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Abstract

Observational detection of quasi-periodic drifting fine structures in a type III radio burst associated with a solar
flare SOL2015-04-16T11:22, with the LOw Frequency ARray (LOFAR), is presented. Although similar
modulations of the type III emission have been observed before and were associated with the plasma density
fluctuations, the origin of those fluctuations was unknown. Analysis of the striae of the intensity variation in the
dynamic spectrum allowed us to reveal two quasi-oscillatory components. The shorter component has an apparent
wavelength of ∼2Mm, phase speed of ∼657 km s−1, which gives an oscillation period of ∼3 s, and a relative
amplitude of ∼0.35%. The longer component has a wavelength of ∼12Mm and relative amplitude of ∼5.1%. The
short frequency range of the detection does not allow us to estimate its phase speed. However, the properties of the
shorter oscillatory component allowed us to interpret it as a fast magnetoacoustic wave guided by a plasma
nonuniformity along the magnetic field outwards from the Sun. The assumption that the intensity of the radio
emission is proportional to the amount of plasma in the emitting volume allowed us to show that the superposition
of the plasma density modulation by a fast wave and a longer-wavelength oscillation of an unspecified nature could
readily reproduce the fine structure of the observed dynamic spectrum. The observed parameters of the fast wave
give an absolute value for the magnetic field in the emitting plasma of ∼1.1 G, which is consistent with the radial
magnetic field model.
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1. Introduction

Fast wave trains are the localized (in space and time) quasi-
periodic disturbances of plasma density, formed by the
dispersive evolution of fast magnetohydrodynamic (MHD)
waves excited by a broadband driver, and propagating along a
plasma nonuniformity that acts as a waveguide (Roberts
et al. 1983, 1984; Nakariakov et al. 2004). In the corona, the
typical speed of the fast wave trains is about the Alfvén speed,
i.e., 1000–4000 km s−1, and the dominant period is prescribed
by the Alfvén transit time across the waveguiding plasma
nonuniformity, typically from a few seconds to a few minutes.
Comparison of observational properties of the fast wave trains
to predictions of MHD theory could allow for a seismological
inversion of the local plasma parameters along the path of the
wave train propagation (see Nakariakov et al. 2016; McLaughlin
et al. 2018, for recent comprehensive reviews).

Fast wave trains are directly observed in the lower corona
with imaging telescopes. Characteristic signatures of fast wave
trains have been found in rapidly propagating (at an apparent
phase speed of 2100 km s−1) quasi-periodic (with a mean
period of about 6s) perturbations of the white-light intensity in
the lower corona (around 1.1 Re) during a total solar eclipse by
Williams et al. (2001), Nakariakov et al. (2004). More recently,
rapidly propagating quasi-periodic disturbances of the extreme
ultraviolet (EUV) emission have been detected with the
Atmospheric Imaging Assembly onboard the Solar Dynamics
Observatory. The first unambiguous detections of such
propagating quasi-periodic disturbances of the 171 and 193Å
emissions were reported by Liu et al. (2011, 2012). The
disturbances were associated with the fast magnetoacoustic

wave trains propagating along coronal funnel-like structures, with
a plane of the sky speed of 650–2000 km s−1 and the period of
2–3minutes. Similar observational studies were carried out by,
e.g., Shen & Liu (2012) who found a projected phase speed of
∼834 km s−1 and mean period of 25–83 s, Yuan et al. (2013)
who found 600–735 km s−1 and 38–58 s, respectively, Nisticò
et al. (2014) who reported ∼1000 km s−1 and 60–80 s,
respectively, and in a more recent work by Shen et al. (2018)
who reported 875–1485 km s−1 and 75–160 s, respectively.
In addition to the direct observations in EUV, characteristic

signatures of dispersively evolving fast wave trains have been
indirectly detected in the radio emission. Characteristic
signatures of fast wave trains in type IV radio bursts were for
the first time recognized by Mészárosová et al. (2009, 2011), in
the 1.1–4.5 GHz emission. The detected periods are 71–81 s,
similar to those seen in the direct EUV observations, and also
0.5–1.9 s. Goddard et al. (2016) detected a train of quasi-
periodic radio sparks at 42–83MHz, which had the repetition
rate of about 1.8minutes, similar to the periodicity detected in
EUV emission disturbances. The observational frequencies
corresponded to heights in the range 1.3–1.6 Re, according to
the Newkirk density model of the corona (Newkirk 1961), and
time delay between the EUV and radio observations was consistent
with the propagation at the Alfvén speed. Kumar et al. (2017)
showed evidence of fast wave trains in type IV and type III radio
bursts at 245 and 610MHz, with periods of about 70–140 s, which
were found to be similar to the periodicity detected in quasi-
periodic waves of the EUV emission at 171 and 193Å.
Fast wave trains are a promising seismological probe of the

middle and upper corona, above the field-of-view of EUV
images and spectrographs. This region attracts specific interest
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in the context of the solar wind acceleration. At those heights,
wave processes could be studied by coronagraphs in the white
light, with low-frequency radio instruments. For example,
9-minute quasi-periodic variations in the white-light polarized
brightness, detected by Ofman et al. (1997) in a coronal hole at
heliocentric distances around 2 Re, could be associated with a
fast wave train. However, only low-frequency radio observa-
tions can provide diagnostics of the corona at sub-second scales
at the coronagraph height. Moreover, unlike the line-of-sight
integrated white-light coronagraph observations, the radio
emission highlights the local perturbations of plasma along
the magnetic field, where it originates.

In this paper, we present the observational detection of
signatures of a quasi-periodic fast magnetoacoustic wave train
propagating in the corona and modulating a metric type III
radio burst. These signatures are detected in the 35–39MHz
frequency band, corresponding to the range of heliocentric
distances of 1.6–1.7 Re (using the Newkirk model), which
makes this observation the highest detection of fast wave trains
in the solar atmosphere in the radio band. Similar quasi-
periodic modulations of the type III radio emission, highly
likely to be related to the plasma density fluctuations, were
detected in earlier observations (see, e.g., the original work by
de La Noe & Boischot 1972). However, the association of
those density fluctuations with a specific MHD wave,
propagating upwards through the stratified plasma of the solar
corona, is conducted for the first time in the present paper.

The observational data and its analysis providing the
estimation of the propagating wave speed, wavelength, and
period are described in Section 2. A quantitative model for the
observed modulation of the radio flux, based on its redistribu-
tion on the plasma density inhomogeneities produced by the
wave, is presented in Section 3.1. Furthermore, we estimate the
wave energy flux and the ambient magnetic field strength and
compare them with the local radiative energy losses and the
radial model of the magnetic field in Sections 3.2 and 3.3,
respectively. A summary of the obtained results and our
conclusions are given in Section 4.

