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ABSTRACT

Context. Despite intensive studies of kink oscillations of coronal loops in the last decade, a large-scale statistically significant inves-
tigation of the oscillation parameters has not been made using data from the Solar Dynamics Observatory (SDO).

Aims. We carry out a statistical study of kink oscillations using extreme ultraviolet imaging data from a previously compiled cata-
logue.

Methods. We analysed 58 kink oscillation events observed by the Atmospheric Imaging Assembly (AIA) on board SDO during its
first four years of operation (2010-2014). Parameters of the oscillations, including the initial apparent amplitude, period, length of the
oscillating loop, and damping are studied for 120 individual loop oscillations.

Results. Analysis of the initial loop displacement and oscillation amplitude leads to the conclusion that the initial loop displace-
ment prescribes the initial amplitude of oscillation in general. The period is found to scale with the loop length, and a linear fit of
the data cloud gives a kink speed of C, = (1330 + 50) km s~!. The main body of the data corresponds to kink speeds in the range
Cy = (800-3300) km s~!. Measurements of 52 exponential damping times were made, and it was noted that at least 21 of the damping
profiles may be better approximated by a combination of non-exponential and exponential profiles rather than a purely exponential
damping envelope. There are nine additional cases where the profile appears to be purely non-exponential and no damping time was
measured. A scaling of the exponential damping time with the period is found, following the previously established linear scaling

between these two parameters.
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1. Introduction

Waves and oscillations in the solar corona have been observed
and studied for decades. Detections at extreme ultraviolet (EUV)
and X-ray wavelengths have confirmed theories and models re-
lated to magnetohydrodynamic (MHD) wave modes in mag-
netically and gravitationally structured plasmas (De Moortel &
Nakariakov 2012). The importance of these waves and oscilla-
tions stems from their relation to the local plasma parameters
of the medium allowing coronal seismology to be attempted
(Stepanov et al. 2012a; Liu & Ofman 2014).

Kink oscillations of coronal loops have been intensively
studied since their detection with the Transition Region And
Coronal Explorer (TRACE; Handy et al. 1999) in 1999
(Aschwanden et al. 1999; Nakariakov et al. 1999). Prior to their
detection they were the subject of a range of theoretical and nu-
merical studies (e.g. Zaitsev & Stepanov 1982; Edwin & Roberts
1983; Roberts et al. 1984; Murawski & Roberts 1994). This phe-
nomenon has been clearly observed with the spatial and tem-
poral resolution of recent EUV imagers such as TRACE and
the Atmospheric Imaging Assembly (AIA) on board the Solar
Dynamics Observatory (SDO; Lemen et al. 2012). Standing
global modes induced by flaring activity are the most com-
monly detected form of kink oscillation (e.g. Nakariakov et al.
1999). Other detections have included higher spatial harmonics

Article published by EDP Sciences

in coronal loops (e.g. Van Doorsselaere et al. 2007), their propa-
gating form (Tomczyk et al. 2007), oscillations of polar plumes
(Thurgood et al. 2014), propagating kink waves in streamer
stalks (Chen et al. 2010, 2011) and kink waves in coronal jets
(Vasheghani Farahani et al. 2009).

The period of a fundamental kink oscillation is given by the
expression P = 2L/Cy, where L is the loop length and Cy is the
kink speed, which is the phase speed of the kink wave (Zaitsev
& Stepanov 1982; Edwin & Roberts 1983). The kink speed is
dependant on the internal Alfvén speed (Cao) and the density
contrast between the ambient plasma and the loop (o./00); in
the low-G plasma limit this can be approximated as Cx = (2/(1 +
0e/P0))/?Cag. The Alfvén speed is given by Cao = Bo/+/Hopo,
meaning that if a kink speed is measured and the density contrast
can be estimated then the magnetic field in the loop, By, can be
estimated (e.g. Nakariakov & Ofman 2001).

Standing kink oscillations can be induced by a flare-
generated blast wave (e.g. McLaughlin & Ofman 2008), by pe-
riodic driving from a coronal wave (Selwa et al. 2010), or loop
contraction due to the reconfiguration of the active region mag-
netic field after an eruption (Russell et al. 2015). Alternative
mechanisms such as Alfvénic vortex shedding (Nakariakov et al.
2009) have also been proposed. However, it has recently been
shown that the vast majority of kink oscillations of coronal
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loops are excited by low coronal eruptions (LCE; Zimovets &
Nakariakov 2015), discussed in more detail below.

The commonly applied explanation for the observed rapid
damping of these oscillations is resonant absorption. The wave
is considered to be a kink mode which evolves, because of a
resonance at a certain thin loop layer, from a global kink mode
to a local azimuthal motion (e.g. Ruderman & Roberts 2002;
Goossens et al. 2002). The local motion cannot be observed di-
rectly and it undergoes its own damping. Other proposed mecha-
nisms include phase mixing (e.g. Ofman & Aschwanden 2002),
and viscous or dissipative damping (e.g. Nakariakov et al. 1999).

For standing kink modes, it has been shown that an ex-
ponential damping profile is expected (Ruderman & Roberts
2002). Numerical simulations from Pascoe et al. (2012) revealed
a change in the characteristic damping profile of propagating
transverse velocity displacements, which is directly applicable
to standing kink modes. At the beginning of the oscillation a
Gaussian profile is present, followed by an exponential damping
profile; it has been suggested that the time at which the transition
between the two damping profiles occurs depends on the trans-
verse density structuring. Purely exponential, purely Gaussian,
and a Gaussian followed by exponential damping are possible
depending on the parameters of the loop and background plasma.
More recently Pascoe et al. (2013) performed an analytical and
parametric study of kink wave damping via mode coupling; this
confirmed the existence of a Gaussian phase in the damping en-
velope, which was found to be more suitable for seismological
application than the asymptotic exponential stage.

