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ABSTRACT

Aims. We report the �rst evidence for transverse waves in coronal multithreaded loops with cool plasma ejected from the chromo-
sphere �owing along the threads. These observations are good candidates for coronal seismology.
Methods. We analyzed observations made with Solar Optical Telescope (SOT) on board the Hinode satellite in the Ca II H line �lter.
Results. The oscillations are visible for about 3 periods, with a period lasting about 2 min, with weak damping. We see the oscillations
in thin threads (∼0.5′′) of cool plasma �owing in the coronal loops with speeds in the range 74−123 km s−1.
Conclusions. Observations indicate that the waves exhibit di� erent properties in the various threads. In some threads, the waves are
nearly standing fundamental kink modes with a phase speed of about 1250 km s−1, whereas the dynamics of other threads is consis-
tent with propagating fast magnetosonic waves. Based on the observed wave and loop properties and the assumed active region loop
density in the range (1−5) × 109 cm−3, the estimated energy �ux is su� cient to heat the loops to coronal temperatures, and the average
magnetic �eld in the threads is estimated as 20 ± 7 G.
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1. Introduction

The Solar Optical Telescope (SOT) on board the Hinode (Solar-
B) satellite (The Solar-B Team 2005) consists of a 50-cm aper-
ture, di� raction-limited Gregorian telescope with spatial resolu-
tion of 0.2−0.3′′ (1984) in the context of coronal

loops. Similar to helioseismology, the method is based on obser-
vations of waves in coronal structures, and on the use of theoret-
ical knowledge and computational modeling of the wave proper-
ties to extract the physical parameters of the coronal structures,
such as the poorly known magnetic �eld. However, in contrast
to helioseismology the method is complicated by the coupling
of the three magnetohydrodynamic (MHD) wave modes in non-
homogeneous plasma, as well as by nonlinearity. The method
requires high spatio-temporal resolution observations of the
corona to resolve the wave motions that only became routinely
available with the launch of SOHO spacecraft, and the Transition
Region and Coronal Explorer (TRACE) satellite. The method
of coronal seismology was applied to TRACE and SOHO data
(e.g., Nakariakov et al. 1999; Nakariakov & Ofman 2001;
Ofman 2002; De Moortel et al. 2002; Ofman & Wang 2002;

Ofman & Thompson 2002; Verwichte et al. 2004; Wang &
Solanki 2004; Aschwanden 2005), with recent advances (e.g.,
Ofman 2007; Wang et al. 2007; Van Doorsselaere et al. 2007;
Ballai 2007; Arregui et al. 2007).

Recently, AlfvØn waves were observed in the transition re-
gion (De Pontieu et al. 2007) and in X-ray jets (Cirtain et al.
2007), transverse waves in solar prominence loops were ob-
served by

A �lament eruption was detected by Hinode/SOT in the
Ca II H emission line �lter in the solar west limb on 12 Jan. 2007.
It was associated with a GOES C1.5-class �are and a coro-
nal mass ejection (CME). The �are started at 01:18 UT and
peaked at 01:38 UT in soft X-rays and the CME was �rst seen
by Large Angle and Spectrometric Coronagraph (LASCO) on
SOHO at 01:54 UT. The Ca II H line (3968 ¯) images obtained
with very high spatial (∼0.2′′) and temporal (8 s) resolutions,
which allowed us to study the �ne structures and the dynamics
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Fig. 1. Chromospheric material at 10 000−20 000 K in coronal loops
observed by Hinode SOT with Ca II H emission line �lter (3968.5 ±
3 ¯). The material �ows along the loops, which exhibit periodic os-
cillations (the movie of this event is available online). The oscillating
loop studied is outlined with a white curve, which is obtained by trac-
ing �ows observed at 01:28:15, 01:31:10, and 01:34:40. The plasmas
were ejected from the region F1 and moved along the loop to the other
foot F2. Cuts 1 and 2 are used to measure the �ow speeds (see Fig. 2),
cut 3 is used to measure the transverse oscillations of the loop (see
Fig. 3), and cuts A−C (dotted narrow boxes) are used to detect the wave
propagation (see Fig. 4). This image and subsequent images are �neg-
ative� images, and the darkest features correspond to brightest features
in SOT.

