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ABSTRACT

Context. Large-scale fast waves with perturbation of the EUV emission intensity are well resolved in both temporal and spatial scale
by SDO/AIA. These waves are prone to propagate along the magnetic field line.

Aims. We aim to probe the link between propagating fast wave trains and flaring energy releases. By measuring the wave parameters,
we reveal their nature and investigate the potential to diagnose the energy source and waveguide.

Methods. The spatial and temporal evolution of the wave amplitude and propagating speed are studied. The correlation of individual
wave trains with flare-generated radio bursts is tested.

Results. The propagating wave pattern comprises distinct wave trains with varying periods and wavelengths. This characteristic
signature is consistent with the patterns formed by waveguide dispersion, when different spectral components propagate at different
phase and group speeds. The wave train releases are found to be highly correlated in start time with the radio bursts emitted by the non-
thermal electrons that were accelerated in bursty energy releases. The wave amplitude is seen to reach the maximum midway during
its course. This can be caused by a combined effect of the waveguide spread in the transverse direction and density stratification. The
transverse amplitude distribution perpendicular to the wave vector is found to follow approximately a Gaussian profile. The spatial
structure is consistent with the kink mode that is polarised along the line-of-sight. The propagating speed is subject to deceleration
from ~735—845 kms~! to ~600 km s~!. This could be caused by the decrease in the local Alfvén speed and/or the projection effect.

Key words. Sun: atmosphere — Sun: corona — Sun: UV radiation — Sun: oscillations — Sun: flares — Sun: radio radiation

1. Introduction

The theory of magnetohydrodynamic (MHD) waves in struc-
tured plasma was developed in the 1970s and 1980s (e.g.,
Zajtsev & Stepanov 1975; Roberts 1981b,a; Edwin & Roberts
1982, 1983). During the past decades, various MHD wave
modes were confidently detected with modern instruments and
were exploited for seismological applications (see reviews by
Nakariakov et al. 2005; De Moortel & Nakariakov 2012).
Standing fast kink waves were detected in the closed coronal
loops (e.g. Nakariakov et al. 1999; Aschwanden et al. 1999;
White et al. 2012) and in post-flare arcades (Verwichte et al.
2005). The global (fundamental) kink mode was implemented
to estimate the magnetic field strength (so called MHD seis-
mology, e.g. Nakariakov & Ofman 2001). Propagating fast kink
waves were found in the coronal loops (Williams et al. 2002;
Van Doorsselaere et al. 2008). Trapped fast sausage modes, due
to the existence of the cut-off wavenumber (Nakariakov et al.
2003), are only supported by sufficiently thick and dense loops.
Some spatially-resolved radio imaging observations were con-
sistent with the features of fast sausage waves (e.g. Asai et al.
2001; Melnikov et al. 2005). Standing slow mode waves were
detected as intensity and Doppler-velocity oscillations in the
post-flare loops using spectrometric data (Wang et al. 2003).
Propagating slow mode waves were confidently detected near
the footpoints of active region loops (e.g., De Moortel et al.
2000; Marsh et al. 2009; Wang et al. 2009; Verwichte et al. 2010;
Yuan & Nakariakov 2012).

Article published by EDP Sciences

In the SDO/AIA era (Lemen et al. 2012; Boerner et al. 2012),
the full solar disk is recorded with high temporal and fine spa-
tial resolution. It allows for confident detection of sporadically
occurring coronal fast magneto-acoustic waves (Liu et al. 2011;
Shen & Liu 2012). It was found that quasi-periodic propagating
fast waves exhibit similar periodicities (with the most prominent
peak at about 3 min) with the quasi-periodic pulsations (QPP)
in X-ray emission (Liu et al. 2011; Ofman et al. 2011). This
result is consistent with previous studies, where 3 min oscil-
lations are sourced to the chromospheric level in sunspot um-
brae and found to modulate QPP in the form of slow mode
MHD waves (Sych et al. 2009). Flares are also known to gener-
ate non-thermal electrons that are responsible for microwave and
X-ray emissions. Moreover, flares can excite MHD oscillations.
The relationship of QPP in microwave and X-ray emission and
coronal MHD waves was intensively investigated (see review by
Nakariakov & Melnikov 2009).