2. Analysis of Observations

The analyzed type III solar radio burst occurred on 2015
April 16, after a C2.3-class flare in the active region NOAA
12321, peaked at 11:22:00 UT and followed by a number of
smaller-scale energy releases at the time of the burst. The burst
was observed by the LOw Frequency ARray (LOFAR)
instrument (van Haarlem et al. 2013), one of the largest
ground-based decameter arrays that permits imaging and
provides a high time resolution. The radio burst was produced
by a beam of electrons accelerated up to 1010 cm s−1, which is
about 30% of the speed of light, and reached the peak flux
density of 100–200sfu in the observed frequency interval
between 32 and 40MHz. Detailed quantitative analysis of the
frequency and imaging information available for this event,
including the size, location, and motion of the radio source, was
recently performed by Kontar et al. (2017).

The dynamic spectrum of the analyzed burst is given in
Figure 1. It shows a radio flux in the frequency–time plane,
with a rapid decrease of frequency with time, which is rather
typical for the events of this type. The dynamic spectrum has a
fine structure in the form of quasi-periodic fluctuations
appearing around 11:56:56–11:56:59 UT, whose revealing
became possible due to an exclusively high spectral resolution

of LOFAR operating in 12kHz wide frequency channels. This
fine structuring is represented by a number of nearly horizontal
(in comparison with the slope of the burst in the frequency–
time plane) striae, narrow lanes of the enhanced radio emission,
with the modulation depth of about 25% and the population
density growing with decreasing frequency, and eventually
overlapping around 30–31MHz. These preliminary observa-
tional facts may apparently indicate that an electron beam
producing the radio burst at the electron plasma frequency
propagates upwards through the stratified plasma of the solar
corona, modified by a traveling wave. The phase speed of the
modulating wave is much lower than that of the beam. This
suggestion nicely extends the recent work by Chen et al.
(2018), who performed a statistical analysis of the radio flux
fluctuations observed in this event. However, their origin was
not established. A more detailed consideration supporting this
suggestion is presented in the following analysis.
Figure 2 shows the variation of the radio flux with the

frequency, calculated along the spine of the burst as shown in
Figure 1. Using the dependence of the electron plasma
frequency upon the density,

f nMHz 9 10 cm , 1pe
3 3» ´ - -[ ] [ ] ( )

and assuming the Newkirk model of the solar corona
(Newkirk 1961), so that

n r n 10 , 2r
0

4.32=( ) ( )

where n0=4.2×104 cm−3 and r is the heliocentric distance
measured in units of the solar radius, Re, one can obtain the
dependence of the observed radio flux upon the height r, which
is also shown in Figure 2. The intensity of the signal is stronger
toward lower frequencies (grows with height), which is likely
related to the growth of Langmuir waves and their conversion
into the emission. Further away from the Sun, it is easier for the
nonthermal electrons to generate stronger emission, because of
the growing ratio of the densities of the nonthermal electrons to
background plasma electrons.
Subtracting the overall trend from the observed dependence

of the radio flux upon the height, determined with the use of the
empirical mode decomposition technique (see Huang
et al. 1998; Huang & Wu 2008, for details), we calculate the
Morlet wavelet spectrum of the detrended signal, shown in
Figure 3. A visual inspection of the obtained spectrum shows
the presence of a systematic behavior in the observational
signal at heights up to approximately 1.69 Re (about
35.27MHz), above which its spectral energy behaves rather
stochastically and there is no pronounced periodic components.
The latter is also confirmed by the behavior of the standard
deviation calculated within a narrow running window (see
Figure 3), whose mean value increases by a factor of two when
passing through 1.69 Re. Such a sudden change in the observed
behavior can be attributed to an increased impact of noise or
development of local turbulent processes (see, e.g., Mugundhan
et al. 2017; Chen et al. 2018), which are beyond the scope of this
paper.
In the following analysis, we therefore focus on the quasi-

periodic behavior of the observed radio flux at the approximate
heights from 1.63 to 1.69 Re, whose Morlet wavelet spectrum
is shown in Figure 4. This spectrum shows two well-defined
periodic components, one of which has an approximate
wavelength of (3± 0.8)× 10−3 Re, and is associated with the

2

The Astrophysical Journal, 861:33 (10pp), 2018 July 1 Kolotkov, Nakariakov, & Kontar



striation seen in the dynamic spectrum in Figure 1. The other
detected periodicity is of a substantially longer wavelength,
corresponding to the effect of clustering of striae in three
distinct groups, which was not detected in the earlier
observations. The longer-wavelength periodicity is situated
near the boundary of the cone of influence, where edge effects
become important. The latter makes an accurate quantitative

estimation of its wavelength subjective, and therefore requires a
separate analysis. To cope with this, we fit the observed signal
by a harmonic function with the wavelength of (17.4± 0.2)×
10−3 Re, where the corresponding uncertainties are estimated
within 95% credible intervals using Bayesian inference and
Markov chain Monte Carlo (MCMC) sampling (Pascoe
et al. 2017). Although this fit is in general agreement with
the observed signal above 1.69 Re too (see the top panel of
Figure 3), it is indistinguishable from the noise dominating at
this region. The bottom panel of Figure 4 shows the shorter-
wavelength periodic component filtered out from the wavelet
spectrum in comparison with the longer-wavelength one
obtained from fitting. The longer-wavelength variation clearly
correlate with the envelope of the shorter-wavelength variation.
It should also be mentioned here that the imaging information
(independent of the density model of the atmosphere) cannot be
used for an alternative measurement of the distances between the
wave peaks in the discussed event, as the obtained wavelengths
(about 0.003 Re≈ 2Mm and 0.017 Re≈ 12Mm) are far too
short to be resolved with LOFAR.
Using the dynamic spectrum shown in Figure 1, one can

estimate the drift rate df/dt of each individual stria (which is
apparently present and nonzero) in the region of interest,
namely from 1.63 to 1.69 Re, where the quasi-periodic
behavior is the most pronounced. Furthermore, using the
dependence of the plasma frequency upon the density given by
Equation (1) and the Newkirk model of the solar atmosphere
given by Equation (2), one can estimate the phase speed v at
which these fluctuations propagate outwards from the Sun,
v= (2Λ/f )(df/dt), where Λ≈ 0.3 Re is the characteristic
density scale height (e.g., Kontar et al. 2017). We apply this
approach to 17 the brightest individual striae (i.e., those with
the radio flux above 20% of the maximum flux in the region of
interest), and estimate an apparent phase speed for each of them
(see Figure 5). The estimation shows a rather scattered behavior
of the speed around its mean value, which is approximately
657± 114 km s−1, with no systematic variation of it with

Figure 1. A 3 s interval of the dynamic spectrum, which is a Sun-integrated radio flux in the frequency–time plane, of a type III solar radio burst occurred on 2015
April 16 and observed by the Low Frequency Array (LOFAR). The left-hand and right-hand panels show the burst in the 30–44MHz and 35–39MHz frequency
intervals, respectively. The white dotted line in the left-hand panel shows the “spine” of the burst, i.e., the instants of time of a maximum radio flux at each
observational frequency. The straight green lines in the right-hand panel show fitting of the observed striae by a linear function. The regions of apparent clustering of
the striae into three distinct groups are indicated as “I,” “II,” and “III” and separated by the horizontal dashed lines in the right-hand panel.