Ofman & Aschwanden (2002) studied scaling relations for
different damping mechanisms, and determined that the observa-
tions considered were consistent with the phase mixing mecha-
nism (Heyvaerts & Priest 1983). However, as has been discussed
by Arregui et al. (2008), a comparison between the observed
scaling and the linear scaling typical for resonant absorption re-
quires that all loops have the same cross-sectional structuring,
and this means that the scaling from resonant absorption can de-
part from a linear dependence between damping time and period.

There have been various applications of kink oscillation ob-
servations to perform remote diagnostics of the parameters of
the surrounding plasma (e.g. Stepanov et al. 2012b). By compar-
ing the results of observations and modelling the absolute value
of the loop’s internal magnetic field has been estimated (e.g.
Nakariakov & Ofman 2001), the density scale height within the
loop can be inferred (e.g. Andries et al. 2005), as can the charac-
terisation of the height variation of the loop’s minor radius (e.g.
Verth & Erdélyi 2008).

Recent observational studies of kink oscillations in the
corona include Verwichte et al. (2013), where results were com-
bined to study the scaling of the damping time with period, and
put constraints on the loops density contrast and inhomogene-
ity layer thickness. In addition, a decayless regime of kink os-
cillations has been detected (Nistico et al. 2013; Anfinogentov
et al. 2013) and the statistical properties of this regime have
been determined (Anfinogentov et al. 2015). A linear scaling of
the period with loop length was obtained, confirming their in-
terpretation of the oscillations as standing kink waves. Recently
Zimovets & Nakariakov (2015) catalogued 169 individual de-
caying kink oscillations using SDO/AIA data, and utilised these
observations to shed light on the excitation mechanism for
the oscillations. They found that 95% of oscillations corre-
sponded to displacement of the loop by a nearby lower coro-
nal eruption/ejection, indicating this is the most common exci-
tation mechanism. An LCE is the emergence of an expanding
plasma structure (such as a flux rope, filament, or loop arcade)
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or plasma ejection (mainly along magnetic field lines) into the
lower corona (roughly R < 1.4 Ry), usually — but not necessarily
— accompanied by a flare and a subsequent CME.

The aim of our study is to use this catalogue to investigate the
distributions of the parameters and to describe the initial excita-
tion of each oscillation, the oscillation itself, and its damping.
The determination of statistical relationships between the differ-
ent parameters of kink oscillations of coronal loops is also per-
formed. In Sect. 2 the data and analysis are described, in Sect. 3
the results are presented, and a discussion and conclusion are
given in Sect. 4.

2. Observations and analysis

Decaying kink oscillations of coronal loops from the catalogue
in Zimovets & Nakariakov (2015) are analysed using 171 A data
from SDO/AIA. A series of images was obtained for each of the
58 kink oscillation events listed using the provided date, oscilla-
tion time, and location to define a field of view and time inter-
val, which were subsequently submitted as a SolarSoft (SSW)
cut-out request. The data cubes obtained had a time span of 30
or 45 min (which was extended for long-period oscillations as
required), the standard pixel size of 0.6 arcsec, and a temporal
cadence of 12 s, or 24 s in some cases when the intermediate
image was not returned owing to a short exposure time.

Movies created from the data cubes were initially inspected
by eye, and loop oscillations with sufficient quality for time-
distance (TD) analysis were noted. Time-distance maps were
created by taking linear slits 5 pixels in width perpendicular to
the oscillating loop and stacking the intensities along the slit (av-
eraged over the width to increase the signal-to-noise ratio) in
time. An example of an active region is shown in Fig. 1; the slits
used to create TD maps of different loops are overplotted. This
process resulted in 127 TD maps, which were interpolated to an
equispaced temporal grid of 12 s. The ends of the slits used are
listed in Table A.1, along with the event number from Zimovets
& Nakariakov (2015) and a loop ID. The first end-point of each
slit is overplotted on the disk in Fig. 2 in blue, and the average
slit position for each event is plotted in red, the observed clus-
tering is due to different events occurring within the same active
region.

The projected loop length was estimated for each oscillating
loop. The major radius (via the apparent loop height) or diame-
ter (via the distance between footpoints) was measured by eye,
depending on the orientation of the loop with respect to our line
of sight (LoS), and a semicircular loop approximation was used,
L = niR. The loop lengths are listed in Table A.1. In a few cases
the loop length could not be estimated because the footpoint po-
sitions or height could not be determined.

For each TD map the amplitude of the initial displacement
and initial oscillation amplitude were recorded. The initial dis-
placement is defined as the difference between the initial loop
position and the first maximum, and the initial amplitude is de-
fined between the first maximum and minimum (see Fig. 3c).
In this case the displacement of the loop’s upper edge was esti-
mated. In addition to the number of oscillation cycles observed,
the start time of the oscillation was also recorded, all listed in
Table A.1.

Gaussian tracking of the loop centre to record the oscillat-
ing displacement was not appropriate in many cases owing to
the overlap of multiple loops, or because only the edge of the
oscillating loop was clearly defined, and so the oscillations were
mapped out by taking a series of points along the centre or edge
of the loops by hand, and an error for the points was defined
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Fig. 1. Active region from event number 40 from Table A.1. The three
blue lines show some of the slits used to create time-distance maps for
analysing the oscillations of the corresponding loops.
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Fig. 2. Slit positions (x1, y1 from Table A.1) used to produce the sam-
ple of time-distance maps to analyse kink oscillations of coronal loops,
plotted as blue asterisks. The overplotted red circles show the average
slit position for each event.

based on the clarity of the time distance map, +1 pixel in most
cases. Three examples of TD maps are shown in Fig. 3, the
points used to define the oscillation are overplotted in panel 3c,
where the loop edge was mapped out and points were not taken
when its position could not be reliably determined.