of coronal loops and the chromospheric material in the corona.
SOHO/EIT 195 ¯ observations of this region at times close to
the �are, and much lower resolution of 3′′ show that coronal
loops are present there. Figure 1 shows that the chromospheric
material at a temperature of 10 000−20 000 K, which was ejected
out from the region marked as F1 during the �lament eruption,
moved along the magnetic loops and then fell down to the re-
gion marked as F2. The cool material appears to �ow along thin
threads of about 0.4−0.6′′ inside the loops at speeds in the range
of 74−123 km−1 s (see below). The thin-threaded coronal loop
structure is consistent with past models of coronal loops (e.g.,
Aschwanden et al. 2000; Ofman & Aschwanden 2002). Coronal
magnetic structures can be identi�ed by tracing the �owing cool
plasma in the consecutively observed images. We found a coro-
nal loop outlined with a white curve to oscillate transversely to
its axis, during which the cool plasma was �owing along the
loop. Using the Hinode/SOT images we measured the projected
length of the oscillating loop to be about 71 Mm, the height
about 27 Mm, and the feet separation about 40 Mm. We esti-
mate the uncertainty in the loop length to be about 10−20% due
to projection, and line of sight e� ects. However, this uncertainty
is negligible in our analysis below compared to uncertainty in-
troduced by the estimated range of densities.

2.2. Flow velocity measurements in the loop

In order to measure the �ow speed in the oscillating loop, we
took two cuts along the loop (marked 1 and 2 in Fig. 1) and

Fig. 2. Evolution of �ow emissions along the oscillating loop at cuts 1
and 2 (see Fig. 1). The �ow speeds are measured by tracking the motion
of some brightening features seen as dark stripes in the negative image.
The positions of prominent moving features are marked and �tted lin-
early, yielding the apparent �ow speeds which are labeled on the map.
On the vertical axis, 0 corresponds to the lower end of the cut.

plotted the time series of their emission intensity, averaged along
the narrow side of the cut in Fig. 2. The blobs of cool plasma
moving downward along the loop threads are shown as the dark
stripes slanting to the right in the negative image. Four dark
stripes in the time-distance map for cut 1 and �ve dark stripes
in the map for cut 2 are marked. The �ow speed for each mov-
ing plasma blob is measured by a linear �t. The measured values
are labeled on the maps. For cut 1 the �ow speed is on aver-
age Vf = 80 ± 7 km s−1 and for cut 2 the mean �ow speed is
Vf = 104 ± 18 km s−1. Note, that the �ow of the moving blob 2
(V2) is considerably smaller than the average �ow in cut 2. At
least part of this di� erences may be explained by the projection
e� ect due to the angle formed by this thread with the average
�ow direction. The measurements indicate that the plasma �ow
is accelerating when it falls down from the loop top, consistent
with the e� ect of solar gravitational acceleration. However, the
change in velocity due to gravity is small compared to the �ow
velocity in this case, and there could be other e� ects that a� ect
the �ow speed (for example loop divergence, or change in den-
sity or temperature of the material).

2.3. Evidence for waves in the loop

From the time sequence of the images it is evident that the trans-
verse oscillations are most pronounced in the top part of the
loop. Figure 3 shows time series of emission intensity along a cut
across the loop top (marked 3 in Fig. 1). To enhance the small
scale features, the image is processed with a 3-by-3 high-pass
(sharpening) �lter. The oscillations are visible for about three
periods and show a weak decay. We measure the physical pa-
rameters of the displacement oscillations by �tting the marked
positions with a damped sine function. The oscillating loop is
composed of several �ne threads that merge and separate dur-
ing the oscillation, leading to uncertainty in identifying the ex-
act number of distinct threads in the loop. Since the observations
are near the solar limb and the threads are seen to be displaced
in the vertical direction in the plane of the sky, it is likely that
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quadratically with density (e.g.,Aschwanden 2005). However,
since the Alfvén speed and the wave amplitude are determined
from the observations independent of the density, the estimate
of the wave energy �ux depends linearly on density. Given that
the estimated energy �ux is su� cient to heat the loop with the
assumed density range of (1Š5) × 109 cmŠ3, if the actual loop
density is an order of magnitude lower than this range, the cor-
responding estimated energy �ux would be an order of magni-
tude higher than needed to heat the loop to coronal temperature.
Conversely, if the actual loop density is an order of magnitude
larger than the assumed range, then the corresponding energy
�ux would be an order of magnitude lower than needed to heat
the loop.

