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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 Low Frequency Array, 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 the apparent wavelength of ~ 2Mm, phase speed of ~ 657kms~!, which gives the
oscillation period of ~ 3s, and the relative amplitude of ~ 0.35%. The longer component has the
wavelength of ~ 12 Mm, 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 non-uniformity
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 the absolute value of the magnetic field in the emitting

plasma of ~ 1.1 G which is consistent with the radial magnetic field model.

Keywords: Sun: oscillations — waves — Sun: corona — Sun: radio radiation

1. INTRODUCTION

Fast wave trains are the localised in space and time
quasi-periodic disturbances of plasma density, formed
by the dispersive evolution of fast magnetohydrody-
namic (MHD) waves excited by a broadband driver, and
propagating along a plasma non-uniformity which 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-
4000kms~!, and the dominant period is prescribed by
the Alfvén transit time across the waveguiding plasma
non-uniformity, typically from a few seconds to a few
minutes. Comparison of observational properties of the
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fast wave trains to predictions of MHD theory could al-
low for a seismological inversion of the local plasma pa-
rameters 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 signa-
tures of fast wave trains have been found in rapidly-
propagating, at the apparent phase speed of 2100 km s ™!,
quasi-periodic, with the mean period of about 6 s,
perturbations of the white-light intensity in the lower
corona (around 1.1Rg) during a total solar eclipse by
Williams et al. (2001); Nakariakov et al. (2004). More
recently, rapidly-propagating quasi-periodic distur-
bances of the extreme ultraviolet (EUV) emission have
been detected with the Atmospheric Imaging Assembly
onboard the Solar Dynamics Observatory (SDO/AIA).
The first unambiguous detections of such propagating
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quasi-periodic disturbances of the 171 A and 193 A emis-
sions were reported by Liu et al. (2011, 2012). The dis-
turbances were associated with the fast magnetoacoustic
wave trains propagating along coronal funnel-like struc-
tures, with a plane of the sky speed of 650-2000kms~!
and the period of 2-3 min. Similar observational stud-
ies were carried out by e.g. Shen & Liu (2012, the
projected phase speed of ~ 834kms~! and mean pe-
riod of 25-83s), Yuan et al. (2013, 600-735kms™! and
38-58s), Nistico et al. (2014, ~ 1000kms~! and 60—
80s), and in a more recent work by Shen et al. (2018,
875-1485kms~! and 75-160s).

In addition to the direct observations in EUV, char-
acteristic signatures of dispersively evolving fast wave
trains have been indirectly detected in the radio emis-
sion. Characteristic signatures of fast wave trains in
type IV radio bursts were for the first time recognised by
Mészarosova et al. (2009, 2011), in the 1.1-4.5 GHz emis-
sion. The detected periods are 71-81s, similar to those
seen in the direct EUV observations, and also 0.5-1.9s.
Goddard et al. (2016) detected a train of quasi-periodic
radio sparks at 42-83 MHz, which had the repetition
rate of about 1.8 min, similar to the periodicity de-
tected in EUV emission disturbances. The observational
frequencies corresponded to the heights from 1.3Rs to
1.6Re, 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
I1II radio bursts at 245 MHz and 610 MHz, with periods
of about 70-140s, which were found to be similar to the
periodicity detected in quasi-periodic waves of the EUV
emission at 171 A and 193 A.

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 in the context of the solar wind accel-
eration. At those heights wave processes could be stud-
ied by coronagraphs in the white light, and with low-
frequency radio instruments. For example, 9-min quasi-
periodic variations in the white-light polarised bright-
ness, detected by Ofman et al. (1997) in a coronal hole
at heliocentric distances around 2R, could be associated
with a fast wave train. However, only low frequency ra-
dio observations can provide diagnostics of the corona at
the sub-second scales at the coronagraph height. More-
over, unlike the line-of-sight integrated white light coro-
nagraph 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 de-
tected in the 35-39 MHz frequency band, corresponding
to the range of heliocentric distances of 1.6-1.7 R¢, (us-
ing 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
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 Sec. 2. A quantitative model
for the observed modulation of the radio flux, based on
its redistribution on the plasma density inhomogeneities
produced by the wave, is presented in Sec. 3.1. Further-
more, we estimate the wave energy flux and the ambient
magnetic field strength and compare them with the lo-
cal radiative energy losses and the radial model of the
magnetic field in Secs. 3.2 and 3.3, respectively. The
summary of the obtained results and our conclusions
are given in Sec. 4.

