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Abstract

An investigation into the excitation sources of oscillations detected in a coronal loop structure is carried out using
the images obtained with Interface Region Imaging Spectrometer (IRIS) and the Atmospheric Imaging Assembly
(AIA) instrument on board the Solar Dynamics Observatory (SDO). A loop structure in the active region AR
11967 on 2014 January 28, oscillating in the vicinity of a strong eruption and an M3.6 class flare site, is clearly
noticeable in SDO/AIA 171 Ai images. We study in detail, the oscillations with detected periods between 4 and 13
minutes and their connection in RIS SJI 1330 A and SDO /AIA 1700 Ai images; both of these wavelengths sample
the lower parts of the solar atmosphere. The simultaneous presence of many oscillations in the region of interest in
all three wavelength passbands suggest that these oscillations were excited in the lower-chromosphere—
photosphere plasma connected to the loop structure and then propagated at higher heights. We further investigate
the Doppler velocity measurements from the spectrograph snapshots in IRIS C11 1336 A, Si1v 1403 A and Mg 1k
2796 A. These show signatures of upflows in the vicinity of the loop structure’s endpoints estimated from 171 A
images. We suggest that some of the oscillations observed in AIA 171 A have been triggered by plasma ejections
and perturbations seen in the lower layers of the solar atmosphere. Based on the estimated phase speeds, the
oscillations are likely to be slow magnetoacoustic in nature.

Unified Astronomy Thesaurus concepts: Solar physics (1476); Solar atmosphere (1477); Solar corona (1483)

Supporting material: tar.gz files

1. Introduction

Oscillations and waves play an important role in the study of
the structure and dynamics of solar coronal loops. During a
transient phase, it is not uncommon to see flaring events, and the
oscillations in the nearby coronal loops in response to a flare.
The waves and oscillations can be observed during several
stages of the flare, in different wavelength bands, and can have
periods from few seconds to several minutes (Aschwanden et al.
1999; Nakariakov et al. 1999, 2010; Verwichte et al. 2009;
Kupriyanova et al. 2010; Kumar et al. 2016). It is interesting to
analyze waves and plasma properties of the loops to understand
the wave generation mechanisms in the solar corona (Jain et al.
2015; Allian et al. 2019). Although the Atmospheric Imaging
Assembly (AIA; Lemen et al. 2012) on board the Solar
Dynamics Observatory (SDO; Pesnell et al. 2012) allows us to
observe oscillatory phenomena in coronal loops during transient
events (Aschwanden & Schrijver 2011; Conde et al. 2016), the
Interface Region Imaging Spectrograph (IRIS; DePontieu et al.
2014) data can allow us to see characteristics of the Transient
Region and Chromosphere where we can search for the source
of oscillations observed in the corona. The solar transition region
is the interface between the chromosphere and the corona within
which the temperature rapidly rises from 25,000 K to 1 MK.

In this work, we study oscillations in a coronal loop structure in
the active region AR 11967 on 2014 January 28. We detected
oscillations with periods 4, 6, 9, and 13 minutes from images taken
with SDO/AIA instruments in 171 and 1700 A band passes and

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

also other periodicities in the SJI 1330 A from /RIS instruments.
SDO/AIA instruments provide images of the solar atmosphere
with 0.6” spatial resolution and 12 and 24 s of temporal cadence
(Lemen et al. 2012). The SJI 1330 A line is one of the far-
ultraviolet (FUV) wavelength bands of [RIS that observes, with a
spectral sampling of ~13 mAp1xe1 ! the chromospheric and
strong continuum emission (see DePontleu et al. 2014). The
oscillations were detected during the time when an M3.6 class
flaring activity was recorded by the Geostationary Operational
Environmental Satellite (GOES) instrument (Aschwanden 1994) in
the active region. We investigate if these oscillations were linked at
different heights in the solar atmosphere. We report for the first
time the connection between oscillations with multiple periods
detected in images of subarcsecond scales at different heights in
the solar atmosphere. Such investigations give us the information
on the driving mechanism of the coronal loop oscillations often
seen in 171 A coronal i imagery.

