d) channels. The
orange lines indicate the central axis of the eruptions, which we use to make the time—distance diagrams displayed in the bottom panels. (e)—(h) Time—distance images
over the slits traced in panels (a)—(d). The vertical axis in panel (e) is plotted from 20 to 100 Mm instead of 20-150 Mm to show in detail the distance covered by E2.
The blue dashed lines indicate the speed of the eruptions E1 and E2 (v,) along the slits.

was likely focused on the central axis of the loops (see Figure
2). The later part (between 05:00 and 06:30 UT) includes the
eruption E3 and the C9.2 flare, (see Figure 3). During this
period, the oscillations were seen on the right side of the central
axis of the loops.

Comparing the energy densities (columns 4 and 7 of Table
3), we found that during the first period of our analysis, E.,
was three to five orders of magnitude higher than E,, which
indicates that the energy contained in the events was enough
to excite the perturbations in the slits SO-S3. As these events
also occurred close to the central axis of the loops and have
the same energy density, the eruptions El, E2 and the M1.5
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flare could probably contribute to producing the perturbations.
At the later time, the eruption E3 happened close to the
central axis of the loops and its energy was 10 °~107* J
m . The energy released by the C9.2 flare was three to five
orders greater than E3 (~107' J m™?), despite being
located ~ 108.9 Mm away. The eruption E3 stored energy
just two orders of magnitude greater than the oscillations.
However, the C9.2 flare released energy five to seven orders
of magnitude greater than E,,, which suggests that, despite
the long distance, the C9.2 flare was the exciter agent of the
perturbations on the slits S0-S6, between 05:00 and
06:30 UT.
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Figure 8. Speed of the eruption E3 around the coronal loops. (a) Image of the emerging arcade, in 171 A, reaching the lower part of the loops a few minutes after
eruption E3 began. The central axis of the loops and the slit SO are represented by the green and red lines, respectively. (b) Flipped image of the loops in the 171 A
wavelength. The orange lines represent the spatial coincidence with the eruption observed in 304 A (bottom line) and 131 A (upper line), which are shown in panels
(d) and (e), respectively. (c) Ejected plasma by the eruption E3, observed in a 304 A rotated 137 degrees clockwise image. The orange line represents the slit traced to
make the time—distance map over the central axis of this ejected plasma. (f)—(k) Time—distance diagrams for the panels (a)-(e). The blue dashed slopes indicate the
speed of the eruption E3 (v,) along the slits (orange lines). Note the difference in the scales on the y-axes, for enhancing the features, in some of the bottom panels.

4. Conclusions

In this paper, we report transverse oscillations in a loop
structure in the active region AR 1967 during 04:00-06:30 UT
on 2014 January 28. We believe that these oscillations were
excited by multiple sources. The first flare (M1.5) which had
the highest soft X-ray flux reported by the GOES instrument
(see Figure 2(d)) and the eruptions E1 and E2 (see the Figure 1
animation), excited oscillations with periodicities 4—-5 min that
were clearly visible in the lower part (slits SO-S2) of the loop
structure. The second flare (C9.2) soon after its initiation at
about 05:25 UT reached its peak activity at 05:30 UT. The
existing oscillation in the lower part of the loop structure slits
(S0-S2) not only continues to be seen after 05:25 UT but some
oscillations with similar periodicities of 4-6 min became
visible in the higher part of the loop structure (S3-S6). Despite
the fact that the C9.2 flare was located far (~109) Mm away
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from the loops, a fast wave emanating from the flaring site
could have reached the loop-tops with a speed of about 553.03
km s '. Thereafter, oscillations seem to be growing in
amplitude with peak amplitude at ~05:55 UT before suddenly
dying out. Although around 05:45 UT a small increase in the
X-ray flux was observed by the GOES instrument, this increase
in the flux is relatively low compared to the other two flares.
Thus, the oscillation is very likely influenced by the eruption
E3 in addition to the flare C9.2 itself.