2. ANALYSIS OF OBSERVATIONS

The analysed type III solar radio burst occurred on
2015 April 16, after a C2.3-class flare in the active re-
gion 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 Fre-
quency Array (LOFAR) instrument (van Haarlem et al.
2013), one of the largest ground-based decameter arrays
that permits imaging and provides a high time resolu-
tion. The radio burst was produced by a beam of elec-
trons accelerated up to 10'° ems~! which is about 30%
of the speed of light, and reached the peak flux den-
sity of 100-200 sfu in the observed frequency interval
between 32 and 40 MHz. Detailed quantitative analy-
sis 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 analysed burst is given
in Fig. 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
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Figure 1. A 3-s interval of the dynamic spectrum, that is a Sun-integrated radio flux in the frequency—time plane, of a type 111
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.
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Figure 2. The flux along the spine of the type III radio burst
(see Fig. 1) as a function of frequency (top) and distance from
the centre of the Sun (bottom). The vertical dashed lines in
both panels show the frequency/height below/above which
the quasi-periodic behaviour is poorly detected (see Figs. 3
and 4, and the corresponding description in Sec. 2). The
blue solid line in the bottom panel shows an overall trend of
the observational signal, obtained using the empirical mode
decomposition technique.

dynamic spectrum has a fine structure in a 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 com-
parison with the slope of the burst in the frequency—time
plane) striae, narrow lanes of the enhanced radio emis-
sion, with the modulation depth of about 25% and the
population density growing with decreasing frequency,
and eventually overlapping around 30-31 MHz. These
preliminary observational 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 travelling wave. The phase speed of the modulating
wave is much lower than that of the beam. This sug-
gestion nicely extends the recent work by Chen et al.
(2018), who performed a statistical analysis of the ra-
dio flux fluctuations observed in this event. However,
their origin was not established. A more detailed con-
sideration 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 Fig. 1. Using the dependence of the electron
plasma frequency upon the density,

foe[MHz] ~ 9 x 1073/n[em—3], (1)
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and assuming the Newkirk model of the solar corona
(Newkirk 1961), so that

n(r) = ng 10+3/7, (2)

where ng = 4.2 x 10* cm =3 and r is the heliocentric dis-
tance measured in units of the solar radius, R, one can
obtain the dependence of the observed radio flux upon
the height r, which is also shown in Fig. 2. The inten-
sity of the signal is stronger towards lower frequencies
(grows with height), which is likely related to the growth
of Langmuir waves and their conversion into the emis-
sion. Further away from the Sun, it is easier for the non-
thermal electrons to generate stronger emission, because
of the growing ratio of the densities of the non-thermal
electrons to background plasma electrons.
Subtracting the overall trend from the observed de-
pendence of the radio flux upon the height, determined
with the use of the empirical mode decomposition tech-
nique (see Huang et al. 1998; Huang & Wu 2008, for de-
tails), we calculate the Morlet wavelet spectrum of the
detrended signal, shown in Fig. 3. A visual inspection
of the obtained spectrum shows the presence of a sys-
tematic behaviour in the observational signal at heights
up to approximately 1.69 R, (about 35.27 MHz), above
which its spectral energy behaves rather stochastically
and there is no pronounced periodic components. The
latter is also confirmed by the behaviour of the standard
deviation calculated within a narrow running window
(see Fig. 3), whose mean value increases by a factor of
2 when passing through 1.69 Rs. Such a sudden change
in the observed behaviour can be attributed to an in-
creased impact of noise or development of local turbu-
lent processes (see e.g. Mugundhan et al. 2017; Chen
et al. 2018), which are out of the scope of this paper.
In the following analysis, we therefore focus on the
quasi-periodic behaviour of the observed radio flux at
the approximate heights from 1.63 R, to 1.69 R, whose
Morlet wavelet spectrum is shown in Fig. 4. This spec-
trum shows two well-defined periodic components, one
of which has an approximate wavelength of (3 £ 0.8) x
103 R, and is associated with the striation seen in the
dynamic spectrum in Fig. 1. The other detected period-
icity is of a substantially longer wavelength, correspond-
ing to the effect of clustering of striae in three distinct
groups, which was not detected in the earlier observa-
tions. The longer-wavelength periodicity is situated near
the boundary of the cone of influence, where edge ef-
fects 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) x 1073 R, where the corre-
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Figure 3. Top: the flux along the spine of the type III burst
(see Figs. 1 and 2) as a function of distance from the cen-
tre of the Sun, with the overall trend subtracted. Red and
black sinusoidal lines show its fitting by a harmonic func-
tion. The vertical dashed line in all panels are similar to
those in Fig. 2. The shaded rectangle illustrates a running
window of about 0.007 R width (shown at the random loca-
tion), within which the standard deviation of the detrended
observational signal was calculated (see the bottom panel).
Middle: the Morlet wavelet spectrum of the detrended ob-
servational signal shown in the top panel. Bottom: the stan-
dard 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 Ry width.