There is a certain degree of subjectiveness and error associ-
ated with the loop length measurement, the displacement mea-
surements, and the points taken to map out the oscillation; how-
ever, the sample size is large enough that this will not affect the
overall results, and only affects individual measurements.

The data points for each oscillation were detrended by fitting
with a polynomial function of the form y = ¢ + ¢t + cof?, and
subtracting this from the data. All fitting was performed with
user defined functions and the IDL rountine mpfitexpr.pro.
Fitting with a sinusoidal function of the form y = A sin(2nt/P +
¢) was performed for each detrended oscillation with the pe-
riod (P) as one of the free parameters. The best fitting period
and the corresponding error were recorded for each well-defined
oscillation.
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Fig. 3. Three typical time distance maps, corresponding to loop 1 from
event 32, loop 4 from event 40, and loop 2 from event 48. The fits corre-
spond to the detrending polynomial added to the sinusoidal fit and mul-
tiplied by the exponential damping profile for panels a) and b). The red
points in panel ¢) were taken by eye to map out the oscillation and used
for the subsequent fitting. The vertical blue bars represent the measure-
ment of the initial displacement (a) and the initial oscillation amplitude
(aos) of the upper loop edge.

To analyse the damping behaviour of the oscillations the ab-
solute value of the detrended oscillatory signal was taken and
scrutinised by eye. For over 50% of the TD maps clear damping
could not be seen, or the number of oscillation cycles was not
sufficient to perform fitting of the damping envelope. However,
these oscillations are still clearly part of the decaying, rather than
decayless, regime. For oscillations with a clear exponential de-
caying trend a weighted fit of the form A(f) = Age™/" was per-
formed on the maxima of the absolute value of the detrended
signal. The damping time (7) and the corresponding error were
recorded. For cases where the damping was not observed for the
whole duration of the signal, or where there were clearly non-
exponential regions of the damping envelope, the fit was only
made for the region which was approximated well by an expo-
nential decay. By eye it was determined whether each damping
profile was best described by a purely exponential profile (see
Fig. 3 panel a), or a combination of both non-exponential and
exponential profiles (see Fig. 3 panel b).

The result of the whole fitting process is overplotted on the
TD maps in Fig. 3, where the detrending polynomial has been
added to the sinusoidal fit multiplied by the damping profile for
panels a and b. For panel a the damping profile was measured
for the whole signal, for panel b it was only measured for the
last 2 cycles.

A137, page 3 of 9


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527341&pdf_id=1
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527341&pdf_id=2
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527341&pdf_id=3

A&A 585, A137 (2016)

50 T

40

30

20

Number of Cases

10

0 10 20 30
Displacement [Mm]

Fig.4. Distribution of the measured initial displacement of 120 kink
oscillations of coronal loops. The bin size is 2 Mm.

3. Results

The periods of 120 individual kink oscillations were determined
from the 58 events analysed, and for 118 of these the corre-
sponding loop lengths were estimated. From the oscillatory sig-
nals 52 exponential damping times were obtained. In addition
to these measurements, other details of the oscillations were
recorded and are listed in Table A.1, including whether damping
was observed and if so whether it is best described by a purely
exponential, or a combination of non-exponential and exponen-
tial damping profiles. The number of oscillation cycles was also
recorded. In many cases this number was limited by the oscilla-
tory signal becoming unclear, and not the damping reducing the
oscillation to an undetectable amplitude.

3.1. Oscillation parameter histograms

Analysis of the amplitudes of the initial displacement and sub-
sequent oscillation may allow inferences to be made about the
excitation mechanism and may give details of the typical scales
involved. The measured initial displacements ranged from 0.6 to
31.8 Mm. In Fig. 4 a histogram of the measured initial loop dis-
placements is shown with a bin size of 2 Mm. The distribution
peaks strongly at 1-3 Mm, and 59% of the measurements are
covered by the range 1-5 Mm. The distribution after this range
is more uniform, but the number of cases decreases towards the
upper limit.

The initial oscillation amplitudes ranged from 0.5 to
27.6 Mm. In Fig. 5 a histogram of the measured initial oscil-
lation amplitudes is shown, with a bin size of 2 Mm. The distri-
bution peaks at 3—5 Mm, with 57% of the measurements lying in
the range 1-5 Mm. The distribution again flattens and decreases
towards the upper limit of the measurements.

In Fig. 6 the initial oscillation amplitude is plotted against
the initial loop displacement. A rough correlation between these
two parameters is observed. A linear fit of the data cloud that
passes through the origin gives a gradient of 0.86 + 0.01.

The measured oscillation periods ranged from 1.5 to 28 min.
In Fig. 7 a histogram of the measured oscillation periods is
shown. The distribution peaks at 4-7 min, and drops quickly
to the maximum detected period of 28 min (not shown in the
histogram). No periods below 1.5 min were recorded, and there
is a decrease in occurrence approaching the lower periods. In
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Fig.5. Distribution of the measured initial oscillation amplitude of
120 kink oscillations of coronal loops, recorded from the first cycle of
oscillations after the initial displacement. The bin size is 2 Mm.
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Fig. 6. Initial oscillation amplitude of 120 kink oscillations of coronal
loops, plotted against the initial displacement of the loop position, both
measured in Mm. A linear fit of the data passing through the origin is
shown by the solid black line with a gradient of 0.86 + 0.01.