Figure 2. The flux along the spine of the type III radio burst (see Figure 1) as a
function of frequency (top) and distance from the center of the Sun (bottom).
The vertical dashed lines in both panels show the frequency/height below/
above which the quasi-periodic behavior is poorly detected (see Figures 3 and
4, and the corresponding description in Section 2). The blue solid line in the
bottom panel shows an overall trend of the observational signal, obtained using
the empirical mode decomposition technique.

3
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height in the considered interval. Moreover, Figure 5 shows no
dependence of the apparent speed upon the flux amplitude in
each stria, suggesting that the propagating wave is of a linear
nature.

Finally, having obtained the wavelength of the propagating,
shorter-period component, (3± 0.8)× 10−3 Re, and an appar-
ent propagation speed, 657± 114 km s−1, we can calculate its
oscillation period as 2.9± 1.0 s, and conclude on the wave
type, which is discussed in Section 3.

3. Discussion of Observational Results

3.1. Physical Mechanism

We begin with a discussion of the shorter-wavelength
variation of the radio emission. The estimated properties of this
oscillation (see Section 2), such as its wavelength, ∼2Mm,
propagation speed, ∼657 km s−1, and oscillation period, ∼3 s,
suggest it to be in the realm of the MHD description. In this
context, taking into account that, in the corona, the plasma-β is
usually smaller than unity, the shorter-period oscillatory pattern

is likely to be associated with the fast band MHD waves. MHD
waves that propagate at the speed about the Alfvén speed are
fast magnetoacoustic or Alfvén waves. We consider these wave
modes as potential candidates for the observed oscillation.

Figure 3. Top panel: the flux along the spine of the type III burst (see Figures 1
and 2) as a function of distance from the center of the Sun, with the overall
trend subtracted. Red and black sinusoidal lines show its fitting by a harmonic
function. The vertical dashed lines in all panels are similar to those in Figure 2.
The shaded rectangle illustrates a running window of about 0.007 Re width
(shown at the random location), within which the standard deviation of the
detrended observational signal was calculated (see the bottom panel). Middle
panel: the Morlet wavelet spectrum of the detrended observational signal
shown in the top panel. Bottom panel: the standard deviation (black) of the
detrended observational signal, calculated within a running window shown in
the top panel; the red line shows the standard deviation smoothed with a boxcar
average of about 0.05 Re width.

Figure 4. The top and middle panels are similar to those shown in Figure 3, but
for the region of interest from 1.63 to 1.69 Re, where the quasi-periodic
behavior is the most pronounced. The bottom panel shows the periodic
component with the wavelength of (3 ± 0.8)×10−3 Re (the black line),
filtered out from the wavelet spectrum (the width of the narrow-band filter is
shown by the horizontal dashed lines in the middle panel), and the best-fitting
curve of the other oscillatory component, with the wavelength of
(17.4 ± 0.2)×10−3 Re (the red line) obtained from the fitting of the
detrended observational signal by a harmonic function.

Figure 5. Frequency drifts and apparent wave speeds estimated from the slopes
of each individual stria highlighted in the right-hand panel of Figure 1, and
their mean values of 0.06±0.01MHz s−1 and 657±114km s−1, respec-
tively, with the associated uncertainties shown by the shaded area. The color
scheme corresponds to the flux amplitude in each individual stria.
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More specifically, the observed modulation of the radio
emission can be caused either by the variation of the local
magnetic field orientation (e.g., by Alfvén waves, see, e.g.,
Ratcliffe & Kontar 2014) or by the variations of the plasma
density (de La Noe & Boischot 1972) via fast waves, or by
their combination.

In the first option, the magnetic field does not directly affect
the intensity of the Langmuir waves excited by the bump-on-
tail instability, but it may play a role in their conversion into the
electromagnetic waves. However, the observed coherency of
the oscillation suggests to exclude Alfvén waves, which are
essentially noncoherent due to a local nature and phase mixing.
Indeed, Alfvén waves propagating on neighboring magnetic
surfaces are decoupled, and hence amplitudes, spectra, and
phases of these waves do not correlate with each other (see,
e.g., Nakariakov et al. 2016). It is also unclear how to explain
the observed periodicity if it is produced by Alfvén waves, as
there have not been detections of coronal or chromospheric
Alfvén waves with the detected periodicity (see, e.g., Jess
et al. 2015; Verth & Jess 2016).

On the other hand, fast magnetoacoustic waves guided by
plasma nonuniformities are collective compressive motions of
plasma, which readily modulate Langmuir waves via the
density perturbations. The detected speed is consistent with the
previous observations of propagating fast waves in the corona
in the EUV band (cf. 600–735 km s−1 estimated by Yuan
et al. 2013). Likewise, the detected periodicity can be naturally
produced by the dispersive evolution of fast waves in a
magnetoacoustic waveguide, eventually forming fast wave
trains. The detected period is also consistent with the
theoretical estimations (see, e.g., Yu et al. 2016, 2017; Li
et al. 2018, for recent theoretical results, and references therein)
and observations of these waves in the visible light (cf. 6 s
detected by Williams et al. 2002) and microwaves (cf. 2 s
detected by Mészárosová et al. 2011). Moreover, a fast wave
could easily modulate the radio emission by the variations of
the local electron plasma frequency. For example, the harmonic
density wave with a relative amplitude of 0.1% can cause
almost 50% modulations in Langmuir waves, as was shown by
numerical simulations (see, e.g., Figure6 of Kontar 2001).
Thus, even small-amplitude density fluctuations can cause
striae in the spectrum of electromagnetic radiation created by
Langmuir waves in a structured atmosphere.