3. Discussion and conclusions

We report the �rst Hinode/SOT observation of coronal loop os-
cillation with background �ow of chromospheric material. The
cool chromospheric material traces the loops in thin threads and
enables us to observe the �ne structure and the oscillations in
Ca II H line. The generation of the �ows is related to the im-
pulsive event (�are) that occurs in the vicinity of the observed
loop footpoints, but the excitation mechanism of the waves is
not evident because we did not observe the onset phase of the
fast magnetosonic waves. We saw the �are in SOHO/EIT, and
SXI/GOES-12 X-ray data obtained on 12 Jan. 2007. Transverse
oscillations excited by �ares and �lament eruptions were seen
previously with TRACE (e.g.,Aschwanden 2005). However,
there was no direct evidence ofplasma �ows in thin threads in
the oscillating loops prior to our report in this letter.

We �nd that the oscillations are transverse to the loop axis,
and that the phase speed of the oscillations agrees with the kink
or fast magnetosonic speed in these loops. Since the corona is
highly structured and low-beta; i.e., the ratio of thermal pressure
to magnetic pressure is small (� 1), an arbitrary motion of mag-
netic �eld will likely a � ect the density of the plasma. Therefore,
in agreement with observations that show spatial and tempo-
ral density variations in the threads we interpret the waves in
terms of fast magnetosonic waves. The near-limb loop oscilla-
tions likely contain a vertical component, similar to the verti-
cal oscillations recently observed by TRACE (Wang & Solanki
2004), and modeled numerically (Selwa et al. 2005; Gruszecki
et al. 2006) without parallel �ow. In low beta coronal plasma, the
sound speed is on the order of 100 km sŠ1, an order of magnitude
lower thanVA. Therefore, we conclude that the oscillations are
fast magnetosonic or kink oscillation with weak damping. The
e� ect of the background �ow is to modify the energy �ux, and
a� ect the conditions for the formation of a standing wave in the
loop. In one loop thread the damping appears to be negligible,
and the wave appears to be fully trapped in the loop. However,
since the oscillations were observed only for three periods the
damping stage of the oscillations was not observed. The weak
damping, or even growth of oscillation amplitude for few pe-
riods followed by damping at later times was seen in TRACE
loops (Aschwanden et al. 2002). In the other threads the damp-
ing time is about 5 times longer than the period, similar with
some oscillating loops observed by TRACE (Aschwanden et al.
2002).

There are three main classes of wave damping mecha-
nism that are currently debated in the literature (e.g.,Roberts
2000; Ruderman & Roberts 2002; Ofman 2002; Ofman &
Aschwanden 2002; Goossens et al. 2002; Van Doorsselaere et al.
2004; Aschwanden 2005): leakage, resonant absorption or mode
conversion, and dissipation (i.e., conversion of the wave energy

to heat). The present observation shows that the oscillations oc-
cur in thin threads inside the loop with slightly di� erent prop-
erties, which are consistent with the conditions required by the
phase mixing in multithreaded loops and enhanced resistivity as
suggested by theOfman & Aschwanden(2002) analysis. The
initial weak damping, or even growth of the wave amplitude fol-
lowed by strong damping is expected in some cases with this
mechanism determined by the interplay between the scale and
geometry of the inhomogeneity, the density contrast, the mag-
netic �eld, and the e� ective damping coe� cient (e.g.,Smith
et al. 2007). All of these quantities can vary between the threads.

Since our observations indicate that the fast wave propagates
at a speed of>1000 km sŠ1, only about half the period is required
for the wave to traverse the length of the loop. The observations
show that the threads are present for more then three periods –
more than su� cient time to establish kink oscillations. We use
the properties of the kink mode oscillation in several threads in
the loop to determine the average magnetic �eld in the range of
13Š27 G (depending on the assumed value of average density in
the (1Š5) × 109 cmŠ3). We also �nd that the energy �ux con-
tained in the waves can supply su� cient energy to heat the loops
with this density to coronal temperatures. The main limitation of
the above analysis is the use of an estimated active region loop
density, since the actual loop density could not be determined in
the present observation.
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