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ABSTRACT

Context. We presentinobservation of a long-livingnulti-thermal coronal loop, visible in dferent EUV wavebands of SOSIA

in a quiet-Sun region close to the Western solar limb.

Aims. Analysis of persistent kink displacements of the loop seenfier@int bandpasses that correspond fiedként temperatures of
the plasma allows to reveal fine, sub-resolution structuring of the loop.

Methods. A vertically oriented slit is taken at the loop top and time-distance naa@sade from it. Loop displacements in time-
distance maps are automatically tracked with the Gaussian fitting techniqti¢teaavith a “guessed” sinusoidal function. Wavelet
transform are further used in order to quantify the periodicity variation ie tifithe kink oscillations.

Results. The loop strands are found to oscillate with the periods ranging betwehninutes. The oscillations are observed in
intermittent regime with changes of the period and phase in time. The oscilaierdfferent at three analysed wavelengths.
Conclusions. This finding suggests that the loop-like threads seenfigrdnt wavelengths are not co-spatial, and hence that the loop
consists of several multi-thermal strands. The detected irregularityeafdtillation can be associated with a stochastic driver acting
at the footpoints of the loop.
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1. Introduction periods only. Theoretical explanations of this dampingtheen
addressed in term of “resonant absorptiare,conversion of the

Observations of the Sun at Extreme Ultra-Violet and X-Régjnk mode to a localised and hence invisible torsional Affvé
wavelengths have well shown that the solar corona is stredtuMode (Ruderman & Robeits 2002; Goossens let al. 2002, 2012).
in the form of 1D curvilinear features, resembling closeapl®

in active regions, which outline the presence of strong retign ~ Nowadays, the Solar Dynamics Observatory (SDO) space
field in the solar corona. These loops act as wave-guides Raission allows us to significantly improve our view of the Sun
magnetohydrodynamic (MHD) waves. Theory of the propagél-emen et al. 2012). Thanks to the Atmospheric Imaging As-
tion of MHD waves in a plasma cylinder has been formulatggmbly (SDQAIA) that is an array of 4 telescopes with 8 dif-

in seminal works of Zajtsev & Stepanav (1975); Roberts ()98 1ferent filters, observing the solar corona at the highest tem
[Roberts et I (1984); Edwin & Rober{s (1983), distinguighi poral and spatial resolution possible today, a new regime
between several fierent kinds of fast magnetoacoustic mode®f kink oscillations of coronal loops has been found Re-
Kink modes that are transverse displacements of the loap agentlyNistico et al.[(2013a); Anfinogentov ef al. (2013)edeed
were first observed with the Transition Region And Coronal Exdecay-less” kink oscillations. In this regime the osdittas
plorer ETRACE) mission (Aschwanden et al. 1999; Nakariakdio not experience damping. Moreover, these oscillatiopsap

et al. ). The following space missions as the Solar TE¥ithout any association with flares or CMEs. A signature of
restrial RElations Observatory (STEREO) and Hinode have pgersistent kink oscillations has also been founet a
mitted an intensive study of kink oscillations not only irepal  (2012) who described observations of growing kink osdles
loops but also in prominence fibrils (elg,_ALLe,gm_etLaL_ZpHOf a coronal loop. The mechanism able to sustain the decay-
hot jets [(Cirtain et &l. 2007; Vasheghani Farahani &t algp0oless regime against the natural damping of kink waves ik stil
and post flare loops arcadés (Verwichte &t al. P005). Thegfunginknown. There is also a need for quantifying the energytinpu
mental modej.e. oscillations with nodes at the footpoints andhat supports this mechanism. Thus, this new regime resjdee

an anti-node at the loop apex, polarised horizontally isnfyai tailed observational study that would provide us with sommésh
observed, but there is evidence of higher harmonics (Vémeic for its understanding and interpretation.

et al.[2004! De Moortel & Brady 2007) and vertically poladse

oscillations [(Wang & Solanki 2004; White et!al. 2012). Kink In this paper, we analyse an example of irregular kink dis-
oscillations of coronal loops, after being triggered by mpul- placements of amulti-thermal coronal loop, observed in a
sive event like a flare or a coronal mass ejection (CME), expgdiet-Sun region simultaneously at three EUV wavelengtitis w
rience strong damping. Typically, the oscillations last 384 SDQAIA.
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2. Observations -200 (48