A schematic sketch qualitatively illustrating the discussed
scenario is presented in Figure 6. It shows a fast magnetoa-
coustic wave guided by a plasma nonuniformity stretched
along an open magnetic field, acting as a fast magnetoacoustic
waveguide. Due to the presence of a characteristic spatial scale,
i.e., the width of the waveguide, a broadband fast wave
experiences the dispersive evolution and eventually forms a
quasi-periodic wave train (see, e.g., Nakariakov et al. 2005;
Pascoe et al. 2013; Nisticò et al. 2014, for numerical
simulations and observations of this effect in the corona). A
beam of nonthermal electrons propagates upwards along an
open magnetic field, through the ambient plasma density that is
locally modified quasi-periodically by this fast wave train. The
interaction of the nonthermal electron beam with the back-
ground plasma generates Langmuir waves with a frequency
equal to the local electron plasma frequency. The Langmuir
waves are converted into the electromagnetic waves received
by LOFAR. Thus, the quasi-periodic spatial pattern of the
modulated plasma density, and hence of the local electron

plasma frequency, created by the fast wave train in a certain
range of coronal heights appears in the dynamic spectrum of
the observed radio emission.
Now we demonstrate how the mechanism described

above could generate narrow, drifting quasi-periodic striae
in the observed dynamic spectrum (Figure 1). We assume that
the observed striation is produced by the modulation of the
background plasma density determined by the Newkirk
model, see Equation (2), by a quasi-monochromatic small-
amplitude density perturbation. Given the fact that LOFAR
operates in 12 kHz wide frequency channels, and assuming
the optically thin emission, we reckon that the observed
emission intensity variation ΔI is proportional to the amount
of plasma in the emitting volume, i.e.,

I n r, 3D µ D D ( )

where Δn corresponds to the snapshot of the variation of
plasma density in a 12 kHz wide frequency channel, appearing
at the vertical extent Δr. The value of Δr is determined by the
heights at which the local electron plasma frequency is in the
range of the frequency channel. Thus, applying this assumption
to an unperturbed plasma with the density given by the
Newkirk model, we obtain a gradual monotonic variation of
the observed emission intensity, ΔI, with the observational
frequency (see Figure 7). If the Newkirk density profile is
modulated by a harmonic density oscillation with a relative
amplitude of 1% and the wavelength of 0.03 Re, the dynamic
spectrum of the generated radio emission has a quasi-periodic
behavior of ΔI as a function of frequency. The increased
spectral intensity occurs in the regions of the lowest density
gradient as seen also in Figure 7.
The longer-wavelength modulation of the shorter-wave-

length quasi-monochromatic signals, i.e., the quasi-periodic
clustering of the striae in three distinct groups as seen in the
dynamic spectrum in the right-hand panel of Figure 1 may be

Figure 6. A schematic synopsis illustrating a qualitative scenario of the
generation of quasi-periodic striation in a dynamic spectrum of the type III
burst by a propagating fast magnetoacoustic wave train. In this scenario, a
broadband fast magnetoacoustic wave propagates along a field-aligned
magnetic nonuniformity, acting on it as a waveguide, and gradually evolves
in a quasi-periodic wave train due to the waveguide dispersion. An electron
beam follows the same magnetic flux tube, and interacts with the plasma. The
plasma concentration is locally modulated by the fast wave train. The beam-
plasma interaction generates the quasi-periodically modulated radio emission,
observed by LOFAR.
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caused by several different reasons. Unfortunately, the phase
speed of these longer-wavelength perturbations could not be
estimated observationally, because of the insufficient height
range of their detection. It does not allow us to use this
information in the interpretation. Thus, we consider three
options that could give the variation of the plasma density,
required for the interpretation of the clustering of striae in the
dynamic spectrum. One option is the effect of clumping of
Langmuir waves due to stationary density fluctuations, akin to
that observed in the solar wind (Kellogg et al. 1999). However,
such fluctuations have not been detected in the corona. Another
option could be the presence of slow magnetoacoustic waves.
Usually, those waves are seen at much lower heights (see, e.g.,
De Moortel 2009, for a comprehensive review), but they have
been also considered for the interpretation of the compressive
perturbations detected at the coronagraph heights (e.g., Ofman
et al. 2000). In this case, taking the plasma temperature to be
about 2 MK, we obtain the sound speed of about 215 km s−1.
Together with the wavelength of 12Mm, it allows us to
estimate the wave period as about 55 s. However, the detected
periods of coronal slow magnetoacoustic waves are a few
minutes or longer. Another option would be another fast wave,
similar to the shorter-wavelength one discussed above. But, in
this case, the coexistence of two periodicities should be
explained somehow. Thus, all three interpretations of the
longer-period variability have certain shortcomings. In addi-
tion, the compressive flows that modulate the plasma density
and hence the observed radio emission could also be produced
by the ponderomotive force in nonlinear torsional Alfvén
waves (e.g., Ofman & Davila 1998; Shestov et al. 2017), which
in principle can also produce the observed striation. However,
the questions of whether this effect can produce the observed
periodicity, and the consistency of the observed results with
the intrinsic lack of a collective behavior in Alfvén waves
remain open.

We now consider a more sophisticated perturbation of the
plasma density, by a superposition of two harmonic compres-
sive propagating disturbances. We take into account displace-
ments of those disturbances in time at certain phase speeds,
aiming to reproduce the observed dynamic spectrum discussed
in Section 2. Consider the radio emission from a background
Newkirk profile of the plasma, perturbed by two harmonic
waves with different amplitudes and wavelengths, and
propagating at different phase speeds,

n r t A r V t

A r V t

, cos
2

cos
2

, 4
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1

1 1

2
2
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whose parameters are summarized in Table 1. We considered
three different cases, where the longer-wavelength component,
with the wavelength λ1, is assumed to be either stationary or
propagating at the sound speed (see Section 3.2 for its
estimation) or at the observed speed of the shorter-wavelength
disturbance. The shorter-wavelength component, with the
wavelength λ2, is considered to propagate at the phase speed
determined by the drift of the spectral striae in Section 2.
A fitting of model (3) with the density perturbation in form

(4) into the observed radio spectrum is shown in the right-hand
panels of Figure 8, revealing a reasonable agreement between
the modeling results and observational data for all three cases
considered. For fitting, we use Bayesian inference and the
MCMC sampling technique referred to in Section 2, which
allows us to adequately estimate the relative amplitudes,
A1 and A2, and constrain their uncertainties within 95% credible
intervals. For all three cases considered, the amplitudes
are found to be stable within the estimated uncertainties (see
Table 1), and we therefore stick on their mean values with
the largest available uncertainties, i.e., A 5.1 %1 0.7