It was demonstrated that an impulsively-generated fast
magneto-acoustic wave at a distance away from the source de-
velops into a quasi-periodic wave train with a pronounced fre-
quency and amplitude modulation owing to the dispersion prop-
erties of guided fast waves, if it is guided by a region of low
Alfvén speed (i.e., coronal loop, current sheet; Roberts et al.
1984; Murawski & Roberts 1994). The time signature shows
a very typical tadpole wavelet spectrum: a narrow-spectrum
long-period head is followed by a broad-spectrum short-period
tail (Nakariakov et al. 2004). However, this tadpole wavelet
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spectrum is only prominent if the initial spectrum is suffi-
ciently broad and situates mostly above the cut-off wavenumber
(Nakariakov et al. 2005). The radio emissions associated with
solar flares were also found to be modulated by propagating fast
waves and exhibit evident tadpole wavelet spectra (Mészarosova
et al. 2009a,b).

In this paper, we report the observation of distinct quasi-
periodic propagating fast magneto-acoustic wave trains (QPF).
The QPF processes are described in Sect. 2. The analysis and
results are presented in Sect. 3. The discussion and conclusion
are given in Sect. 4.

2. Observations

We report an observational study of a QPF wave event
on 30 May 2011. A GOES C2.8 flare occurred at 10:48 UT in
the active region AR11227. Propagating fast magneto-acoustic
wave trains were observed as intensity perturbations at a distance
of about 110 Mm from the flare epicentre at 10:50:12 UT. They
are only detected in the ATIA 171 A bandpass. The lag time be-
tween the flare occurring and the first wavefront appearing was
about 2.2 min. The average energy transit speed was estimated
at about 833 kms~!, which was well in the Alfvén (fast) wave
speed range in the coronal condition. The data preparation and
initial analysis were presented in Shen & Liu (2012). A shorter
data set for about 26 min was used, starting from 10:45 UT. The
data cube is a set of images with the size of 834 x 834 pixels.
The images were normalised with its exposure time and were
interpolated into a uniform time grid with a 12 s cadence.

It was shown that the GOES and RHESSI light curves ex-
hibit a very steady increase in the particle counts during the flare.
No fine structure of flare emission was significantly detected in
soft and hard X-ray bands (Shen & Liu 2012). To show the fine
structure of the flare pulsations, we obtained the radio observa-
tion in the same time interval (10:45—11:11 UT) at 173.2 MHz
and 228.0 MHz, provided by the Nancay Radioheliograph
(NRH, cf. Fig. 2, top panel). It reflects the radio emission of
the flare-accelerated non-thermal electrons.

3. Analysis and results

We identify three distinct wave trains in this QPF event, which
exhibit different properties: (We denote the wave trains as
Train-1 or T1, Train-2 or T2, and Train-3 or T3. cf. Fig. 1):

1. There are obvious gaps in space (time) between the lead-
ing and trailing trains with a value of about 40.7 Mm (72 s)
between T1 and T2, and a value of about 35.0 Mm (90 s)
between T2 and T3.

2. The wavelengths (periods) are quite different: 33.7 +0.6 Mm
(58 £ 15),24.4 +£ 0.1 Mm (40 + 0.55), and 25.7 + 0.3 Mm
(38 + 1s) for T1, T2, and T3, respectively.

3. The wave trains exhibit different initial phase speeds: 735 +
58 kms~!' (T1), 845 + 42 kms~' (T2) and 820 + 90 kms~!
(T3).

4. The wave trains agree in arising time with radio bursts gen-
erated by the non-thermal electrons (cf. Fig. 2, top panel).

Therefore, we divide the QPF into three wave trains and measure
their parameters separately.

We first look at how the wave trains are correlated with the
flaring radio bursts. It was found that the frequency of radio
emissions in the magnetic reconnection site and energy releasing
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Fig.1. a) The AIA field-of-view in 171 A, displaying the active re-
gion AR11227 and the flare epicenter. b)—d) Running difference im-
ages illustrate the QPF wave trains. The wavefronts of three distinct
wave trains are marked by arrow groups in varied colors. The solid
lines (L1-L5) forming a fan geometry are the cuts used in making time-
distance arrays. The dashed arcs are concentric at the flare epicenter, the
radii are 100 Mm, 200 Mm and 300 Mm, respectively.