The Letter is organized as follows. In Section 2 we present a
description of the analyzed data and the method for detecting
the periodicities. In Section 3 we present the results, followed
by the Discussion and Conclusions in Section 4.

2. Observational Data and Analysis

We investigate intensity variations seen in the coronal loop
structure of the active region AR 11967, which was on the
southeast limb on 2014 January 28. The variations are
obtained from the 171A images taken by SDO/AIA
instrument with temporal cadence of 12 s and spatial
resolution of 076 per pixel. We also analyze in detail a
smaller region of AR 11967 for which the aligned images
were also available in SDO/AIA’s 1700 A spectral line and
independently in NASA’s IRIS in SJI 1330 A spectral line.
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Figure 1. Image of AR 11967 on 2014 January 28 at about 07:30 UT observed in (a) SDO/AIA 171 A (b) SDO/AIA 1700 A and (c) IRIS SJI 1330 A wavelength
passbands. The orange dashed box on the left panel denotes the region of interest (ROI) of SDO/AIA 1700 A images analyzed. The /RIS SJI 1330 A data is available
for a shorter region and is denoted by the green dashed box. The aquamarine box represents the region of interest (ROI) of spectral data (SG). The ROI chosen for the
subsequent analysis includes the green, orange, and purple dashed lines. We indicate the position of the endpoints of the loops, as inferred from the 171 A images, by

the blue circle. Endpoint 1 is very close to the sunspot shown in 1700 A (panel (b)).

The IRIS SJI 1330 A images have a temporal cadence of 19 s
and we co-aligned them, using correlation methods, with
SDO/AIA 1700 A images, which have a temporal cadence
of 24 s. The IRIS SJI 1330 A line is one of the strongest
resonance lines in the solar ultraviolet spectrum (Rathore et al.
2015), which is believed to be formed in the solar region
between the lower chromosphere and the transition region
where as the SDO/AIA 1700 A samples the solar region of
temperature minimum to the photosphere.

We processed the SDO/AIA level 1 and [RIS level 2 data
using aia_prep.pro and read_iris_l2.pro, respectively. We then
co-aligned the data between both instruments using correlation
methods.

We also considered the Mg I k 2796 A, C11 1336 A and SiIV
1403 A lines of the raster files obtained from the spectrograph (SG)
channels of IRIS. These files were multiple-repeat raster, with a
field of view (FOV) of 14”7 x 19”, in steps of 8" x 2" and
temporal cadence for each step of 10.4 s. We carried out the
wavelength calibration using iris_prep_wavecorr_I2.pro available
in the Solar software.

Figure 1(a), displays a time snapshot of the extreme ultraviolet
(EUV) image taken by the SDO/AIA instrument in 171 A
passband, where we can see the coronal loop analyzed in this
work inside the purple dashed-line box. The FOV of the available
data set in 1700 A and SJI 1330 A is shown in panel (b) and (c),
respectively. We indicate these regions in panel (a) with the green
and orange dashed boxes. In the same way, we show the FOV of
the recorded raster data for Mg 1 k 2796 A, C11336 A and Si1v
1403 A spectral lines, with the aquamarine box. We designate
the points 1 = (—950”, —187") and 2 = (—938", —235") as the
endpoints of the loops as seen in 171 A images and denote them
with the blue filled-circle. The position of endpoint 1 is very close
to a sunspot as can be seen in Figure 1(b).

We analyzed the AIA 171 Ai images of the active region AR
11967 taken between 07:00 and 08:07 UT. During this
observational time, an M3.6 flare (S10E75) was recorded with
the enhancement in the X-ray flux by GOES-15 instrument

from 07:25 to 07:34 UT. In addition to the flare, other eruptive
activities® were also noted: jet-like features were seen in the
vicinity of the endpoint 2, a coronal mass ejection between
07:00 and 10:00 UT, a short eruption from 06:50 to 06:54 in
the coordinates (—920.64", —320.12"), which is close to
endpoint 2, and another eruption close to the endpoint 1
(—=1026", —21772) from 06:59:28 to 07:39:28 UT. It is also
clear from the movies of SDO/AIA 171 and 304 Ai images that
we created (ar2.mp4 and ar304.mp4, respectively),’ that there
are eruptions close to the endpoint 1 around the same time as
the M3.6 flare.