0.7= -
+ and

A 0.35 %2 0.11
0.09= -

+ , in the following discussion. The dynamic
spectra that are the modeled emission intensity in the
frequency–time plane, in which this fit corresponds to the
emission along its spine, are shown in the left-hand panels of
Figure 8 for each of these three cases. It is clearly seen to
contain a slightly inclined striation produced by the effect of
shorter-wavelength waves, which is similar to that observed in
Figure 1. Moreover, the obtained striae are seen to cluster in

Figure 7.Mechanism for the generation of quasi-periodic striae in the observed
dynamic spectrum of a type III radio burst, based on the redistribution of the
radio emission intensity on spatially quasi-periodic plasma density inhomo-
geneities. The calculations are based on the assumption that the emission
intensity in a certain 12kHz wide frequency channel is proportional to the
amount of plasma in the emitting volume with the electron plasma frequencies
in the band of the channel. The shaded areas show the LOFAR spectral
resolution, 12kHz wide frequency channels (multiplied by a factor of 10 in this
figure for a better visualization), within which the emission intensity is
calculated according to Equation (3). The black dashed lines show the
unperturbed Newkirk plasma density profile (left) and the corresponding
emission intensity (right). The red solid lines show the Newkirk plasma density
perturbed by a harmonic density oscillation with the relative amplitude of 1%
and the wavelength of 0.03 Re (left), and the corresponding emission intensity
(right), whose peaks occur in the regions of the lowest density gradient.
Both lines in the right-hand panel are normalized to the maximum value
of the red line.

Table 1
Parameters of the Model (3)–(4), where the Shorter-wavelength Component in
the Density Perturbation is Considered to Propagate at the Observed Speed of

the Wave, while the Longer-wavelength One Is Assumed to Be either
Stationary (Case #1), or Propagating at the Sound Speed (Case #2), or at the

Observed Speed of the Shorter-wavelength Component (Case #3)

Case #1 Case #2 Case #3

V1, km s−1 0 213 657
V2, km s−1 657 657 657
λ1, Re 0.017 0.017 0.017
λ2, Re 0.003 0.003 0.003
A1, % 5.1 0.7

0.4
-
+ 5.1 0.6

0.7
-
+ 5.1 0.5

0.7
-
+

A2, % 0.34 0.09
0.07

-
+ 0.35 0.10

0.07
-
+ 0.36 0.11

0.09
-
+

df/dt, MHz s−1 0.03–0.04 0.04–0.05 0.06–0.07

Note. The frequency drift, df/dt, of striae in the simulated spectra is estimated
in each of these cases.
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three distinct groups, which is the effect of the superposition
of two harmonic density perturbations with distinctly different
wavelengths and amplitudes, as described above. The
frequency drift, df/dt, of the striae clusters is seen to increase
with the propagation speed of the longer-wavelength comp-
onent (see Table 1), being comparable to the observed value
(0.05–0.07MHz s−1, see Figure 5) in cases #2 and #3.

A similar mechanism based on the redistribution of the
plasma emission intensity on plasma density inhomogeneities
was proposed in the application to the decimetric type IV
bursts, producing so-called intermediate drift (or fiber) bursts
(cf. Figures7 and 5 in Treumann et al. 1990; Kuznetsov
2006, respectively). More specifically, super-Alfvénic solitons
(Treumann et al. 1990) and small-scale traveling MHD waves
(Kuznetsov 2006) were considered as potential agents for
producing quasi-periodic fine structures superimposed on the
broadband type IV bursts, while in this paper, we employ
propagating fast MHD waves for the interpretation of the
observed quasi-periodic striation in the metric type III burst.

3.2. Estimation of the Wave Energy

In this section, we perform estimations of the fast MHD
wave energy flux, based on the mechanism described in
Section 3.1, and compare it with the radiative energy losses.
For that, we consider the model of the solar atmosphere at
heliocentric distances of 1–2 Re, shown in the left-hand panel
of Figure 9. In this model, the Newkirk profile given by
Equation (2) is used for the variation of plasma density with
height, while the coronal temperature variation is taken from
Sturrock et al. (1996) and Wheatland et al. (1997), so that

T r T
R F R

r

7

2
1 , 50

7 2 0

0

2 7

k
= + - ⎜ ⎟

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥( ) ( )

where T0 and F0 are the temperature and the inward heat flux at
the base of the corona, r=Re, and κ0 is the coefficient of
thermal conductivity taken to be constant. In this assumption,
the temperature grows from 1MK at r=Re to about 2 MK at
r=1.7 Re as seen in the left-hand panel of Figure 9. Thus, we
fix r=1.7 Re as an approximate frontier of the region of
interest in which the discussed quasi-periodic structure is the
most pronounced (see Figures 2–4). Table 2 shows the values
of coronal parameters at this height, used for the following
estimations.
We also adapt the following model for the local radiative

energy losses per unit area (i.e., the radiative energy flux
measured in Wm−2) at a certain height r from the center
of the Sun,

r n T r, , 6 =( ) ( ) ( )

in which the energy loss rate per unit volume,  (Wm−3), is
taken in the form n T n T, 2 a=( ) (Bian et al. 2016), where
n and T vary with height by Equations (2) and (5), respectively,
and a constant coefficient α=5×10−31 Wm2 K1/2 is chosen
to satisfy the condition 100 » Wm−2 at r=1.2 Re (i.e., in
the lower corona, r< 1.5 Re) with the temperature at its base
T0=1MK (see Table1 in Withbroe & Noyes 1977). The
behavior of the radiative energy flux  determined by
Equation (6) with height in the solar atmosphere is illustrated
in the middle panel of Figure 9 for different values of the base
temperature T0. It is a decreasing function varying from about
100Wm−2 at r=1.2 Re to 1Wm−2 at r=1.7 Re for
T0=1MK.
Assuming that the observed wave is a fast magnetoacoustic

wave propagating at the phase speed 657 km s−1 (see
Sections 2 and 3.1), which is about the local fast speed
C C CF A

2
S
2= + , we can deduce the characteristic Alfvén

speed CA at the observed height (see Table 2). We obtain
C C C 622A F

2
S
2= - » km s−1. Furthermore, taking into

account the observed relative wave amplitude δn/n≈0.35%
(see Section 3.1) and the fact that in a fast wave it is about the
relative amplitude of the transverse velocity, δV/CA, which
readily follows from the continuity condition, we obtain
δV≈2 km s−1. Having calculated the velocity amplitude, we
can estimate the propagating wave energy flux as

V C
1

2
, 72

F r d= ( )

where ρ is the mass density at the observed height (see Table 2).
According to this estimation, 0.04 0.02 »  Wm−2 where the

Figure 8. Left panel: modeled dynamic spectra produced by the mechanism
shown in Figure 7 and mimicking that shown in Figure 1, where the
perturbation of the plasma density is taken in the form of Equation (4), with the
parameters summarized in Table 1 and corresponding to three different cases.
The white dotted lines show spines of the modeled spectra, similar to that in
Figure 1. Right panel: a modeled emission intensity (red) calculated along the
spines of the spectra shown in the left-hand panels in each of the three cases
considered, in comparison to the observed radio flux (black) along the spine of
the type III burst (see Figures 1–4), normalized to its maximum and with the
overall trend subtracted.
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uncertainties are associated with those in the wave amplitude
estimation (see Section 3.1). The obtained value of is at least an
order of magnitude less than the radiative energy losses at this
height (1Wm−2).