2.1. The multi-thermal loop
-400

The coronal loop appeared on the south-western limb of tine Su ") "
in the field-of-view (FOV) of SDQ@AIA on 21 January 2013 and 600 " o "
was observed for almost 10 hrs. The loop had an approxima%ely L
semi-circular shape. The loop was not associated with anygac _all IR 15:09:59.34
tive region. Fig. [l shows a sequence of images demonsitat-200 *..{ _f} f B 4 ¥ v

§ ¥

ing the temporal evolution of this loop at 171A observed with
SDQAIA, and at 195A with STEREZEUVI-A. -400

The loop starts to light up in 171 A around 14:10 UT (panel
a of Fig. [I-left): it initially appears as a very thin semi-aittar 600 £ | L
bright strip. Progressively, several rims appear subsdtyue
above the previous one, and the intensity increases. The loo
footpoints become very bright, resembling “flaring” (redcéés
in panelb). During the observations, several distinct loop bun- .
dles appear, experiencing some transverse displacemedts a
intensity variation. The intensity variations can perh LM
attributed to the line-of-sight integratiorffect MH -400
[2003). Also the external bundles are brighter than the riate “a
ones, probably due to the same line-integratifiect as the ex-  -600
ternal bundles may have a bigger column-depth along the lige ‘
of-sight (panelc-d). At 20:20 UT, another loop appears bes 200 R
hind, showing almost the same geometrical shape (greew a#jo %
in panele). After 23:40 UT, the intensity progressively drops v
down and the loop disappearg\ movie showing the entire -400
evolution of the loop (10 hrs, starting at 14:00 UT), in the
same FOV as Fig[l-left at 171 A, with a cadence of 1 min, is  -600
provided in the online edition.

The same region is visible from the Extreme Ultra-Violet 600 800 1000 600 800 1000 600 800 1000

600 800 1000 600 800 1000 600 800 1000
X [arcsec]

Imager (EUVI) of the Solar TErrestrial RElations Observgto X [arcsec]
(STEREO)-A, showing another perspective of the loop, bat th Log,, CEMIT) I ~ & |
lower spatial and temporal resolution (1.6 arcsec, and 5anin 19 20 21 22

195 A) does not allow to capture the same details. Eig. Itrighig. 2. Top: The loop at six EUV wavebands of SPXA. From
shows a sequence of the same region at 195 A, at the same timdeft we have 94, 131, 171 A (top row) and 193, 211, 335 A(bottom
steps as in Fig]1-left. It is possible to see the footpoirtiene row). Bottom: DEM maps of the studied region affelient temperature
the loop bundles are diverging from (red circle in paaglbut ranges. In both panels, the loop is enclosed in a dotted region. The
it is difficult to track them because of the low signal (the loop Bntinuous lindocated at the loop top at 171, 193, and 211 Aarks
enclosed in a dotted region in panbis). the position of the slit.

The loop is also visible in other EUV bands with SPXDA,
as seen in Fid.]2-top panel.

_The detection of the loop in the other wavelengths coulfagnetic structure that can be inferred from extrapolatio-

indicate that it is formed of multi-thermal elementary Bfa. g|s as the Potential Field Source Surface (PFSS), whereabe m

What is possible to infer is that the footpoints are seen veRgtic field lines extrapolated from magnetograms are o pl

well at hot temperatures (94, 131, 335 A), whereas the logf on the AIA 171 image (Figl 3).