In order to minimize the saturation due to the flaring activity,
we reduced the FOV on the images, referred to as the ROI for
the subsequent analysis. At the same time, we would like to
investigate the perturbations at the endpoint 1 and hence the
ROI for [RIS SJI 1330 A, the SDO/AIA 1700 and 171 A are
slightly different depending on the availability of data.

2.1. Method to Detect Waves

We prepared three- dlmensmnal (3D) cubes (x, y, t) for SDO/
AIA for 171 and 1700 A from 07:00 to 08:07 UT. Slmllarly,
we also considered 3D data cubes with IRIS SJT 1330 A i images
between 7:30 and 8:07 UT, the only times for which data are
available. In order to identify the periodicities present in the
ROI, we Calculated the Fast Fourier Transform (FFT) and
Wavelet Transform® (Torrence & Compo 1998) of the temporal
signal. The left column in Figure 2 shows the FFT power as a
function of frequency (mHz) for 1700 A (a) 171 A (d) and
1330 A (g) wavelengths. Peaks highlighted with a red asterisk
indicate dominant periods present in the signal. In 1700 A (@)
and 171 A (d) we have peaks at 6, 9, and 13 minutes. In 1330 A

* Movies are available on the web pages of iSolSearch and Helioviewer http://
www.lmsal.com/isolsearch and https:/ /www.helioviewer.org, respectively.

5> Movies ar2.mp4 and ar304.mp4 are available in the tar.gz package.

® Wavelet Transform software is available at http:/ /paos.colorado.edu/
research/wavelets/.
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Figure 2. FFT power spectrum as a function of frequency (mHz) for 1700 A (a), 171 A (d), and 1330 A (g) wavelengths. Peaks highlighted with the red asterisks
indicate the dominant frequencies present in the signal. The middle column shows the wavelet power as a function of period and time. The confidence level greater
than 90% are enclosed by black contours. The right column shows the corresponding global spectrum.

(g) the peaks marked are at 3, 4, and 8 minutes. The middle
column shows the wavelet power spectrum for 1700 A (b),
171 A, (e), and 1330 A (h), respectively. Outside the Cone of
Influence, it is possible to identify periods 6, 9, and 13 minutes
enclosed by black contours with the 99% confidence level in
1700 A, which is confirmed by the blue line over the global
spectrum in the right column (panel (¢)). In the same way for
171 A (e), the periodicities seen in the power FFT spectrum are
enclosed with the 90% confidence level in the power wavelet
spectrum and the same peaks are over the 90% significance
level in the global spectrum (panel (f)). Note that 3 and 8
minutes periodicities with 99% of the significance level are
seen in power and global spectra computed for 1330 A (panels
(h—1)). The presence or the absence of 13 minute oscillation
could not be verified in 1330 A wavelength data due to the
spatial and temporal limitation of the data.

We also used the Pixelised Wavelet Filtering (PWF) method
(Sych & Nakariakov 2008) in order to identify the spatial

distribution of periodicities present in various ROIs. The PWF
method is based on calculating the wavelet transform over the
time signal of each pixel inside the chosen ROI. We then
obtained the temporal signal filtered by predominant period
bands. These period bands were chosen as 2-3 minutes,
3-5 minutes, 5—7 minutes, 7—12 minutes, 12—14 minutes, which
we will now refer to by their central periods 2.5, 4, 6, 9, 13
minutes, respectively. The spatial distribution of powers for each
filtered period band is computed and the movies of narrowband
maps >4 minutes are provided (movies m4m.mp4, mém.mp4,
m9m.mp4 are available in the tar.gz package).