region are in the range of 400—1000 MHz (Bastian et al. 1998).
The radio emission at 173.2 MHz is sourced at a height lower
than 228.0 MHz, but higher than both the magnetic reconnec-
tion site and energy releasing region (Bastian et al. 1998). This
explains the time lag between the NRH radio bursts and the
flare start time. The flare started at 10:48 UT. The first ra-
dio burst arose at about 10:49:12 UT at the 228.0 MHz band.
Train-1 started at about 110 Mm from the flare epicenter at
about 10:50:12 UT. The radio emissions at 173.2 MHz peaked
at about 10:50:30 UT, and slightly lagged behind Train-1. The
second radio burst appeared between 10:53 and 10:55 UT, first
appearing at 228.0 MHz, and then at 173.2 MHz. Train-2 started
at 10:54:24 UT about 1 min after the burst at 228.0 MHz. The
third radio burst appeared between 10:57 and 11:00 UT, only
at 173.2 MHz. No significant burst was detected at 228.0 MHz.
The start time of Train-3 was at 10:58:12 UT during the third
radio burst. We infer that at least three flaring energy pulses
were released during the flare. The flaring energy releases ap-
parently triggered the fast wave trains. Non-thermal electrons
were concurrently accelerated and transported to a higher atmo-
sphere, and then generated the radio bursts. It is logical that the
fast wave trains and radio bursts exhibit high correlations at the
start times.

The dispersive evolution of impulsively-generated fast wave
trains is determined by the density profile of the waveguide. The
time signature of the wave train displays a characteristic tadpole
wavelet spectrum, exhibiting a gradually decreasing period at a
fixed height and hence, a stretching wavelength along the waveg-
uide at a fixed time (Nakariakov et al. 2004). The time series of
the amplitude variation at about 150 Mm from the flare epicen-
ter (Fig. 2, bottom panel) shows that the oscillating periods of
Train-1 and -2 decrease at the observational height. This feature
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Fig. 2. Top panel: the radio emission of AR11227 in NRH 173.2 MHz
and 228.0MHz band and the RHESSI hard X-ray count rate
in 12-25 KeV. The start time of the flare, Train-1, Train-2 and Train-3
are labeled at the time axis. Middle panel: the time-distance plot for L3.
The samples used to measure the phase speed are enclosed in blue rect-
angles, the centers are labeled in red cross. The measured results are
over-plotted within each rectangle as dashed curves. Bottom panel: the
amplitude variation at a fixed height of about 150 Mm (marked in red
line in the middle panel). The dotted lines mark approximately the wave
cycles of three wave trains in varied color.

is in agreement with the dispersively evolving wave (Nakariakov
et al. 2005), given the limited number of wave fronts and the
coarse cadence compared to the wave period (cf. Table 1). This
effect is not so pronounced for Train-3. Its amplitude is lower
than that of Train-1 and -2, and its signal is more affected
by the noise. In Fig. 3, we display the spatial variation in the
wavelengths of the wave trains along L3. It is shown that the
wavelengths stretch along the open coronal loops. Besides a
decreasing period, it is another indicator of dispersive evolu-
tion of the fast wave trains. The increasing wave length could
also be caused by an accelerating phase speed or an increas-
ing oscillating period. However, both the oscillating periods and
the following speed measure explicitly exhibit the opposite be-
haviour, and hence, we rule out this alternative interpretation.
The time signature and wavelength of QPF indicates that the fast
magneto-acoustic wave is likely to be triggered by an impulsive
energy source. It is not possible to diagnose the loop density
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Fig. 3. Instant cuts along L3 at the fixed times that display the wave-
length during the wave train evolutions. The horizontal axis denotes the
distance along the wave path. The observation times for each snapshot
are shown in the panels. The vertical dotted lines mark the approximate
positions of the wave fronts.

profile at the current stage as suggested by Nakariakov et al.
(2004), because of the limited temporal resolution of modern
instruments.

We used the best similarity measure method (BSM, Yuan
& Nakariakov 2012) to obtain the phase speed and estimate
its error (Fig. 2, middle panel). The BSM seeks for the best
(minimum) similarity (see e.g. Santini & Jain 1999) between
a propagating wave model and the time-distance plot. The pe-
riod and phase speed are allowed to vary within a certain range,
as long as the similarity measure remains within 1% above its
minimun value. This gives good estimates of the error bars
(Yuan & Nakariakov 2012). Figure 4 (bottom panel) shows
that the wave trains started with slightly different initial phase
speeds: 735 + 58 km s7! (T1), 845 + 42 kms™! (T2), and 820 +
90 kms~' (T3). However, they appeared to end with the same
projected phase speed at about 600 kms~!. The deceleration
was found to be 1.35 + 0.67 kms™2, 2.27 + 0.39 kms~2, and
1.31 + 0.56 kms~2 for T1, T2 and T3, respectively.