sponding uncertainties are estimated within 95% credi-
ble intervals using Bayesian inference and Markov chain
Monte Carlo (MCMC) sampling (Pascoe et al. 2017).
Although this fit is in a general agreement with the
observed signal above 1.69 R too (see the top panel
of Fig. 3), it is indistinguishable from the noise dom-
inating at this region. The bottom panel of Fig. 4
shows the shorter-wavelength periodic component fil-
tered out from the wavelet spectrum in comparison with
the longer-wavelength one obtained from fitting. The
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Figure 4. The top and middle panels are similar to those
shown in Fig. 3, but for the region of interest from 1.63 Rg
to 1.69 Re, where the quasi-periodic behaviour is the most
pronounced. The bottom panel shows the periodic compo-
nent with the wavelength of (3 4 0.8) x 1073 Ry (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
(17.440.2) x 10™3 R (the red line) obtained from the fitting
of the detrended observational signal by a harmonic function.

longer-wavelength variation clearly correlate with the
envelope of the shorter-wavelength variation. It should
be also 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 Ry ~ 2Mm
and 0.017 Rg &~ 12Mm) are far too short to be resolved
with LOFAR.

Using the dynamic spectrum shown in Fig. 1, one can
estimate the drift rate df/dt of each individual stria
(which is apparently present and non-zero) in the region
of interest, namely from 1.63 Rg to 1.69 Ry, where the
quasi-periodic behaviour is the most pronounced. Fur-
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Figure 5. Frequency drifts and apparent wave speeds es-
timated from the slopes of each individual stria highlighted
in the right-hand panel of Fig. 1, and their mean values of
0.06+0.01 MHzs ! and 6574114 kms™*, respectively, with
the associated uncertainties shown by the shaded area. The
colour scheme corresponds to the flux amplitude in each in-
dividual stria.

thermore, using the dependence of the plasma frequency
upon the density given by Eq. (1) and the Newkirk
model of the solar atmosphere given by Eq. (2), one can
estimate the phase speed v at which these fluctuations
propagate outwards from the Sun, v = (2A/f)(df /dt),
where A =~ 0.3Rg 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 re-
gion of interest), and estimate an apparent phase speed
for each of them (see Fig. 5). The estimation shows a
rather scattered behaviour of the speed around its mean
value which is approximately 657 114 kms~!, with no
systematic variation of it with height in the considered
interval. Moreover, Fig. 5 shows no dependence of the
apparent speed upon the flux amplitude in each stria,
suggesting the propagating wave is of a linear nature.

Finally, having obtained the wavelength of the propa-
gating, shorter-period component, (3 £0.8) x 1073 R,
and an apparent propagation speed, 657 & 114 kms™!,
we can calculate its oscillation period as 2.9 £1.0s, and
conclude on the wave type, which is discussed in the
next Section.

3. DISCUSSION OF OBSERVATIONAL RESULTS
3.1. Physical mechanism

We begin with the discussion of the shorter-wavelength
variation of the radio emission. The estimated proper-
ties of this oscillation (see Sec. 2), such as its wavelength,
~ 2Mm, propagation speed, ~ 657kms™!, and oscilla-
tion period, ~ 3s, suggest it to be in the realm of the
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MHD description. In this context, taking into account
that in the corona the plasma-$ 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. 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 di-
rectly affect the intensity of the Langmuir waves ex-
cited 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 sug-
gests to exclude Alfvén waves, which are essentially non-
coherent due to a local nature and phase mixing. In-
deed, Alfvén waves propagating on neighbouring
magnetic surfaces are decoupled, and hence am-
plitudes, spectra and phases of these waves do
not correlate with each other (see e.g. Nakari-
akov 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 chromo-
spheric 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 non-uniformities 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 propa-
gating fast waves in the corona in the EUV band (cf.
600 kms~! to 735 km s~ ! estimated by Yuan et al. 2013).
Likewise, the detected periodicity can be naturally pro-
duced by the dispersive evolution of fast waves in a mag-
netoacoustic 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 refer-
ences therein) and observations of these waves in the
visible light (cf. 6s detected by Williams et al. 2002)
and microwaves (cf. 2s detected by Mészérosova 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 al-
most 50% modulations in Langmuir waves, as was shown
by numerical simulations (see, e.g., Fig. 6 of Kontar
2001). Thus, even small-amplitude density fluctuations