3. Results
3.1. Detected Periodicities

The intensity oscillations in SDO/AIA 171 A passband were
obtained for a low-lying coronal arcade in the vicinity of the
flaring site. We found oscillations of 4, 6, 9, and 13 minutes,
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Figure 3. Oscillations found in the top of the coronal loops observed in SDO/AIA 171 A. (a) EUV snapshot of the coronal loops as observed in SDO/AIA 171 A
passband. The loop shape and its endpoints are shown in blue color. (b) Distance—time maps made for each purple slit traced across the loop in panel (a). Disturbance
speed was calculated over the slits S1 and S5, which are represented by red lines. (c) Filtered intensity maps for oscillations of 4, 6, 9, and 13 minutes seen in the loop-
tops region shown in (a). (d) Filtered integrated intensity variation as a function of time for the maps shown in (c). Lines blue, green, red, and purple correspond to

oscillations of 4, 6, 9, and 13 minutes, respectively.

along the coronal loop structure in 171 A images. The intensity
variations are in phase suggesting the presence of standing
oscillations.’

Figure 3 shows periodicities of 4, 6, 9, and 13 minutes
detected in the loop-tops in 171 A channel of SDO/AIA. In
panel (a), the green box highlights the region where the
oscillations were found. To investigate further, we first define the
loop structure and then study the oscillations at various locations
along this defined loop. This fitted loop, as well as the endpoints,
are overplotted in blue color. We traced five equally spaced slits,
in purple color, across the loop; four of them chosen to be 41
pixels long (=18 Mm) and 5 pixels wide. The slit number 5 was
51 pixels long (=22 Mm) in order to see more details of the
disturbances close to the endpoint 2. To increase the signal-to-
noise ratio we calculated the average intensity over the slit width
(Anfinogentov et al. 2013). Then we created time-distance maps
with 2 minutes running difference images (Wang et al. 2009),
which show propagating and standing modes in the loops (see
Figure 3(b)). Figure 3(c) shows the spatial distribution of the
filtered signal for the detected periodicities. Note that the bright
and dark color indicate variations in the intensity of the filtered
signal within each band. In Figure 3(d), we display the filtered

7 The movies of narrowband phase maps (phase4m.mp4, phase6m.mp4,
phase9m.mp4, and phasel3m.mp4) are available in the tar.gz package.

signal integrated for each narrowband map shown in Figure 3(c).
The periodic behavior can be clearly seen in the curves in blue
(4 minutes), green (6 minutes), red (9 minutes), and purple
(13 minutes) colors. Most oscillations show decaying nature prior
to the flaring except for the 13 minute oscillation, which has a
slightly growing amplitude. It is possible that during the flaring
activity, more external energy is fed to the loop-top and the
oscillation with relatively longer period such as the 13 minute
oscillation here continues to grow in amplitude for a while.

From the slit 1, we can see that close to the endpoint 1, there
are propagating waves, before the flare, with velocities of
3.82 km s~ '. At the top of the loops, the disturbances are
present throughout the duration of our observation (see slit S3).
However, in slit 4 the disturbances are located in two different
places during the first 30 minutes. After the flare begins, the
disturbances are seen in the center of the slit with an increased
amplitude. Slit 5, located near the endpoint 2, shows two
different period-modes propagating with velocities of 10.67
and 10.08 kms ' in opposite directions. Oscillations close to
endpoint 2 and the top of the loops were seen throughout the
one hour duration (see slits S3, S4, and S5), while near to point
1 the disturbances were seen before the flare begins.

We estimated the length (L) of the loop shown in Figure 3(a)
by fitting an ellipse over points traced in the bright part of the
set of loops (see, for example, Anfinogentov et al. 2013). Then,
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Figure 4. Filtered intensity map in the narrowband centered in 6 minutes, detected simultaneously in (a) SDO/AIA 171 A, (b) SDO /AIA 1700 A, and (c) IRIS SII
1330 A. The red box shows the spatial coincidence in the oscillations observed between the endpoints of the loops seen in 171 A (Figure 1 (a)). The orange box
represents another common region between the three wavelengths. The endpoints are denoted by the blue filled circles.

we calculated the phase speed, vy, = L/P, for each period (P)
detected from the PWF method. The fitted loop has a length of
L = 117,282 km = 117 Mm. Thus, the vy, for the oscillations
of 4, 6,9, and 13 minutes were 488, 325, 217, and 150 km s !,
respectively.