Fig. 8 a histogram of the measured loop lengths is shown. The
most common length is in the range 220-260 Mm, but there is
a roughly even distribution between 140 and 460 Mm, which
decreases above and below this range with minimum and maxi-
mum values of 77 and 596 Mm, respectively.

3.2. Dependence of the period on length

In Fig. 9 the period is plotted against the loop length, and the
period clearly increases with the length. The period errors corre-
spond to the scaled covariance from the period fitting. An un-
weighed linear fit was made because the errors alone do not
reflect the distribution of the data. The variation of the density
contrast and Alfvén speed between different loops and active re-
gions also introduce an intrinsic spread to the data.

The black line corresponds to an unweighted linear fit of
the data. The best fitting linear function is P[min] = (0.025 =
0.001) L[Mm], where L is the loop length and P is the pe-
riod, giving a kink speed of Cy = (1330 + 50) km s~! from
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Fig.7. Distribution of the measured periods of 120 individual kink os-
cillations of coronal loops. The bin size is 1 min.

the empirically determined gradient and the equation P =
2L/Cx. The gradient can be varied to give upper and lower
bounds to the data cloud, giving a kink speed range of Cx =
(800-3300) km s~!. Calculation of the kink speed for each in-
dividual data point gives the distribution shown in the inset his-
togram. This has a most common value of 900-1100 km s7L,
a peak value of 1340 + 60 km s~!, and a Gaussian width of
620 + 60 km s7!; the last two values were obtained by fitting
the observed distribution with a Gaussian model.

3.3. Relationship between the damping time and period

In Fig. 10 the damping time is plotted against the period, and a
correlation between the two parameters is obtained. The damp-
ing time errors correspond to the scaled covariance from the
exponential damping fits. The statistics are limited to the cases
where the damping time could be measured (see Table A.1), so
the figure is less populated than Fig. 9. A weighted linear fit was
made, corresponding to the solid black line. The best fitting lin-
ear function is 7 = (1.53 + 0.03) P, where 7 is the damping time
and P is the period.

In Fig. 10 the red circles correspond to damping profiles
which were determined to be exponential by eye, and the blue
squares correspond to damping profiles best described by a
combination of a non-exponential and exponential profile. For
the latter case, which corresponds to 21 of the measurements,
the damping time is determined from the exponential part of the
profile. This corresponds to the values “E” and “E,NE” in the
column “Damping Profile” in Table A.1. No difference between
the two cases is observed. There are nine additional cases where
the profile appears to be purely non-exponential, and no damp-
ing time was measured, denoted in Table A.1 as “NE”.

4. Discussion and conclusions

In this paper we provide a comprehensive statistical analysis of
decaying kink oscillations of coronal loops excited by flaring
events observed with SDO/AIA at 171 A.
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Fig.8. Distribution of the measured loop lengths for 118 individual
coronal loops that undergo kink oscillations. The bin size is 20 Mm.
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Fig.9. Period plotted against loop length for 118 kink oscillations of
coronal loops. The solid black line corresponds to an unweighted linear
fit of the data. The best fitting linear function is P[min] = (0.025 +
0.001) L[Mm], giving a kink speed of C; = (1330 + 50) km s~! from
the gradient. The dashed lines correspond to kink speeds of 800 and
3300 km s~! for the upper and lower lines, respectively.

4.1. Oscillation parameter histograms

Details of the initial loop displacement and the subsequent os-
cillation have been analysed. Figure 4 indicates that initiation
of kink oscillations by lower amplitude initial displacements is
more common, and Fig. 5 shows that relatively low initial os-
cillation amplitudes are also more common. A comparison be-
tween the two histograms mentioned leads to the conclusion that
the initial displacement prescribes the initial amplitude of oscil-
lation in the majority of cases. However, there are cases where
a large initial displacement leads to a new equilibrium position
for the loop where it oscillates with an amplitude much smaller
than the initial displacement, as has been recently discussed by
Russell et al. (2015), but the exact cause of this effect is still
unknown. Cases where a small initial displacement results in
a larger amplitude oscillation are also seen. A simple explana-
tion is that the passage of the LCE has left the external plasma
and magnetic field more rarefied, and the perturbed loop passes
through its initial equilibrium with an amplitude that is greater
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Fig.10. Damping time plotted against period for 54 kink oscillations
of coronal loops. The solid black line corresponds to a weighted linear
fit of the data. The best fitting linear function is 7 = (1.53 £ 0.03)P. The
red circles correspond to damping envelopes best described by an expo-
nential profile, and the blue squares correspond to those best described
by a combination of non-exponential and exponential.

than the initial displacement. A linear correlation between these
two parameters is seen in 6, with spreading due to measurement
errors, but also reflecting the different regimes discussed above.

The above results are subject to a LoS effect. The histograms
in Figs. 3 and 4 will include an effect in the distribution relat-
ing to how the observed kink oscillations are distributed over
the LoS angles. If all the initial displacements and oscillation
amplitudes were equal, distributions due to the different LoS an-
gles varying the measured values would still be obtained. It can
be seen in Fig. 2 that loop positions are mostly off-limb near
the equator, so north-south oscillation polarisations are better
detected. Further work is required to remove the effect of the
varying LoS angles from the measurements and to obtain the
true displacements and oscillation amplitudes.