EM wave

LOFAR

'\ LOS
Magnetoacoustic
waveguide |
Sun

Figure 6. A schematic synopsis illustrating a qualitative
scenario of the generation of quasi-periodic striation in a dy-
namic 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 non-uniformity, 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.

can cause striae in the spectrum of electromagnetic ra-
diation created by Langmuir waves in a structured at-
mosphere.

A schematic sketch qualitatively illustrating the dis-
cussed scenario is presented in Fig. 6. It shows a
fast magnetoacoustic wave guided by a plasma non-
uniformity stretched along an open magnetic field, act-
ing 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; Nistico et al. 2014, for numeri-
cal simulations and observations of this effect in the
corona). A beam of non-thermal 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 non-thermal electron beam with the background
plasma generates Langmuir waves with the frequency
equal to the local electron plasma frequency. The Lang-
muir 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
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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 (Fig. 1). As-
sume that the observed striation is produced by the
modulation of the background plasma density deter-
mined by the Newkirk model, see Eq. (2), by a quasi-
monochromatic small-amplitude density perturbation.
Given the fact that LOFAR operates in 12 kHz-wide fre-
quency channels, and assuming the optically thin emis-
sion, we reckon that the observed emission intensity vari-
ation AT is proportional to the amount of plasma in the
emitting volume, i.e.

AT x AnAr, (3)

where An corresponds to the snapshot of the variation
of plasma density in a 12 kHz-wide frequency channel,
appearing at the vertical extent Ar. The value of Ar
is determined by the heights at which the local electron
plasma frequency is in the range of the frequency chan-
nel. 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, A, with the observational frequency
(see Fig. 7). If the Newkirk density profile is modulated
by a harmonic density oscillation with a relative ampli-
tude of 1% and the wavelength of 0.03 R, the dynamic
spectrum of the generated radio emission has a quasi-
periodic behaviour of AT as a function of frequency. The
increased spectral intensity occurs in the regions of the
lowest density gradient as seen also in Fig. 7.

The longer-wavelength modulation of the shorter-
wavelength 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 Fig. 1 may be caused by several different reasons. Un-
fortunately the phase speed of these longer-wavelength
perturbations could not be estimated observationally,
because of the insufficient height range of their detec-
tion. 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, re-
quired 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

Table 1. Parameters of the model (3)—(4), where
the shorter-wavelength component in the density per-
turbation 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 propa-
gating at the sound speed (case #2), or at the observed
speed of the shorter-wavelength component (case #3).
The frequency drift, df /dt, of striae in the simulated
spectra is estimated in each of these cases.

Case #1  Case #2  Case #3
Vi, kms™? 0 213 657
Vo, kms™! 657 657 657
A1, Ro 0.017 0.017 0.017
A2, Ro 0.003 0.003 0.003
A1, % 51752 51787 51757
Az, % 0.3475:07  0.357590  0.3670:9%

df/dt, MHzs™' 0.03-0.04 0.04-0.05 0.06-0.07

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 kms~!. Together with the
wavelength of 12 Mm, it allows us to estimate the wave
period as about 55 s. However, the detected periods
of coronal slow magnetoacoustic waves are a few min-
utes 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 period-
icities should be explained somehow. Thus, all those
three interpretations of the longer-period variability
have certain shortcomings. In addition, the compres-
sive flows that modulate the plasma density and hence
the observed radio emission could be also produced by
the ponderomotive force in a nonlinear torsional Alfvén
waves (e.g. Ofman & Davila 1998; Shestov et al. 2017),
which in principle can also produce the observed stria-
tion. 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
behaviour in Alfvén waves remain open.