On the other hand, considering the temperature response 7, =
6.3 x 10° K for AIA 171 A instrument (Lemen et al. 2012), to
calculate the approximate sound speed ¢; = 147\/ T,/10° km s~
(Aschwanden 2004) we obtain 116.67 km s~ . The values of
these speeds suggests that these are ]jkely to be slow
magnetoacoustic modes (Aschwanden 2004; Wang et al. 2009)
although a definite confirmation requires simultaneous Doppler
velocity data, which unfortunately is unavailable. The filtered
signal in Figure 3(d) shows a decaying profile for oscillations of
4, 6, and 9 minutes around the flaring time but non-decaying for
13 minutes.

Standigg oscillations of 4, 6, 9, and 13 minutes are also seen
in 1700 A data, in the vicinity of the endpoints of the loops.
Similarly, standing modes of 3, 4, and 8 minutes are observed
in SJI-1330 A wavelength, between the endpoints of the loop
structure. Movies of the phase maps are available in the tar.gz
package. Although the power is dominant at some discrete
frequencies, there is substantial power at other frequencies too.
As an example, in Figure 4 we show oscillations of 6 minutes
detected in 171 A, 1700 A, and SJI 1330 A. The red box shows
the spatial overlap in the oscillations observed between the
endpoints of the loops seen in 171 A (Figure 3). The orange
box represents another common point (endpoint 2) between
the three wavelengths.

3.2. Doppler Velocity

The movie (01700pf.mp4) created using AIA 1700 A images
also clearly show the 3D vortices near endpoint 1. In particular,
the filtered intensity maps of 4, 6, and 9 minute periodicities
show strong bright and dark features swirling around near the
endpoint 1. They match spatially and temporarily with the
eruptions and jets showed in ar2.mp4 and ar304.mp4, described

in Section 2. Therefore, the resulting upflows and downflows
should be visible in the line-of-sight Doppler velocity maps.

We studied the Doppler velocities for the /RIS spectral data.
In order to obtain the dopplergrams, we considered the velocity
shift in £50, +20, and +40 km s~ ! from the Mg II k 2796 A,
C1 1336 A, and SiIv 1403 A core spectral lines, respectively.
We used the dopplergrams from 7:30 to 8:07 UT and the
convention that the negative velocities are for upflows.

In Figure 5 panel (a) we show the oscillations of 13 minutes
found in AR 11967 in SDO/AIA 171 A (black contour) and
1700 A (orange contour) data, around the coronal loops as an
example. We indicate the positions of the endpoints with blue
filled circles; note that endpoint 1 is close to a sunspot seen
from Helioseismic and Magnetic Imager (HMI; see Scherrer
et al. 2011) on board SDO and overlapped with a pink contour.
We also overplot the location of 6 minute oscillations as
detected in the IRIS SJI 1330 A data with green contours. In
panels (b-d) we show the Doppler velocities for Mgl k
2796 A, C11 1336 A, and SiIv 1403 A, respectively.® The FOV
of these dopplergrams is indicated with an aquamarine box
over the image in panel (a). The distance between the endpoints
and the SG FOV is around 26” (1) and 14" (2), which is
equivalent to 11 Mm and 6.1 Mm, respectively. These distances
may seem large, but we reckon that if /RIS had a bigger FOV
for this raster data, we would have been able to track the
upflows all the way up to the location of the endpoints.

In Mg1l k 2796 A line, the flow appears to be toward the
endpoint 2, where the variation of intensity was most intense
(see Figure 5(a)). Contrary to this, a flow appears to be moving
away from endpoint 1, which was close to the flare site (see
Figure 1(a)).

4. Discussion and Conclusions

We carried out a time-series analysis of a coronal arcade
lying low on the southeastern limb of the Sun. The arcade-top

8 Movies about dopplergrams are available in the tar.gz package.
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Figure 5. (a) Coronal loops of AR 11967 as seen in SDO/AIA 171 A and spatial location of the oscillations found in the loops. The pink contour represents the
sunspot position seen from the HMI instrument (Scherrer et al. 2011) and blue filled circles show the position of the endpoints of the loops. Oscillations of 13 minutes
observed in SDO/AIA 171 A and 1700 A are indicated by the black and orange contours, respectively. We also show, for comparison, the 6 minute oscillations as
detected in SJI-1330 A by green contours. The aquamarine box encloses the FOV of the dopplergram for the Mg II k 2796 A spectral line. The blue color means
negative velocities showing up-flow, and red represents the opposite. The dashed lines connect the position of the endpoints with the dopplergram overlapped in panel
(a) and with more details in panel (b). Panels (c) and (d) show dopplergrams for C 11 1336 A and Si1v 1403 ;\, respectively.