Some inferences can be made from the period distribution
shown in Fig. 7. The drop-off in the occurrence of higher peri-
ods likely reflects a physical drop-off, as larger length loops may
be less likely to be formed and are also more difficult to detect.
The decrease in the distribution for lower periods may include an
observational bias, as oscillations of shorter loops are more diffi-
cult to observe, but may also reflect the excitation mechanism. If,
as proposed by Zimovets & Nakariakov (2015), excitation due
to LCE perturbations is the dominant mechanism, this should
preferentially excite loops above a certain height that have cor-
respondingly longer lengths. The distributions of the periods and
loop lengths differ, and this is likely due to the loop length esti-
mations becoming more inaccurate for longer loops, as well as
variations in the additional parameters that prescribe the period
of oscillation.

If general statistics of the loop lengths were available they
could be used to normalise the loop length distribution in Fig. 8.
This would allow us to determine whether kink oscillations oc-
cur in all loops with the same probability or if loops of certain
lengths are more likely to undergo a kink oscillation. Line of
sight effects should also be included in such a study, and the
varying ellipticity of the loops themselves.
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4.2. Dependence of the period on length

The period scales with the loop length as expected, and the best
fitting kink speed of Cy, = (1330 + 50) km s~! is in agreement
with previous results. The range of kink speeds from the main
data cloud (Cx = (800-3300) km s~!) should correspond to the
spread of loop density contrasts, transverse density profiles, and
Alfvén speeds. There are some points in Fig. 9, corresponding to
short loops with larger periods than expected from the main body
of the data, that give a lower kink speed value. These data points
may correspond to loops and active regions with significantly
lower Alfvén speeds or greater density contrasts. More statistics
and analysis of the active region parameters are required to de-
termine whether these points have a physical explanation or are
due to measurement errors and/or random spread.

Comparisons can be made with the results of a similar study
which focussed on the decayless regime of kink oscillations
(Anfinogentov et al. 2015). They obtained a similar scaling of
period with loop length, but with a lower gradient and, there-
fore, a higher best fitting kink speed of Cy, = (1850 +70)km s~
The period distribution they present is similar to the distribution
we obtain, but it peaks at a lower value and their loop length
distribution is significantly less uniform than ours. These differ-
ences may be due to a selection effect from their study because
the data spanned one month, whereas the data presented here
span four years. It may also reflect the different driving mecha-
nisms; in particular, the excitation mechanism for the decayless
regime remains unknown. The discrepancy between the statistics
of decaying and decayless kink oscillations should be further in-
vestigated when a larger set of events becomes available.

4.3. Relationship between the damping time and period

Our results on the linear scaling of the damping time with the
oscillation period are mainly consistent with the previously ob-
tained results (Aschwanden et al. 2002; Verwichte et al. 2013).
The spread of the data makes it unreasonable to make inferences
about the damping mechanism from the observed dependence.
In particular it is not possible to discriminate between a linear
or power law dependence, and such an approach requires con-
sideration of the influence of the varying cross-sectional loop
structuring and other parameters.

Distinguishing between the exponential damping time mea-
sured from oscillations that showed a purely exponential profile
and those with a combination of a non-exponential and exponen-
tial profiles did not reveal any systematic differences. Only the
exponential region was fit if there was also a non-exponential
region present. This indicates that the exponential stage of the
damping is the same whether a non-exponential stage is present
or not. Our findings indicate that in some cases the exponential
fitting of the kink oscillation damping is not sufficient to capture
the whole damping profile. The amplitude of some oscillations
remains approximately constant for a significant period of time,
it has not been determined whether this corresponds to a slowly
decaying Gaussian profile or to a periodic driver sustaining a
constant amplitude oscillation.

The detected clearly non-exponential sections of the damp-
ing envelopes may be better approximated by a Gaussian pro-
file. If this is confirmed to be the case then this is evidence for
the Gaussian damping regime discussed by Pascoe et al. (2012).
This will be the subject of further study as the detection of
Gaussian damping envelopes allows new seismology to be per-
formed and comparisons with the theoretical predictions to be
made.
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4.4. Conclusion

We summarise our main findings as follows:

— The initial loop displacement prescribes the initial oscillation
amplitude in the majority of cases.

— The period scales linearly with the loop length, as expected,
and a kink speed of Cy = (1330 + 50) km s~! is ob-
tained; the majority of the data points are in the range (800—
3300) km s, following a Gaussian distribution.

— A linear scaling of the damping time with period is observed
and non-exponential damping profiles have been detected.

In conclusion, a statistically significant number of individual
kink oscillations have been analysed and histograms of the
measured parameters have allowed insightful inferences to be
made. Details of the distribution of amplitudes, periods, and loop
lengths may be useful when considering the observational ca-
pabilities of future instruments. In addition, the scaling between
different parameters has been studied and the damping behaviour
has been characterised, both of which — after further work — may
allow seismological inferences and measurements to be made.
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Appendix A: Table

Table A.1. 120 coronal loop kink oscillations detected with SDO/AIA and their measured parameters.

Event Loop Slit position Date Time Period  Length Disp amp Osc amp N Cyc Damping time Damping
ID ID [x1,y1,x2,y2] (arcsec) uT (min) (Mm)  (Mm) (Mm) (min) profile
1 1 -940, -321, =964, —=308 2010-Aug-02 04:22:49 3.42+0.06 232 5.1 1.7 3 534+1.12 E

1 2 -962,-313,-997, -322 2010-Aug-02 04:22:13 4.11+0.05 78 7.0 1.2 3 10.76 £2.79 E

2 1 672, -259,711, =223 2010-Oct-12 19:13:07 6.64+0.06 156 2.0 4.8 35

3 1 —977, -383, —988, =368 2010-Nov-03 12:13:48 2.46+0.03 213 1.4 4.7 8 88+1.8 E,NE
3 2 =970, -416, —1001, =393 2010-Nov-03 12:14:35 3.62+0.08 262 4.4 9.7 3 4.12+047 E,NE
3 3 -978, -466, —-1027, —411 2010-Nov-03 12:14:23 4.04+0.1 311 4.1 8.9 2