body is more contrasted at “lower” temperatures (171, 193,

211 A). It is not possible to immediately quantify what is the

temperature of the loggtrands, because of the broad-band r&.2. 3D reconstruction

sponse in temperature of the AIA filters (for more details see

). The regularised inversion technigue of-HaPhe geometry of thenulti-thermalloop was reconstructed in the

nah & Kontar [(2012) provides a method to geffeliential emis- three-dimensional (3D) space by using the Principal Corapbn

sion measures (DEMs) from AlA data (the code is provided Anhalysis (PCA). The details of the technique can be found in

http://www.astro.gla.ac.uk/~iain/demreg/). We apply INistico et al.|(2013b). Briefly, it provides an alternativetmod

this technique to obtain DEM maps at several temperatuee-intto fit a reasonable number of 3D points which sample the loop

vals, ranging between 0.5-8 MK (Fid.] 2-bottom panel), avoighape. It mainly consists of finding the typical eigenvalaed

ing any formal discussion on the validity of the method. Wa-si the corresponding eigenvectors of the covariance matrhe®f

ply show that the loop is apparently filled with low temperatu 3D points, which will defines a set of three axes denoting a new

plasma (0.5-1.5 MK) and, as temperatures increase, it bezomeference frame related to the loop centre, as the normakto t

“fuzzier”. The latter property has been largely studied ma@ loop plane, the major or minor axis of the ellipse which fits th

rasi et al.|(2010). loop shape. Other parameters such as the inclination and az-
The overall structure of the loop appears as an “ensembigiuth angles are retrieved geometrically from the oriéaitadf

of many diverging strands, probably organised in largedies) this reference frame with respect the standard solar coateli

which share the same footpoints. The loop shape reflects flystem.
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Fig. 1. Snapshots of theulti-thermal loop at several times, observed with SIBOA at 171 A (left) and STEREZEUVI-A at 195 A (right).
The circles mark the loop footpoints, whilst the dotted region ecloses theridamh views. The red arrow mark the position of the loop during its

evolution and the green one those of a transient loop in Ak temporal evolution as seen in the 171 A channel of AIA (left paiekjailable
in the on-line edition.
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Fig. 4. Top: Geometry reconstruction of the loop in 3@el-

low line) using diference images of SDAIA 193 (top left) and
STEREQEUVI-A 195 (top right) views.The northern loop footpoint

is in green, whilst the southern one is in red, in blue the loop cen-

) ) ] tre. The vertical (red) and horizontal (blue) slit is over-plotted. Bottom:
Fig. 3.  SDOAIA image at 171 Aat about 15:10 UT with PFSS  projections of the loop in élierent orientationsf the Heliocentric Earth
extrapolated magnetic field lines over-plottdthe PFSS model is re- Equatorial (HEEQ) coordinate system. Distance are expressed in solar
ferred to about 3 hrs before the AlA image The close magnetic field radii (R) units The 3D data points are plotted as yellow points and fit-
lines are marked in white, while the open magnetic field lines of positiyed by the black line. The green, red and blue arrows mark respectively
polarity are in green and negative in purple. the normal plane, the minor and major radius of the loop. The red and
blue lines at the loop apex locate the vertical and horizontal slits.

The loop has almost a circular shape, since the minor and
major radii, as deduced from the 3D reconstruction, are simo
comparable, respectively, 0.107 and 0.13q$e Tab. 1 of Nis-
tico et al. 2013b). The loop is almost perpendicular to tHarsoof (69.23,-25.88) deg, about 20 deg from the West solar limb.
surface since the estimated inclination is close to 0 dega{mé&he loop has been reconstructed at a fixed time step thatcorre
sured with respect to the radial direction out of the Sun 3l asponded to the time about 14:25 UT. The loop shape does not
it is mainly oriented along the North-South solar directsimce seem to undergo significant changes during the time evolutio
the azimuth angle is about 73 deg. So, from the AIA perspeaf 10 hrs, except the local intensity variation of the loogmbu
tive we can say the loop is almost perpendicular to the line dies and small transverse motions around the equilibriurd, a
sight, since the loop centre is located at heliographicaioates the solar rotationféects.
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2.3. Data overview

Time-Distance Map (171)

In order to study transverse displacements of the loop, waedo
loaded FITS files at 171, 193, 211 A, from 14:00 to 19:00 UT.
Totally, we collected about 1500 frames for each wavelengtf
with a temporal cadence of 12 s and a spatial resolution of G
arcsec. We extracted a subfield of 182000 pixels, that rep- §
resents the region-of-interest. We increased the signabise &=
ratio of the images by constructing a running mean datacul5e,
where each frame is the sum of 5 consecutive frames, corre-" .
sponding to a time interval of 1 min: this allows to improve th 0 50 100 150 200 250
quality of the images and keep the original temporal cadence Time-Dist Map (193
We tooka slit at the apex of the loop vertically and horizon- ime-Distance Map (193)
tally oriented (shown by the red and blue lines in Fig. 4, re- 30 . =
spectively). Since the vertical slitfer the best projection in the
SDQAIA field-of-view (FOV), we restrict our analysis oit.
Starting from the vertical slit approximately located a& thop
top, we build a time-distance map in order to depict trarswer
displacements.