showed intensity variations of 4, 6, 9, and 13 minutes in SDO/
AIA 171 and 1700 A passbands. The analyzed time series
includes the time when an M3.6 flare was recorded in X-ray
flux by the GOES-15 instrument and other eruptions seen in
SDO/AIA 1700, 304, 171, and IRIS SJI 1330 A images. The
time-distance maps, created using various slits across the loops,
show disturbances in the loops either for partial or for the entire
duration of the observational time. Some oscillations are seen
before the flare in a region close to endpoint 1. After the flare,
the legs of some of the loops closer to endpoint 2 were pushed
together and larger period oscillations continue to grow slightly
in amplitude. The oscillations with 9 minutes periodicity as the
dominant one before the flaring and 13 minutes as the dominant
one immediately after the flaring are also seen clearly in the
filtered intensity signal (refer to Figure 3(d)). It is likely that the
flare supplied more energy at the loop-top (at the coronal
height), which enhanced the amplitude of the 13 minute
oscillation for a while, as seen in 171 A wavelength. A clear
presence or absence of 13 minute oscillation in /RIS SJI 1330 A
data could not be confirmed because of the restricted amount of
data both temporally and spatially.

Based on the maps created with /RIS SJT 1330 A data and SDO /
AIA 1700 A data, movies of different wavelength data for the
spatially aligned ROI, and using /RIS dopplergrams in MgII k,
C11, and Si IV, we suggest that the excitation sources of oscillations
are in the lower atmosphere and the flare provided appropriate
condition in coronal plasma that enhanced the power and enabled
us to detect a discrete dominant periodicity of 13 minute in 171 A
AIA/SDO wavelength passband.

We have identified the approximate spatial location of the
perturbations in the lower regions of the solar atmosphere, from
where disturbances may have propagated upward and triggered
the oscillations in the loop structure of the coronal arcade, as
observed by intensity variations in the loop structure in SDO/AIA

171 A images (see Figure 3). As demonstrated in Figure 5, these
disturbances have their origin in the lower layers, where the
endpoints of the coronal loop structure are presumably anchored.
In particular, endpoint 1 is close to a sunspot (see Figures 1(b) and
5(a)) and could be perturbed by the excitation sources in these
layers. Note that after allowing for small errors, the periodicities of
the detected oscillations is close to higher harmonics of the 3
minute oscillations that are often detected in sunspots. Such a
relationship between a sunspot and flare-induced oscillations in an
active region have been previously reported by Sych et al. (2009)
while investigating microwave light curves of the flares. They
showed possible leakage of 3 minutes oscillations from the
sunspot into the active region before and during the flaring
activity. Prior to this study, Zaitsev & Kislyakov (2006) also
observed three signals with periods 3.3, 5, and 10 minutes
suggesting parametric resonance between 5 minute p-modes and
natural acoustic oscillations of coronal loops.

Another possible sources of excitation in our data set are the
jet-like features or the swirls near the endpoints at lower layers
and/or the strong eruptions accompanying a flaring activity
seen in the lower regions. The signature of ~4, ~6, and ~9
minute periodicities can be clearly seen near the endpoints in
the movies created with images obtained in SDO/AIA 1700 A
and IRIS SJI 1330 A lines. The corresponding upflows and
downflows in the Doppler velocity maps obtained by IRIS in
Mg k, C1I, and Si IV also support the scenario that there were
perturbations in the area where endpoint 1 was probably
anchored. Disturbances associated with transient flows periodi-
cally ejected at the footpoint are not uncommon. They have been
detected previously in fan-like coronal loops by Berghmans &
Clette (1999) and revealed as slow magnetoacoustic waves
propagating upward (see, for example, Wang et al. 2009 and
Verwichte et al. 2009). A jet-like feature near endpoint 2 at the
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time of flaring activity may have also contributed to the
oscillations seen in the slits S4 and S5.
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