4 1 912,405, 889,433 2011-Feb-09 01:30:02 2.29+0.03 183 2.9 44 4.5 7.18+1.5 E,NE
4 2 969,231,974,278 2011-Feb-09 01:31:54 3.47+0.03 181 1.4 1.2 3 7.44 + 1 E

5 1 1089, 375, 1050, 423 2011-Feb-10 04:43:38 7.03+0.06 438 4.5 3.0 3 NE
6 1 1089, 349, 1057, 398 2011-Feb-10 06:44:22 8.05+0.26 430 3.8 0.5 2

7 1 983,330,970, 342 2011-Feb-10 06:57:46 1.69+0.02 162 2.9 3.2 6 723+13 E,NE
8 1 1007,280, 1021, 305 2011-Feb-10 12:35:01 3.74+0.07 207 1.2 1.6 3 10+1 E,NE
9 1 083, 348,947,414 2011-Feb-10 13:43:37 5.14+0.17 264 3.0 43 3 5.09+0.98 E

9 2 942,431,934,461 2011-Feb-10 13:46:31 8.95+0.14 326 3.6 32 25 11.83+4.76 E
10 1 1106, 168, 1133,214 2011-Feb-11 08:07:07 11.46+0.17 397 4.7 8.9 25 8.02+1.09 E,NE
10 2 1039,313,1041,334 2011-Feb-11 08:08:17 8.48+0.16 279 5.9 6.0 2

11 1 —41, -162, -43, -146  2011-Feb-13 17:34:28 3.96+0.07 78 35 44 3

11 2 —-49, -132, -51,-108  2011-Feb-13 17:34:50 3.85+0.11 95 3.7 2.1 3

11 3 —64, =334, -69, =316  2011-Feb-13 17:37:13 2.6+0.05 118 3.1 3.7 6 88415 E
11 4 —41, =334, =54, -322  2011-Feb-13 17:33:52 3.81+0.04 125 2.9 5.4 5

11 5 —24,-359, —44, -336  2011-Feb-13 17:33:42 5.09+0.06 135 1.9 6.3 2

11 6 -98, —430, -89, -394  2011-Feb-13 17:38:33 6.13+0.21 160 11.2 11.1 2

12 1 —282,-37,-309, -47  2011-Feb-13 20:19:17 5.56+£0.07 148 1.9 1.8 2

15 1 202,313, 175,371 2011-May-27 10:47:58 7.64+0.37 174 6.3 6.2 1.5

16 1 1014,235,991, 257 2011-Aug-11 10:17:19 2.62+0.04 242 33 3.1 3

16 2 988,229, 1026, 229 2011-Aug-11 10:10:22 2.35+0.07 146 17.4 32 2 2.69 +0.64 E
16 3 1031, 205, 1067, 241 2011-Aug-11 10:10:54 523 +0.19 318 255 52 2.5

17 1 231, 215,216,263 2011-Sep-06 22:20:15 2.07+0.04 153 9.5 3.4 35  9.99+4.59 E
18 1 -931,431, —960,472 2011-Sep-22 10:35:08 7.18 +£0.32 289 15.8 10.0 2.5

18 2 -911,457, —884,476 2011-Sep-22 10:26:59 9.52+0.11 284 1.4 1.7 35 12.2+3.47 E
18 3 —-1093,290, -1060,320  2011-Sep-22 10:30:32 13.02+0.17 393 4.9 9.5 4 NE
19 1 —-954,158, —998,134 2011-Sep-23 23:51:45 9.73+0.2 123 4.7 2.9 2

19 2 -938, =31, -992, —12  2011-Sep-23 23:51:57 11.27+0.12 348 7.5 10.0 2 16.55+1.44 E
20 1 —-676, —12, —682,62 2011-Nov-14 07:21:12 5.36+0.23 253 2.6 3.7 3 16.19+7.67 E,NE
20 2 -616,-171, -665, =161 2011-Nov-14 00:05:04 13.43 +0.67 4.3 4.0 2

21 1 920, 693,907,725 2011-Nov-16 14:08:19 7.15+2.01 499 1.8 3.8 2

22 1 995, 340, 1004, 332 2011-Nov-16 14:56:05 2.7+0.11 288 1.6 1.8 3

23 1 827,662,813,699 2011-Nov-17 22:28:37 15.36+0.4 365 6.4 4.3 3 19.19 £ 1.55 E
23 2 920, 744, 856, 729 2011-Nov-17 22:32:49 28.19 +£0.51 12.1 4.9 2.5

24 1 —881, —588, =910, =549 2011-Nov-18 07:34:59 17.86+0.3 432 14.5 15.6 3 27.43 £4.26 E
24 2 -848,-608, 901, -572 2011-Nov-18 07:29:42 16.45+0.28 427 21.8 23.6 3

24 3 814, -673,-894, 645 2011-Nov-18 07:36:02 20.46 +0.58 538 31.8 26.6 2 35.01 £6.44 E
25 1 316, —221,321, —-195 2011-Dec-22 01:59:34 5.13+0.11 156 2.0 3.0 3 8+5 E,NE
25 2 272, -141,332, =92 2011-Dec-22 01:59:39 7.3+0.16 264 1.8 2.5 2.5