3.3. Estimation of the Magnetic Field

The association of the observed effect with a fast
magnetoacoustic wave allow us to estimate the magnetic field
B from the value of the Alfvén speed CA deduced above. Given
the definition of CA and estimating the density by the electron
plasma frequency, it reduces to

C
B

B G 571 km s , 8A
0

1

m r
= » ´ -[ ] ( )

where μ0=4π×10−7 Hm−1 is the permeability of the vacuum.
Thus, for CA≈622 km s−1, we obtain B≈1.1±0.2 G where
the uncertainties are associated with those in the wave speed
estimation (see the right-hand panel in Figure 9). Comparing this
result with the radial magnetic field model, B(r)=B0(Re/r)

2, and
using the heliocentric height estimation by the Newkirk model,
see Table 2, we obtain a good agreement of our estimation with
the values of B0 ranging from 2.6 to 3.7 G with the mean value
of 3.1 G.

4. Summary and Conclusions

We considered a quasi-periodic striation in the dynamic
spectrum of a metric type III solar radio burst, observed with
LOFAR. The quasi-periodic pattern is detected between
approximately 35 and 39MHz, which corresponds to the range
of heliocentric distances from 1.6 to 1.7 Re, assuming the
Newkirk density model of the solar atmosphere. By the
detected dynamic properties of this oscillation, we suggest it is
associated with a fast magnetoacoustic wave train guided by a
plasma nonuniformity along an open magnetic field outwards
from the Sun. Our findings can be summarized as follows:

1. Spectral analysis of the detrended dependence of the
observed radio flux upon height shows the presence of a
systematic oscillatory behavior between approximately
1.63 and 1.69 Re. The detected wavelengths are about
0.003 Re (≈2Mm) and 0.017 Re (≈12Mm). The latter
was obtained by fitting a harmonic function into the
observational signal. Above 1.69 Re, the radio flux
behaves rather stochastically, with no pronounced
periodic component.

2. The observed striae are slightly inclined compared to the
slope of the burst itself, indicating the presence of a
traveling wave with the phase speed much lower than the
speed of the emitting electron beam. From the frequency
drift of each individual stria in the region of interest
(1.63–1.69 Re), we estimated the speed with which this
wave propagates outwards from the Sun, whose mean
value is about 657 km s−1.

3. Having the wavelength (≈2Mm) and propagation speed
(657 km s−1) of the wave estimated, we calculated its
oscillation period as about 3 s, which coincides with the
theoretical estimations and previous observations of fast
magnetoacoustic wave trains in the visible light (e.g.,
Williams et al. 2002), and decimetric and microwave
radio emission (e.g., Mészárosová et al. 2011) at much
lower heights.

4. The detected characteristic of this traveling wave
suggests it is associated with one of the fast MHD
modes. The Alfvén wave is very unlikely to produce the

Figure 9. Left panel: model of the solar atmosphere, i.e., variation of density (the blue line) and temperature (the red line) with the heliocentric distance. The density
variation is governed by the Newkirk model, the temperature is determined by Equation (5) with T0=1 MK, F0=100 W m−2, and κ0=10−11 W m−1 K−7/2

(Sturrock et al. 1996; Wheatland et al. 1997). Middle panel: the radiative losses determined by Equation (6), varying with height in the solar atmosphere, for three
different temperatures of the base of the corona, T0=1 MK (green), 5 MK (blue), and 15 MK (yellow). For T0=1 MK, the lower corona (r = 1.2 Re) is
characterized by the losses of about 100 W m−2 (cf. Withbroe & Noyes 1977), while at r=1.7 Re it drops to about 1 W m−2. The red circle shows the estimated
energy flux of the observed propagating fast magnetoacoustic wave, where the uncertainties are associated with those in the estimation of the wave amplitude (see
Section 3.1). Right panel: estimation of the magnetic field from Equation (8), indicated by the red circle. Black vertical lines show the magnetic field uncertainties
associated with those in the wave speed estimation (see Figure 5). The curved lines show the radial model of the magnetic field, B(r)=B0(Re/r)

2, with B0=3.7 G
(green), 3.1 G (blue), and 2.6 G (yellow).

Table 2
Typical Values of the Coronal Plasma Parameters at the Heliocentric Distance
r=1.7 Re, Obtained with the Use of Equations (1), (2), (5), and (6), where B

Denotes the Value of the Magnetic Field Measured in Gauss

Parameter Value

Height, r 1.7 Re

Plasma density, ρ 2.4×10−14 kg m−3

Plasma frequency, fpe 34 MHz
Temperature, T 2 MK
Adiabatic index, γ 5/3
Sound speed, CS 213 km s−1

Alfvén speed, CA B[G]×571 km s−1

Radiative energy losses, 1 W m−2
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observed coherent oscillation due to its local nature and
phase mixing. Moreover, it is unclear how the observed
period can be explained by Alfvén waves. In contrast, the
observed characteristics are consistent with the properties
of dispersive fast magnetoacoustic wave trains propagat-
ing along a magnetic field nonuniformity, already
detected in the solar corona.

5. We could not reveal the nature of the longer-wavelength
component with the wavelength of about 0.017 Re
(≈12Mm). It could possibly be produced by the effect
of clumping of Langmuir waves on density nonunifor-
mities due to a slow magnetoacoustic wave, or another
fast wave, while all of those interpretations have certain
shortcomings. In the case of the slow wave, its period
would be about 55s.