Distance [Mm]

3. Time-distance map analysis
0 50 100 150 200 250

In order to highlight the oscillatory patterns, we proceste

time-distance (TD) maps by a “Laplacian” filter. The oridina
time distance maps were convolved with a kernel that defines 30
the uni-dimensional Laplacian operator:

Time-Distance Map (211)

T 20

{o 1 o] =
0 2 0 (1 ¢
0 -10 £ oB Wmmv...i":',':f"!\?““:r"f;ma-"’-“" /L A

E \* 'lt\;l‘."‘.r", 7NN 3
Th Laplacian operator defined ifl (1) is simply the second 10k iAWl .'wa\..‘w-\fr:w
derivative along the vertical direction in the TD maps (restiee o 50 00 150 "'“‘- Ly "'
distance) and allows to highlight boundaries of the loop jaued Time [min]

serve the time dimensions. The result of the convolutiorr-ope

ation between the TD map and the kernel, is further smoothed

with a Gaussian operator with a typical sigma of 1.5, in otder Fig. 5. Filtered time-distance maps at 171 (top), 193 (middle), and
remove noise. 211 A (bottom). Oscillatory patterns obtained with an automatic Gaus-

sian fitting are marked in red. The numbers shown are specifically re-
lated to the oscillatory patterns detected at 17TKe series of labels
31.171 A “p’refers to some segments of the patterns extracted and copared

. . . . . between 171, 193 and 211 A, which are simultaneous and appar-
The filtered time-distance maps are given in Elg. 5 for 1738, 19em|y from the same geometrical locations. op

and 211 A. Bright patterns are clearly visible and outline th
presence otlosestrands in the full loop structureyhich are
separated from each other by less than 10 MmWe automat- time intervals it is necessary to use a since curve witfeint
ically track the position of the bright patterns in TD maps bparameters. This indicates that some external driver infles
fitting the intensity of each vertical slice with a Gaussiand- the loop oscillations, causing “intermittent” variatiom ampli-
tion: the maximum of the Gaussian locates the centre of the lotude and period. The values of the parameters of the sinesurv
Thus, time series of the loop displacements are obtainedan are given in Table L.
over-plotted in red in the TD maps for the three wavelengths i The extracted oscillations exhibit amplitudes close to the
Fig.[3. spatial resolution of the AlA pixel .~0.435 Mm) ranging with

The time series obtained from the 171 A TD map are show@alues around 0.3-0.6 Mm, and some values smaller than 0.2
in the left column of Fig[. To remove the global trend oMm. The reason of the sub-resolution estimation of the lascil
the time series (that can be due to long-period local variati tion amplitude is due to the Gaussian fitting method, as pdint
or also the solar rotation) and highlight oscillation, wetfiem out also in_Morton & McLaughlinl(2013) using AIA and the
with alow-degreepolynomial functions (green lines). The “de-High Resolution Coronal Imager (HI-C) data.
trended” time series are plotted in the right column of Eigrbe
oscillations are well depicted, but show relevant variaiboth
in amplitude and period. The oscillations seems to be net s
tionary. This can be progkeby adapting some sine curves withAs the observed transverse displacements of the loop &g irr
specific period and amplitude just by an “eye-estimationthef ular in time,a more quantitative analysis can be done using the
oscillations (colour lines in left column plots). The agrent wavelet transform. The wavelet transform is often used & th
between data and empirical sine curves is kept only at saonee tianalyses of time series with non-stationary power @edent fre-
intervals, for a few cycles of the oscillation. Hence ifffelient quencies/(Torrence & Compo 1998). Hig. 7 gives the global and