26 1 1098, 13,1126, 51 2012-Jan-16 00:08:28 11.95+0.13 473 2.5 9.2 4.5 18.71+45 E,NE
26 2 1028, —68,1025, —33 2012-Jan-16 00:11:27 12.51+£0.19 185 23 6.6 4 NE
27 1 1042,93, 1072, 146 2012-Apr-09 01:19:52 1528 +0.4 244 4.3 32 3

29 1 —633,339, —628,380 2012-May-08 13:05:46 3.71+0.05 154 7.4 53 6 7.83+£0.62 E
31 1 964,289,945,325 2012-May-26 20:36:47 7.67+0.04 162 19.6 9.4 6 24.22 +£2.02 E
31 2 944,259,944, 284 2012-May-26 20:36:27 9.59+0.09 138 13.0 9.1 5 17.57+2.35 E,NE
31 3 1116,286,1112,330 2012-May-26 20:39:53 11.56+0.12 532 4.5 2.7 2.5

32 1 -973, =366, —988, =342 2012-May-30 08:58:57 4.28+£0.02 234 2.2 8.8 8 1555+1.22 E
32 2 -972,-388, -989, =370 2012-May-30 08:56:52 3.38+0.02 233 4.0 53 5 19.11+£4.85 E
33 1 807, —608,840, =591 2012-Jul-06 23:06:45 4.69+0.08 314 7.0 8.6 2.5

33 2 867, —101,874, —45 2012-Jul-06 23:05:07 6.52+0.1 407 8.5 7.7 3 E
34 1 —1053, -142, -1076, =129 2012-Aug-07 00:59:34 9.95+0.27 333 15.4 7.4 2.5 16.7+1.03 E

Notes. The event ID corresponds to the events catalogued in Zimovets & Nakariakov (2015), and the loop ID distinguishes the different loops in
each event (which does not correspond to those in the cited paper). The position of the slit used to produce each time-distance map is given in
arcsec, along with the date and oscillation start time in UT. The period and error obtained from fitting the loop oscillation are given, as well as
the estimated loop length. The column “Disp Amp” lists the estimated initial loop displacement, and “Osc Amp” is the estimated initial amplitude
of the oscillation. The number of cycles that were observed is listed in “N Cyc”. Finally, the exponential damping time and error from fitting the
damping profile and the form of the damping profile (exponential (E), non-exponential (NE), or a combination of both), are listed in the final two
columns.
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Event Loop Slit position Date Time Period  Length Disp amp Osc amp N Cyc Damping time Damping
ID ID [x1,y1,x2,y2] (arcsec) UT (min) (Mm) (Mm) (Mm) (min) profile
35 1 -1024, -148,-1037, —=110 2012-Aug-07 01:34:47 8.78+£0.13 327 1.9 3.0 3

35 2 -1033, -185, —1070, =185 2012-Aug-07 01:33:52 5.77+0.1 312 14 2.8 2.5

36 1 -1018, =152, -1039, —112 2012-Aug-07 03:03:46 6.68+0.1 282 1.3 3.8 4

37 1 —-1110,66, —1103,87 2012-Oct-15 21:52:17 8.27+0.22 358 2.3 3.8 2.5

38 1 —1046, —180, —1046, =159 2012-Oct-19 19:01:00 3.04+0.03 224 2.7 1.6 4

38 2 -1061, =201, —1065, =174 2012-Oct-19 19:01:44 52+0.08 270 3.0 2.1 3 1523+55 E,NE
38 3 —-1121, -189, —=1142, =175 2012-Oct-19 19:03:00 13.08 £0.21 424 52 4.9 2

38 4 —1139,-194, -1162, —185 2012-Oct-19 19:01:08 10.74 +0.18 478 5.0 5.8 2

39 1 -1093, -124, -1140, -107 2012-Oct-19 21:04:19 10.79+0.1 402 6.5 4.1 45 NE
39 2 1088, —185, —1095, =157 2012-Oct-19 21:01:34 10.68 £0.12 334 2.0 1.9 5 NE
39 3 —-1095, =204, —=1120, =172 2012-Oct-19 21:03:44 12.57 +0.36 376 23 35 35

39 4 —-1127,-168, -1161, —179 2012-Oct-19 21:00:40 14.3+0.17 454 3.7 35 4 NE
40 1 -1025,-63, -1037, =47 2012-Oct-20 18:07:36 5.68 £0.06 171 1.4 1.7 4

40 2 -1077, -121, -1065, =96 2012-Oct-20 18:09:33 5.61+0.03 347 9.6 4.4 7 2483+3.41 E,NE
40 3 -1073, =136, =1058, =120 2012-Oct-20 18:11:36 5.92+0.7 325 2.6 3.0 4

40 4 —1045,-114, -1020, —110 2012-Oct-20 18:10:08 5.53+0.04 258 3.6 2.5 6 732+1.08 E,NE
40 5 -1056, =122, —1043, =115 2012-Oct-20 18:12:55 5.42+0.02 297 3.9 4.7 6

40 6 —1095, -123, -1079, =101 2012-Oct-20 18:09:59 6.93+0.04 425 6.2 35 11 NE
40 7 -1107, -153, =1094, =121 2012-Oct-20 18:11:11 5.72+0.06 353 3.1 3.4 12 1417+273 E,NE
40 8 —1036, -217, —1066, =194 2012-Oct-20 18:08:39 4.33+0.08 238 10.3 12.1 45 9.01+2.16 E,NE
40 9 -1109, 438, —=1117, =399 2012-Oct-20 18:11:45 6.18+0.05 473 12.5 13.7 35 13.15+2.66 E
40 10 =962, —430, 982, =453 2012-Oct-20 18:12:21 6.27+0.03 238 22 2.1 10 NE
40 11 =978, -404, -999, —418  2012-Oct-20 18:11:29 4.76+0.04 220 1.6 1.3 4