6. We suggested a simple quantitative model explaining the
observed modulation of the dynamic spectrum of the radio
emission, based on the plasma emission mechanism, in
which the electromagnetic emission intensity is assumed to
be proportional to the amount of plasma in the emitting
volume. The background plasma density perturbed by a
wave leads to the appearance of spectral peaks in the
observed intensity, which correspond to the emission
coming from the regions of the lowest density gradient.

7. Fitting this model into the observed dynamic spectrum,
we obtained the relative amplitude of the propagating fast
wave train, which is about 0.35% or 2 km s−1.

8. We used this value of the wave amplitude and the
detected wave speed to estimate the wave energy flux,
which was found to be about 0.04Wm−2, and compared
it to the local radiative energy losses, which are about
1Wm−2 at the considered heliocentric height 1.7 Re.
Accounting for the estimation uncertainties, the obtained
value of the wave energy flux is at least an order of
magnitude less than the local radiative losses.

9. Treating the detected propagation speed of the wave as a
fast speed and fixing other parameters of the plasma to
their typical values at the observed height 1.7 Re, we
deduced the value of the Alfvén speed at this height to be
about 622 km s−1. Using this value, we obtained the
magnetic field strength to be about 1.1 G, which was found
to be consistent with a radial model of the magnetic field.

The wavelength of the detected fast waves is too short to
allow for the use of the imaging spectroscopy with LOFAR for
their study. However, the spatially nonresolving observations
interpreted as longer-period fast waves in other events (see,
e.g., Goddard et al. 2016; Kumar et al. 2017) suggest that the
imaging spectroscopy with LOFAR could be applied to the
analysis of similar events.
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697, L108
Mugundhan, V., Hariharan, K., & Ramesh, R. 2017, SoPh, 292, 155
Nakariakov, V. M., Arber, T. D., Ault, C. E., et al. 2004, MNRAS, 349,

705
Nakariakov, V. M., Pascoe, D. J., & Arber, T. D. 2005, SSRv, 121, 115
Nakariakov, V. M., Pilipenko, V., Heilig, B., et al. 2016, SSRv, 200, 75
Newkirk, G., Jr. 1961, ApJ, 133, 983
Nisticò, G., Pascoe, D. J., & Nakariakov, V. M. 2014, A&A, 569, A12
Ofman, L., & Davila, J. M. 1998, JGR, 103, 23677
Ofman, L., Romoli, M., Poletto, G., Noci, G., & Kohl, J. L. 1997, ApJL,

491, L111
Ofman, L., Romoli, M., Poletto, G., Noci, G., & Kohl, J. L. 2000, ApJ,

529, 592
Pascoe, D. J., Anfinogentov, S., Nisticò, G., Goddard, C. R., &

Nakariakov, V. M. 2017, A&A, 600, A78
Pascoe, D. J., Nakariakov, V. M., & Kupriyanova, E. G. 2013, A&A, 560,

A97
Ratcliffe, H., & Kontar, E. P. 2014, A&A, 562, A57
Roberts, B., Edwin, P. M., & Benz, A. O. 1983, Natur, 305, 688
Roberts, B., Edwin, P. M., & Benz, A. O. 1984, ApJ, 279, 857
Shen, Y., & Liu, Y. 2012, ApJ, 753, 53
Shen, Y., Liu, Y., Song, T., & Tian, Z. 2018, ApJ, 853, 1

4 http://www.issibern.ch/teams/lofar/

9

The Astrophysical Journal, 861:33 (10pp), 2018 July 1 Kolotkov, Nakariakov, & Kontar

https://orcid.org/0000-0002-0687-6172
https://orcid.org/0000-0002-0687-6172
https://orcid.org/0000-0002-0687-6172
https://orcid.org/0000-0002-0687-6172
https://orcid.org/0000-0002-0687-6172
https://orcid.org/0000-0002-0687-6172
https://orcid.org/0000-0002-0687-6172
https://orcid.org/0000-0002-0687-6172
https://orcid.org/0000-0002-0687-6172
https://orcid.org/0000-0001-6423-8286
https://orcid.org/0000-0001-6423-8286
https://orcid.org/0000-0001-6423-8286
https://orcid.org/0000-0001-6423-8286
https://orcid.org/0000-0001-6423-8286
https://orcid.org/0000-0001-6423-8286
https://orcid.org/0000-0001-6423-8286
https://orcid.org/0000-0001-6423-8286
https://orcid.org/0000-0001-6423-8286
https://orcid.org/0000-0002-8078-0902
https://orcid.org/0000-0002-8078-0902
https://orcid.org/0000-0002-8078-0902
https://orcid.org/0000-0002-8078-0902
https://orcid.org/0000-0002-8078-0902
https://orcid.org/0000-0002-8078-0902
https://orcid.org/0000-0002-8078-0902
https://orcid.org/0000-0002-8078-0902
https://doi.org/10.3847/1538-4357/833/1/76
http://adsabs.harvard.edu/abs/2016ApJ...833...76B
http://adsabs.harvard.edu/abs/2016ApJ...833...76B
https://doi.org/10.3847/1538-4357/aaa9bf
http://adsabs.harvard.edu/abs/2018ApJ...856...73C
http://adsabs.harvard.edu/abs/1972A&amp;A....20...55D
https://doi.org/10.1007/s11214-009-9526-5
http://adsabs.harvard.edu/abs/2009SSRv..149...65D
https://doi.org/10.1051/0004-6361/201628478
http://adsabs.harvard.edu/abs/2016A&amp;A...594A..96G
https://doi.org/10.1029/2007RG000228
http://adsabs.harvard.edu/abs/2008RvGeo..46.2006H
https://doi.org/10.1098/rspa.1998.0193
http://adsabs.harvard.edu/abs/1998RSPSA.454..903H
https://doi.org/10.1007/s11214-015-0141-3
http://adsabs.harvard.edu/abs/2015SSRv..190..103J
https://doi.org/10.1029/1999JA900163
http://adsabs.harvard.edu/abs/1999JGR...10417069K
http://adsabs.harvard.edu/abs/1999JGR...10417069K
https://doi.org/10.1051/0004-6361:20010807
http://adsabs.harvard.edu/abs/2001A&amp;A...375..629K
https://doi.org/10.1038/s41467-017-01307-8
http://adsabs.harvard.edu/abs/2017NatCo...8.1515K
https://doi.org/10.3847/1538-4357/aa7d53
http://adsabs.harvard.edu/abs/2017ApJ...844..149K
https://doi.org/10.1007/s11207-006-0122-5
http://adsabs.harvard.edu/abs/2006SoPh..237..153K
https://doi.org/10.3847/1538-4357/aaaf19
http://adsabs.harvard.edu/abs/2018ApJ...855...53L
https://doi.org/10.1088/0004-637X/753/1/52
http://adsabs.harvard.edu/abs/2012ApJ...753...52L
https://doi.org/10.1088/2041-8205/736/1/L13
http://adsabs.harvard.edu/abs/2011ApJ...736L..13L
https://doi.org/10.1007/s11214-018-0478-5
http://adsabs.harvard.edu/abs/2018SSRv..214...45M
https://doi.org/10.1007/s11207-011-9794-6
http://adsabs.harvard.edu/abs/2011SoPh..273..393M
https://doi.org/10.1088/0004-637X/697/2/L108
http://adsabs.harvard.edu/abs/2009ApJ...697L.108M
http://adsabs.harvard.edu/abs/2009ApJ...697L.108M
https://doi.org/10.1007/s11207-017-1181-5
http://adsabs.harvard.edu/abs/2017SoPh..292..155M
https://doi.org/10.1111/j.1365-2966.2004.07537.x
http://adsabs.harvard.edu/abs/2004MNRAS.349..705N
http://adsabs.harvard.edu/abs/2004MNRAS.349..705N
https://doi.org/10.1007/s11214-006-4718-8
http://adsabs.harvard.edu/abs/2005SSRv..121..115N
https://doi.org/10.1007/s11214-015-0233-0
http://adsabs.harvard.edu/abs/2016SSRv..200...75N
https://doi.org/10.1086/147104
http://adsabs.harvard.edu/abs/1961ApJ...133..983N
https://doi.org/10.1051/0004-6361/201423763
http://adsabs.harvard.edu/abs/2014A&amp;A...569A..12N
https://doi.org/10.1029/98JA01996
http://adsabs.harvard.edu/abs/1998JGR...10323677O
https://doi.org/10.1086/311067
http://adsabs.harvard.edu/abs/1997ApJ...491L.111O
http://adsabs.harvard.edu/abs/1997ApJ...491L.111O
https://doi.org/10.1086/308252
http://adsabs.harvard.edu/abs/2000ApJ...529..592O
http://adsabs.harvard.edu/abs/2000ApJ...529..592O
https://doi.org/10.1051/0004-6361/201629702
http://adsabs.harvard.edu/abs/2017A&amp;A...600A..78P
https://doi.org/10.1051/0004-6361/201322678
http://adsabs.harvard.edu/abs/2013A&amp;A...560A..97P
http://adsabs.harvard.edu/abs/2013A&amp;A...560A..97P
https://doi.org/10.1051/0004-6361/201322263
http://adsabs.harvard.edu/abs/2014A&amp;A...562A..57R
https://doi.org/10.1038/305688a0
http://adsabs.harvard.edu/abs/1983Natur.305..688R
https://doi.org/10.1086/161956
http://adsabs.harvard.edu/abs/1984ApJ...279..857R
https://doi.org/10.1088/0004-637X/753/1/53
http://adsabs.harvard.edu/abs/2012ApJ...753...53S
https://doi.org/10.3847/1538-4357/aaa3ff
http://adsabs.harvard.edu/abs/2018ApJ...853....1S
http://www.issibern.ch/teams/lofar/