1’:’32. Wavelet analysis
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Fig. 6. Time series of the loop displacements extracted by a Gaussian fitting fraimeneistance map at 171 A of Figl 5. The original time
series are shown on the left. The dashed lines outline the loop boundadiaseaestimated from the of the Gaussian fitting. The overall series
are fitted with a low-degree polynomial functiare( linear, quadratic, etc.) in order to determine their global trend, whiclhées removed in the

left plots. A blue error bar in the right column of plots is shown in order tmpare the amplitude of oscillations with the AIA spatial resolution
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Noscill to o g 3 ) Global WPS , Wavelet Power Spectrum (WPS)
[min] [Mm] [Mm] [min] [deg] 2K _ors1 r
Oscill (1) B
a 178.0 0.0 0.55 5.0 -180 o
b 1845 0.0 0.50 9.0 -180 1281 95%
c 193.0 0.0 0.20 5.0 -90 Q0 05
d 2170 0.0 0.20 5.8 -180 DTS2
e 223.0 0.1 0.20 6.0 -180
f 235.0 0.0 0.20 4.0 -90
Oscill (2)
a 240.0 -0.5 0.15 5.0 -90
b 2465 0.1 0.60 9.0 -180
c 258.0 0.0 0.60 5.8 0
Oscill (3)
a 88.0 0.0 1.0 15.0 -180
b 111.0 -0.3 0.15 4.0 -180
c 1150 01 035 85 -180  _ A
d 1240 0.2 035 53 -180 £ 8
Oscill (4) 3 5
a 23.0 0.0 0.30 8.0 -180 5 3
b 60.0 0.0 0.20 11.0 -90 6
c 86.5 0.0 0.20 55 -180 b
Oscill (5) &
a 135.0 0.0 0.10 8.0 -90 g
b 157.0 0.1 0.20 3.0 0 4
c 163.0 0.0 0.40 6.0 0 8
d 174.0 0.0 0.50 6.8 0 10 ;140 160 180 200 220 240 260
e 219.0 0.0 0.60 4.0 -180 1
Oscill (6) ] -
a 41.0 0.0 0.10 5.0 -90
Oscill (7)
a 8.0 0.1 0.10 2.5 -200
b 20.0 0.0 0.40 9.0 -200
c 28.0 0.1 0.10 3.0 -180
d 41.0 0.0 0.20 5.0 -180
e 46.0 0.0 0.20 35 -180 l -
Table 1. Parameters of the “eye” fittings of Fid.] 6. Some segments 00 05 10 10 20 30 40 50

o - . . - ; : P M Ti [
of the oscillations are empirically fitted with a sinusoidal function, as ower (Ml ime frin]

y = yo + £cos(Z(t — tp)/P + ¢), with yo the dfset along the distancg, Fig. 7.
the initial time oscillation intervak, P ands respectively the amplitude, d
period and phase of the oscillation. The related fittings are overlaid wit
different colours and labels (indicated in the first column) in Big. 6.

Global (left) and time (right) wavelet power spectra of the
ﬁ-trendedime seriegDTS) shown in Fig[6.

tion. The left column show the oscillations as obtained fthm
TD maps: these are independently de-trended with a polyedomi
function and plotted in the right column of Figl 8. Subtract-

time wavelet spectra of thie-trendedime series shown in Fig. ing different polynomials, every consistent with each oscillatory
G right. _Th(_a wavelet spectra are obtalr_1ed by consideringca Strend, should not introduce a majoff@irence in the oscillations,
ond derivative of a Gaussiand the Mexican hat) as the mother_. o .
wavelet, and the smallest scale of size 0.4 min (24 s) Tttwglos!lrl‘ce. thelr(gmeh—scalﬁ arﬁ m(;chh Iongher thar_] thle _perlod o_tbs_;he
' : L clllations. On the other hand, from the original time-sgfieis

spectra reveal the presence of broad peaks and in some Caspéo _i,ible to notice that simultaneous oscillatory patteersept

{ar cases (d-e) for the 193A and 211A time series, do not share
the same location and do not overlap in the TD maps: this in-
3_igates that dferent strands, possibly atffirent physical con-

ition of temperature and density, contribut@eliently to each

levels fall in the region which is notfizected by the cone of in-
fluence (cross-hatched lines). The periods range from 4 to

minutes. ; X
AlA filter. Moreover, the transverse displacements are roeg-
ally in phase, and because they are non-stationary dispkaus,
3.3. Comparison of the 171, 193 and 211 A oscillatory they seem to responsdfiiirently to a stochastic driver.
patterns

A comparison of the oscillatory patterns seen at thféedknt
wavelengths can provide additional information on the dyica
of the loop.