Another possible scenario for excitation of oscillations could
be speculated as follows. Despite different energetics and the
location of the flares, the loop oscillations seem to be almost
continuous during the 2.5 hr that we examined with periodicity
between 4 and 6 min. Although these oscillations are not seen
very clearly in all slits at all times, this could be due to fading
and brightening of the loops in an active region. Given that the
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Figure 9. Temperature and emission measure maps, in logarithmic scale, of the active region AR 1967. (a), (b) show log(7") and log(EM) maps during the eruptions
(E1, E2) and M1.5 flare, while (c), (d) display the log(7T") and log(EM ) during the eruption E3 and C9.2 flare. The black boxes enclose the regions where these events
occurred. The magenta dashed line indicates the central axis of the loops and the red lines, perpendicular to this line, represents the slits where we saw the oscillations,
S0-S3 ((a), (b)) and SO-S6 ((c), (d)). The color bar on the right side represents log(7') (a), (c) and log(EM) (b), (d).

periodicity is similar, there is a possibility that the field lines in
the immediate surroundings of these loops in the magnetic
arcade where these loops were embedded provoked these
oscillations. This is plausible because all magnetic structures in
an active region are coupled with each other to varying extent
and, once flaring activities occur, the field lines within the
active region set up resonances of their own as the waves from
the flaring site get bounced around due to scattering,
dissipation, etc. If the resonance frequencies of the arcade
and the loops are similar, it is possible to excite oscillations (for
details, see Hindman & Jain 2021).

We find clear evidence of multiple oscillating threads (see
Figure 4). A recent theoretical study by Hindman & Jain (2021)
suggests that coronal loops are part of a large flux system of an
active region. It is possible that when there is an enormous
disturbance such as a flare, the entire flux system gets impacted,
but we only see oscillations in the bright loops. However,
sometimes the nearby loops show similar oscillations when
they light up. Thus, the oscillations of the most bright loop or
loop structure are the response of a system of coupled loops,
and oscillation of one loop can cause sympathetic vibration of
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the neighboring loops (see Figure 2(d)) (for details, see
Hindman & Jain 2021). Many previous observations have also
implied that magnetic fields near a bright loop are often
coupled (see, for example, Schrijver & Brown 2000; Verwichte
et al. 2004, 2009; Jain et al. 2015).

To understand the connection of the loop structures, their
background and the flaring sites, we computed the FFT power
in the time domain at each pixel in the ROI and displayed the
dominant power within specific frequency bands. We found
that for the time series of 2.5 hr (04:00-06:30 UT), the
dominant power is not only confined to the pixels located
within the loop structure but is distributed in other areas of the
active region. This suggests that if flares are responsible for the
oscillations, they excite the loop structure and the surrounding
magnetic field regions with this periodicity, or that the
background coronal plasma has a broadband driver and the
flares enhanced the power at specific frequency bands.
However, these enhancements were not adequate to cause
visible large-amplitude oscillations in these areas.

We also see a close connection between eruptions during the
time period and the initiation of oscillations. It is very likely
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Table 3
Number Density and Energy Density Estimated for The Events and The Oscillations
Event v n, E., Slit ne E
(kms™h (cm™%) dm™) (cm™3) dm™)
El, E2 50.32 1.14 x 10° 1.44 x 1073 S0 4.18 x 107 495 x 107°
(171 A) 1.72 x 10°°
El, E2 222.18 2.82 x 1072 S1 4.93 % 107 6.44 x 1077
(171 A) 8.62 x 1077
El, E2 102.92 6.05 x 1073 S2 3.88 x 107 3.57 x 1077
(131 A) 4.45 % 1077
El, E2 195.87 2.19x 1073 S3 4.61 x 10 6.24 x 1077
(304 A)
M1.5 flare 216.43 267 x 1072
E3 (171 A) 16.70 2.06 x 10 289 x 107° S0 3.62 x 107 1.92 x 107°
E3 (171 A) 24.10 6.02 x 107° S1 432 x 107 1.39 x 107°
E3 (171 A) 6.40 424 x 107° S2 426 x 107 1.50 x 1077
E3 (304 A) 37.20 143 x 107 S3 4.15 x 107 1.75 x 1078
E3 (304 A) 10.70 1.18 x 107° S4 4.34 % 107 8.17 x 107®
E3 (131 A) 12.10 1.52 x 1073 S5 4.11 x 107 412 x 1078
9.2 flare 553.03 1.38 x 10° 2.12 x 107! S6 4.23 % 107 517 x 1078

that the flaring activity of the M1.5 flare and the eruptions E1
and E2 associated with it were responsible for triggering the
first few oscillatory motions in the lower slits (S0-S2) and the
C9.2 flare perturbed the loops slightly higher and the
perturbation must have arrived through fast waves since the
C9.2 flare was quite remote in relation to the loops’ location.
However, this does not explain the peak in the oscillations
between 05:45 and 06:00 UT. Eruption E3 must have played a
role in this peak. Despite the possibility of different excitation
sources in the vicinity of the loops and the changing nature of
oscillations, the periodicity of multiple oscillations is found to
be between 4 and 6 min.
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