We now consider a more sophisticated perturbation
of the plasma density, by a superposition of two har-
monic compressive propagating disturbances. We take
into account displacements of those disturbances in time
at certain phase speeds, aiming to reproduce the ob-
served dynamic spectrum discussed in Sec. 2. Consider
the radio emission from a background Newkirk profile
of the plasma, perturbed by two harmonic waves with
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Figure 7. Mechanism for the generation of quasi-periodic
striae in the observed dynamic spectrum of a type III ra-
dio 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 emit-
ting volume with the electron plasma frequencies in the band
of the channel. The shaded areas show the LOFAR spec-
tral resolution, 12 kHz-wide frequency channels (multiplied
by a factor of 10 in this figure for a better visualisation),
within which the emission intensity is calculated according
to Eq. (3). The black dashed lines show the unperturbed
Newkirk plasma density profile (left) and the correspond-
ing 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 wave-
length of 0.03 Ry (left), and the corresponding emission in-
tensity (right), whose peaks occur in the regions of the lowest
density gradient. Both lines in the right-hand panel are nor-
malised to the maximum value of the red line.

different amplitudes and wavelengths, and propagating
at different phase speeds,

2T

on(r,t) o< Aq cos [
A1

(r —Vit) + ﬂ LW

Ay cos [%(r — Vat) + ¢2:| ,
A2

whose parameters are summarised in Table 1. We
considered three different cases, where the longer-
wavelength component, with the wavelength A1, is as-
sumed to be either stationary, or propagating at the
sound speed (see Sec. 3.2 for its estimation), or at
the observed speed of the shorter-wavelength distur-
bance. The shorter-wavelength component, with the
wavelength A, is considered to propagate at the phase
speed determined by the drift of the spectral striae in
Sec. 2.

Fitting of model (3) with the density perturbation in
form (4) into the observed radio spectrum is shown in
the right-hand panels of Fig. 8, revealing a reasonable
agreement between the modelling results and observa-
tional data for all three cases considered. For fitting,

we use Bayesian inference and MCMC sampling tech-
nique referred to in Sec. 2, which allows us to adequately
estimate the relative amplitudes, A; and As, and con-
strain their uncertainties within 95% credible intervals.
For all three cases considered, the amplitudes are found
to be stable within the estimated uncertainties (see Ta-
ble 1), and we therefore stick on their mean values with
the largest available uncertainties, i.e. A; = 5.11‘8:;%
and Ay = 0.357007%, in the following discussion. The
dynamic spectra that are the modelled emission inten-
sity in the frequency—time plane, in which this fit cor-
responds to the emission along its spine, is shown in
the left-hand panels of Fig. 8 for each of these three
cases. It is clearly seen to contain slightly inclined stria-
tion produced by the effect of shorter-wavelength waves,
which is similar to that observed in Fig. 1. Moreover,
the obtained striae are seen to cluster in three distinct
groups, which is the effect of the superposition of two
harmonic density perturbations with distinctly differ-
ent 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 component (see Table 1), being comparable
to the observed value (0.05-0.07 MHzs ™!, see Fig. 5) in
the cases #2 and #3.

A similar mechanism based on the redistribution of
the plasma emission intensity on plasma density inho-
mogeneities was proposed in the application to the deci-
metric type IV bursts, producing so-called intermediate
drift (or fiber) bursts (cf. Fig 7 and Fig. 5 in Treumann
et al. 1990; Kuznetsov 2006, respectively). More specif-
ically, super-Alfvénic solitons (Treumann et al. 1990)
and small-scale travelling 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 prop-
agating 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
Sec. 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 R, shown in the left-
hand panel of Fig. 9. In this model, the Newkirk profile
given by Eq. (2) is used for the variation of plasma den-
sity with height, while the coronal temperature variation
is taken from Sturrock et al. (1996) and Wheatland et al.
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Figure 8. Left: Modelled dynamic spectra produced by the
mechanism shown in Fig. 7 and mimicking that shown in
Fig. 1, where the perturbation of the plasma density is taken
in the form of Eq. (4), with the parameters summarised in
Table 1 and corresponding to three different cases. The white
dotted lines show spines of the modelled spectra, similar to
that in Fig. 1. Right: A modelled emission intensity (red)
calculated along the spines of the spectra shown in the left-
hand panels in each of the three cases considered, in compar-
ison to the observed radio flux (black) along the spine of the
type III burst (see Figs. 1-4), normalised to its maximum
and with the overall trend subtracted.