Figure 4 (top panel) illustrates that the wave amplitudes in-
crease with distance, then peak, and finally then decay gradually.
This effect is very prominent in Train-2: it reaches a maximum
amplitude at about 180 Mm, which is about 21% larger than the
value at about 130 Mm.

The amplitude profile normal to the wave vector is also re-
solved with SDO/AIA. A wave front evolution of Train-2 is dis-
played in Fig. 5. The transverse distribution of the wave ampli-
tude was approximated with a Gaussian profile. It shows that the
wave front extends gradually along the waveguiding structure.
It was found that the density perturbations of a kink (sausage)
wave inside and outside a coronal loop exhibit in-phase (out-
of-phase) motion (Cooper et al. 2003b). The wave propagation
observed as intensity perturbations inside and outside the coro-
nal loop are in-phase in our case. This spatial structure is more
consistent with the kink mode polarised along the line-of-sight.
In this case, the kink mode can be observed as emission intensity
variations because of its modulation to the line-of-sight column
depth of the oscillating plasma structure (Cooper et al. 2003a).
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Fig.4. Wave amplitude (top) and projected phase speed (bottom)
are plotted as a function of the distance to the flare epicenter for the
wave trains. The red diamonds, green triangles, and blue squares de-
note the parameters of Train-1, -2, and -3, respectively.

4. Discussion and conclusion

In this work, we observed a QPF event with distinct wave trains.
The wave trains were found to correlate in start time with the
radio bursts observed with NRH. The wave fronts did not appear
at the flare epicenter but rather a distance of about 70—110 Mm
from it. No significant intensity perturbation was detected in-
between. This behaviour is consistent with the interpretation in
terms of the kink mode, provided the waveguide is of a loop
shape. In this case, the kink mode can become visible only in
the segment of the loop that has a preferable angle to the line-of-
sight (Cooper et al. 2003a).

The wave trains are found to correlate well in start time with
radio bursts observed with NRH (Fig. 2, top panel). The wave
trains and the non-thermal electrons (radio burst) apparently
originate in the same energy release. The observed fast wave
trains have wavelength modulation: components with longer-
wavelength propagate faster. This behaviour is consistent with
the dispersion of fast magneto-acoustic waves in field-aligned
plasma waveguides (Nakariakov et al. 2004).

The projected propagating phase speed was found to be in
the Alfvén speed range (about 735-845 kms™!). The speed dif-
ference reaches about 15% for different wave trains at the start
position, but the wave trains end with the same phase speed
at about 600 kms~!. The deceleration was found to be 1.35 +
0.67 kms™2,2.27 +0.39 kms~2, and 1.31 + 0.56 kms~2 for T1,
T2, and T3, respectively. The deceleration may be caused by the
decrease in the Alfvén speed (a joint effect of the magnetic flux
tube divergence and stratified density along the loops). However,
it may also be a contribution of projection effect.

The QPF wave amplitudes were found to amplify during its
passage, and then started to decay midway (Fig. 4, top panel).
The wave amplitude is determined by both the wave energy and
the properties of the waveguide, such as in the density strati-
fication. As the wave propagates along the open coronal struc-
ture, the wave energy spreads to a broader extent. Therefore,
the wave amplitude tends to decrease. The density stratification
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Table 1. Observables and physical parameters of the QPF wave trains.

Parameters Train-1 Train-2 Train-3
Start time (UT) 10:50:12 10:54:24 10:58:12
End time (UT) 10:56:12 10:59:12 11:02:36
Start position (Mm) ~110 ~80 ~70
Spatial lag (Mm) . ~40.7 ~35.0
Time lag (s) ~72 ~90
Wavefront number 3 5 ~5
Wavelength (Mm) 33.7+0.5 24.4+0.1 25.7+0.3
Period (s) 58 +1 40 + 0.5 38+1
Deceleration (kms™2) 1.35+0.67 2.27+0.39 1.31+0.56

along the loops are prone to amplify the wave amplitude. These
two factors can lead to the appearance of a maximum amplitude
midway.

The amplitude distribution normal to the wave vector fol-
lows a Gaussian profile. This spatial structure is prescribed by
the kink eigenmode of the waveguide. Moreover, the wave prop-
agation inside and outside the loop exhibit in-phase collective
motions. This feature is more consistent with fast kink wave.

The observation of fast magneto-acoustic waves provides
useful information on the connectivity with flare pulsations. The
fine measurements of its wave parameters reflect the details of
the plasma and magnetic field. It is a potential tool to probe
the physical parameters. However, numerical simulations are re-
quired to fully understand the wave generation, propagation, and
decay.
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