43 1 933,615,894,615 2013-Jan-07 06:37:38 7.14+0.07 363 8.0 16.3 5 7.53+1.45 E
43 2 874,598,890,613 2013-Jan-07 06:37:50 3.6+0.03 241 9.7 3.1 5 9.44+0.92 E
43 3 828,659,816,708 2013-Jan-07 06:39:19 8.35+0.08 368 2.1 12.7 35 15.04+1.81 E
43 4 829,606,826,620 2013-Jan-07 06:37:01 5.16+0.03 222 3.9 35 4

43 5 801,608,812,631 2013-Jan-07 06:37:11 4.5+0.02 260 1.3 22 5.5 14+2 E,NE
44 1 829,644,820,687 2013-Jan-07 08:48:37 7.23+0.06 295 2.8 12.3 5 15.75 +3.09 E
44 2 979,637,940,676 2013-Jan-07 08:48:17 9.78+0.19 512 15.8 13.4 3 14.62+496 E,NE
44 3 886,644,936,622 2013-Jan-07 08:47:19 6.95+0.14 352 17.2 4.8 4 9+3

44 4 869,575,879,587 2013-Jan-07 08:48:53 2.41+0.05 202 2.9 2.8 4

45 1 -396,367, —409,379 2013-Feb-17 15:45:42 248 +0.04 92 0.7 3.1 35  7.82+1.66 E
46 1 -1024, -281, —1038, —268 2013-May-24 18:55:12 12.07+0.23 430 L.5 4.4 25

46 2 -1102, =389, —1080, =363 2013-May-24 18:53:58 10.99+0.11 498 2.4 3.7 5 NE
46 3 —-1032, =332, —1054, -327 2013-May-24 18:54:34 9.9+0.1 384 2.5 3.8 6 NE
47 1 207, -251,223, -243  2013-May-27 01:53:28 5.27+0.14 225 0.6 1.6 3

47 2 237,-197,270, =188  2013-May-27 02:02:59 5.02+0.12 222 29 1.6 3

48 1 —-1076,77, —1044,111 2013-Jul-18 17:59:56 15.28 £0.16 540 12.3 22.0 35 2198+156 E,NE
48 2 —-1134,36, —1069,99 2013-Jul-18 17:59:01 15.76 £0.12 588 25.4 27.4 5 26.64+2.17 E,NE
48 3 -1153,41, -1102,112 2013-Jul-18 17:58:34 16.08 £0.21 597 19.9 23.7 4 15.76 +3.09 E
48 4 -1084, -59, -1069, =33  2013-Jul-18 17:56:10 9.23+0.23 426 7.7 7.6 4

48 5 -1139, -15, -1102,42  2013-Jul-18 17:57:31 15.83 £0.21 471 17.9 13.0 35

49 1 —-1041,93, =1117,118  2013-Oct-11 07:12:01 15.12+0.47 484 13.6 22.9 2

49 2 -1030, -126, —1058, =106 2013-Oct-11 07:15:17 7.73+0.14 197 3.6 6.4 3

49 4 —1044,409, —1082,429  2013-Oct-11 07:13:30 10.45+0.17 386 17.9 8.0 3 15.38 £2.58 E
49 5  -1020, =76, -1071, =51  2013-Oct-11 07:15:51 8.03+0.18 191 104 13.0 3 9.37+1.22 E
52 1 —-710,65, 721,113 2014-Jan-04 15:32:47 593+0.12 183 3.0 12.5 3

53 1 1101, =296,1136, =291  2014-Jan-06 07:42:35 9.48+0.22 420 1.5 8.4 1.5

54 1 1115,220,1143,254 2014-Feb-10 21:00:57 8.33+0.07 408 1.3 32 3

54 2 1118,55,1134,82 2014-Feb-10 21:01:06 7.46+0.1 400 42 8.0 3

54 3 1062,110,1078,106 2014-Feb-10 21:02:02 2.32+0.05 238 1.0 0.9 3

54 4 1108,29,1138,43 2014-Feb-10 20:58:27 3.77+0.13 355 7.5 3.0 2

54 5 1076, -6,1091,1 2014-Feb-10 20:59:10 4.8+0.1 257 3.6 29 45 19.72+323 E,NE
55 1 1123,231,1143,244 2014-Feb-10 22:48:05 8.63+0.24 405 59 3.7 2.5

55 2 1167,190,1203,192 2014-Feb-10 22:44:59 6.54+0.17 477 1.9 2.8 3

56 1 1124, -8,1186,1 2014-Feb-11 13:28:08 9.07+0.14 403 9.3 7.8 4 20.71+471 E,NE
56 2 1068, -39,1130, -6 2014-Feb-11 13:28:13 11.88+0.13 314 17.8 27.6 5 19.62 +2.96 E
56 3 1027,82,1043,54 2014-Feb-11 13:26:19 3.22+0.16 205 16.5 9.2 2.5

56 4 1062,397,1122,348 2014-Feb-11 13:27:33 14.38 £0.34 501 16.2 232 2

56 5 1026,332,1004,354 2014-Feb-11 13:28:38 13.5+0.16 431 6.9 10.7 45 24.17+5.13 E
56 6 998,318,979,345 2014-Feb-11 13:28:49 7.59+0.2 392 3.6 3.8 2.5

56 7 1068,427,1023,456 2014-Feb-11 13:31:32 14.16 £0.55 457 49 15.0 3 13.64+393 E,NE
56 8 1015,384,990,419 2014-Feb-11 13:30:19 10.64 £0.15 379 3.5 9.0 4
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