(1997), so that

70y = |17+ TRt (1 %)}2/77 %)

2Kg T

where Ty and Fj are the temperature and the inward
heat flux at the base of the corona, r = R, and &y is the
coeflicient of thermal conductivity taken to be constant.
In this assumption the temperature grows from 1 MK
at r = Rg to about 2MK at r = 1.7R; as seen in
the left-hand panel of Fig. 9. Thus, we fix r = 1.7Rg

Table 2. Typical values of the coronal plasma pa-
rameters at the heliocentric distance r = 1.7Rp,
obtained with the use of Egs. (1), (2), (5), and
(6), where B denotes the value of the magnetic field
measured in gauss.

Parameter Value
Height, r 1.7Rs
Plasma density, p 2.4 %107 kgm~3

Plasma frequency, fpe 34 MHz
Temperature, T' 2MK
Adiabatic index, ~y 5/3
Sound speed, Cs 213kms™!

Alfvén speed, Ca B[G]x571kms™!
Radiative energy losses, @ 1Wm™2

as an approximate frontier of the region of interest in
which the discussed quasi-periodic structure is the most
pronounced (see Figs. 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 radia-
tive energy losses per unit area (i.e. the radiative energy
flux measured in Wm~2) at a certain height r from the
centre of the Sun,

o(r)=L(n,T)r, (6)

in which the energy loss rate per unit volume, £ (Wm™2),
is taken in the form L(n,T) = an?/vT (Bian et al.
2016), where n and T vary with height by Egs. (2)
and (5), respectively, and a constant coefficient o =
5 x 1073* Wm? K'/2 is chosen to satisfy the condition
Q~100Wm~2 at r = 1.2 R (i.e. in the lower corona,
r < 1.5 Rg) with the temperature at its base Ty = 1 MK
(see Table 1 in Withbroe & Noyes 1977). The behaviour
of the radiative energy flux Q determined by Eq. (6)
with height in the solar atmosphere is illustrated in the
middle panel of Fig. 9 for different values of the base
temperature Ty. It is a decreasing function varying
from about 100Wm~™2 at » = 1.2 Ry to 1Wm™2 at
r=1.7Rg for Tp = 1 MK.

Assuming that the observed wave is a fast magnetoa-
coustic wave propagating at the phase speed 657 kms—!
(see Secs. 2 and 3.1), which is about the local fast
speed Cp = /C% + CZ, we can deduce the character-
istic Alfvén speed Ca at the observed height (see Ta-
ble 2). We obtain Ca = /C2 — C3 ~ 622kms™!. Fur-
thermore, taking into account the observed relative wave
amplitude dn/n ~ 0.35% (see Sec. 3.1) and the fact that
in a fast wave it is about the relative amplitude of the
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Figure 9. Left: 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 Eq. (5)
with Tp = 1 MK, Fo = 100Wm™2, and ko = 107 Wm™! K~7/2 (Sturrock et al. 1996; Wheatland et al. 1997). Middle: the
radiative losses determined by Eq. (6), varying with height in the solar atmosphere, for three different temperatures of the
base of the corona, Ty = 1 MK (green), 5 MK (blue), and 15 MK (yellow). For To = 1MK, the lower corona (r = 1.2 Ry) is
characterised by the losses of about 100 W m 2 (cf. Withbroe & Noyes 1977), while at r = 1.7 Re it drops to about 1Wm™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 Sec. 3.1). Right: Estimation of the magnetic field from
Eq. (8), indicated by the red circle. Black vertical lines show the magnetic field uncertainties associated with those in the
wave speed estimation (see Fig. 5). The curved lines show the radial model of the magnetic field, B(r) = Bo(Re/r)?, with
By = 3.7G (green), 3.1 G (blue), and 2.6 G (yellow).

transverse velocity, dV/Ca, which readily follows from with the values of By ranging from 2.6 G to 3.7 G with
the continuity condition, we obtain 6V ~ 2kms~!. Hav- the mean value of 3.1G.

ing the velocit, litude calculated timat

ing the velocity amplitude calculated, we can estimate 4 SUMMARY AND CONCLUSIONS

the propagating wave energy flux as

We considered a quasi-periodic striation in the dy-

F = 1 pdV3Cp, (7) namic spectrum of a metric type III solar radio burst,

2 observed with LOFAR. The quasi-periodic pattern is

where p is the mass density at the observed height (see detected between approximately 35 MHz and 39 MHz,
Table 2). According to this estimation, F =~ 0.04 + which correspond to the range of heliocentric distances
0.02 W m~2 where the uncertainties are associated with from 1.6 Rg to 1.7 Ry, assuming the Newkirk density
those in the wave amplitude estimation (see Sec. 3.1). model of the solar atmosphere. By the detected dy-
The obtained value of F is at least an order of magni- namic properties of this oscillation, we suggest to asso-
tude less than the radiative energy losses at this height ciate it with a fast magnetoacoustic wave train guided by
(1Wm~2). a plasma non-uniformity along an open magnetic field
outwards from the Sun. Our findings can be summarised