Shestov, S. V., Nakariakov, V. M., Ulyanov, A. S., Reva, A. A., &
Kuzin, S. V. 2017, ApJ, 840, 64

Sturrock, P. A., Wheatland, M. S., & Acton, L. W. 1996, ApJL, 461, L115
Treumann, R. A., Guedel, M., & Benz, A. O. 1990, A&A, 236, 242
van Haarlem, M. P., Wise, M. W., Gunst, A. W., et al. 2013, A&A, 556,

A2
Verth, G., & Jess, D. B. 2016, GMS, 216, 431
Wheatland, M. S., Sturrock, P. A., & Acton, L. W. 1997, ApJ, 482, 510

Williams, D. R., Mathioudakis, M., Gallagher, P. T., et al. 2002, MNRAS,
336, 747

Williams, D. R., Phillips, K. J. H., Rudawy, P., et al. 2001, MNRAS, 326,
428

Withbroe, G. L., & Noyes, R. W. 1977, ARA&A, 15, 363
Yu, H., Li, B., Chen, S.-X., Xiong, M., & Guo, M.-Z. 2016, ApJ, 833, 51
Yu, H., Li, B., Chen, S.-X., Xiong, M., & Guo, M.-Z. 2017, ApJ, 836, 1
Yuan, D., Shen, Y., Liu, Y., et al. 2013, A&A, 554, A144

10

The Astrophysical Journal, 861:33 (10pp), 2018 July 1 Kolotkov, Nakariakov, & Kontar

https://doi.org/10.3847/1538-4357/aa6c65
http://adsabs.harvard.edu/abs/2017ApJ...840...64S
https://doi.org/10.1086/310010
http://adsabs.harvard.edu/abs/1996ApJ...461L.115S
http://adsabs.harvard.edu/abs/1990A&amp;A...236..242T
https://doi.org/10.1051/0004-6361/201220873
http://adsabs.harvard.edu/abs/2013A&amp;A...556A...2V
http://adsabs.harvard.edu/abs/2013A&amp;A...556A...2V
https://doi.org/10.1002/9781119055006.ch25
http://adsabs.harvard.edu/abs/2016GMS...216..431V
https://doi.org/10.1086/304133
http://adsabs.harvard.edu/abs/1997ApJ...482..510W
https://doi.org/10.1046/j.1365-8711.2002.05764.x
http://adsabs.harvard.edu/abs/2002MNRAS.336..747W
http://adsabs.harvard.edu/abs/2002MNRAS.336..747W
https://doi.org/10.1046/j.1365-8711.2001.04491.x
http://adsabs.harvard.edu/abs/2001MNRAS.326..428W
http://adsabs.harvard.edu/abs/2001MNRAS.326..428W
https://doi.org/10.1146/annurev.aa.15.090177.002051
http://adsabs.harvard.edu/abs/1977ARA&amp;A..15..363W
https://doi.org/10.3847/1538-4357/833/1/51
http://adsabs.harvard.edu/abs/2016ApJ...833...51Y
https://doi.org/10.3847/1538-4357/836/1/1
http://adsabs.harvard.edu/abs/2017ApJ...836....1Y
https://doi.org/10.1051/0004-6361/201321435
http://adsabs.harvard.edu/abs/2013A&amp;A...554A.144Y

	1. Introduction
	2. Analysis of Observations
	3. Discussion of Observational Results
	3.1. Physical Mechanism
	3.2. Estimation of the Wave Energy
	3.3. Estimation of the Magnetic Field

	4. Summary and Conclusions
	References