In Fig.[8 we plot a sequence of the oscillatory patterns seen
at171, 193, and 211 A which share almost the same spatial loca
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4. Discussion and Conclusions better understanding of this process requires a dedidadedet-
. _— ical study, as well as an investigation on the techniquexgttaet
In this work we analysed the transverse oscillations of amar |54 gisplacement measurements near the detection thdesho
loop in a quiet-Sun region close to the solar limb, as oberve T clearly diferent displacement patterns seen ifiedient
from SDQAIA, in order to study and provide new highlightn 5 4hasses that are associated with tHergint temperatures of
the decay-less kink oscillation observed fiom Wang e ' the emitting plasma can possibly be attributed to the utvedo
Nistico et al. (2013a); Anfinogentov et/al. (2013). The asaly fine structuring. The threads offtérent temperature have simi-
loop was a rather peculiar, as it was well isolated from othg{; yeometrical properties, but may havéetient physical prop-
loops, was not associated with a specific active region, @8 Wyties, Thus, they may befacted by the external driver dif-
visible simultaneously in dierent EUV wavelength®ur find- g rently, showing dterent transverse displacement. The idea of
ings can be summarised as follows: the fine multi-thermal structuring of EUV coronal loops has a
) ready been employed in the previous multi-wavelength sguidi
1. The loop geometry has been reco.nstructed in 3D froff MHD oscillations (King et al 2003, e.g.). We would like to
SDQAIA-193 and STEREO-A-195 views: we found thakress that the nature of the external driver of the kinkldisp
the loop can be modelled by an elliptical shape with @ Mogsents is not known and should be subject to follow-up researc
erate eccentricity (the major axis is just 1.27 times latger  Thjs interpretation seems to be consistent with the presiou
minor one, so that the loop is almost circular). The plane gfage assumption that kink oscillations in the multi-thelrimap
the loop is almost perpendicular to the solar surface arabit e supject to morefkective damping. Indeed, in the resonant
a large azimuthal angle. The inspection of the AIA frameg,sorption theory the energy of collective kink oscillaayoes
at several filters show that the loop is possibly constitafed 1 the unresolved torsional motions at a narrow resonarit she
finer strands, probably atfterent physical condition of den-ﬂamﬂmnmﬂwamﬂmjm 2012). If the
sity and temperature, as shown in the temperature analySigna|ysed loop is a bundle of multi-thermal threads, therebea
2. Atime-distance map constructed from a slit located atmasany resonant layers in its cross-section. Hence, in thi§i-mu
at the apex of the loop in the vertical (to the solar surfaée) dhermal loop the area of the resonant layers can be bigger tha
rection, shows the presence of small-amplitude kink @scillin usual mono-thermal loops, that would increase tiieiency
tions, comparable with the AIA spatial resolution. The bsciof resonant absorption of kink oscillations.

lations, analysed at 171 A, are automatically tracked with nowledgements. Data are courtesy of the SHEIA and STEREGSECCHI

Gaussian fitting technique and de-trended with a backgrougghns. This work is supported by the STFC, the Marie Curie BERGA-2011-
polynomial function. They show some irregular variation9s272 RadioSun project, the European Research Coungif tinel SeismoSun
of the period and amplitude. Only some certain time inteResearch Project No. 321141, the Russian Foundation of Basiearch under

i » g ; ; ; ; rant 13-02-00044, and the BK21 plus program through théoNalt Research
vals can be “visually” fitted by a sinusoidal function with oundation funded by the Ministry of Education of Korea,

constant period and amplitude. Wavelet power spectra show
broad peaks in the range 4-16 min, with some drifts associ-

ated with the variations of the oscillation period gsrdam-
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