3.3. Estimation of the magnetic field as follows:

The association of the observed effect with a fast mag-
netoacoustic wave allow us to estimate the magnetic field ) ]
B from the value of the Alfvén speed Cs deduced above. the observed radio flux upon height shows the

Given the definition of Cy and estimating the density presence of a systematic oscillatory behaviour
by the electron plasma frequency, it reduces to between approximately 1.63Ro and 1.69Ro.
The detected wavelengths are about 0.003 R

Cp = B ~ B[C] x 571 kms ", 8) (~ QMm) and O.Ol?RQ (~ 12Mm). .The lat.ter

Ko was obtained by the fitting of a harmonic function
into the observational signal. Above 1.69 R, the
radio flux behaves rather stochastically, with no
pronounced periodic component.

e Spectral analysis of the detrended dependence of

g

where jig = 47 x 107" Hm™! is the permeability of the
vacuum. Thus, for Cx =~ 622kms~!, we obtain B ~
1.1 £ 0.2 G where the uncertainties are associated with

those in the wave speed estimation (see the right-hand e The observed striae are slightly inclined compared
panel in Fig. 9). Comparing this result with the radial to the slope of the burst itself, indicating the pres-
magnetic field model, B(r) = Bo(R/r)?, and using the ence of a travelling wave with the phase speed
heliocentric height estimation by the Newkirk model, see much lower than the speed of the emitting electron

Table 2, we obtain a good agreement of our estimation beam. From the frequency drift of each individual
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stria in the region of interest (1.63-1.69 R), we
estimated the speed with which this wave propa-
gates outwards from the Sun, whose mean value is
about 657 kms~!.

Having the wavelength (= 2Mm) and the propa-
gation speed (657kms~1) of the wave estimated,
we calculated its oscillation period as about 3s,
which coincides with the theoretical estimations
and previous observations of fast magnetoacous-
tic wave trains in the visible light (e.g. Williams
et al. 2002), and decimetric and microwave ra-
dio emission (e.g. Mészarosova et al. 2011) at
much lower heights.

The detected characteristic of this travelling wave
suggest to associate it with one of the fast MHD
modes. The Alfvén wave is very unlikely to pro-
duce the observed coherent oscillation due to its
local nature and phase mixing. Moreover, it is un-
clear how the observed period can be explained by
Alfvén waves. In contrast, the observed character-
istics are consistent with the properties of disper-
sive fast magnetoacoustic wave trains propagating
along a magnetic field non-uniformity, already de-
tected in the solar corona.

We could not reveal the nature of the longer-
wavelength component with the wavelength of
about 0.017 R (= 12Mm). It can possibly be
produced by the effect of clumping of Langmuir
waves on density non-uniformities due to a slow
magnetoacoustic wave, or another fast wave, while
all those interpretations have certain shortcom-
ings. In the case of the slow wave, its period would
be about 55 s.

We suggested a simple quantitative model explain-
ing the observed modulation of the dynamic spec-
trum 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 emis-
sion coming from the regions of the lowest density
gradient.

Fitting this model into the observed dynamic spec-
trum, we obtained the relative amplitude of the
propagating fast wave train, which is about 0.35%

or 2kms~!.

o 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 0.04 Wm ™2, and
compared it to the local radiative energy losses,
which are about 1 Wm™2 at the considered helio-
centric height 1.7 Rg. Accounting for the estima-
tion uncertainties, the obtained value of the wave
energy flux is at least an order of magnitude less
than the local radiative losses.

e 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 R, we deduced the value of the Alfvén
speed at this height to be about 622 kms~!. Using
this value, we obtained the magnetic field strength
to be about 1.1 G, which was found to be consis-
tent 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 non-
resolving observations interpreted as longer-period fast
waves in other events (see e.g. Goddard et al. 2016; Ku-
mar et al. 2017) suggest that the imaging spectroscopy
with LOFAR could be applied to the analysis of similar
events.
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