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ABSTRACT
The modulation of the intensity of microwave emission from a plasma slab caused by a standing linear kink fast magnetoacoustic
wave is considered. The slab is stretched along a straight magnetic field, and can represent, for example, a current sheet in a
flaring active region in corona of the Sun, or a streamer or pseudostreamer stalk. The plasma density is non-uniform in the
perpendicular direction and described by a symmetric Epstein profile. The plasma parameter 𝛽 is taken to be zero, which is a
good approximation for solar coronal active regions. The microwave emission is caused by mildly relativistic electrons which
occupy a layer within the oscillating slab and radiate via the gyrosynchrotron (GS) mechanism. Light curves of the microwave
emission were simulated in the optically thin part of the GS spectrum, and their typical Fourier spectra were analysed. It is shown
that the microwave response to a linear kink magnetohydrodynamic wave is non-linear. It is found that, while the microwave
light curves at the node oscillate with the same frequency as the frequency of the perturbing kink mode, the frequency of the
microwave oscillations at the anti-node is two times higher than the kink oscillation frequency. Gradual transformation the one
type of the light curves to another occurs when sliding from the node to the anti-node. This result does not depend on the
width of the GS-emitting layer inside the oscillating slab. This finding should be considered in the interpretation of microwave
quasi-periodic pulsations in solar and stellar flares.
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1 INTRODUCTION

Kink oscillations of solar coronal magnetic structures were discov-
ered in thermal emission in the extreme ultraviolet (EUV) emission
(171Å) with the Transition Region and Coronal Explorer (TRACE)
as a spatial displacements of a coronal loop in the transverse direc-
tion (Aschwanden et al. 1999; Nakariakov et al. 1999). Since that
time, kink oscillations have been one of the most debated magneto-
hydrodynamic (MHD) mode detected in the corona, especially in the
EUV band where the spatial resolution is high enough. For example,
the spatial resolution of the Atmospheric Imaging Assembly (AIA)
instrument onboard the Solar Dynamic Observatory (SDO) is about
0.7Mm (0.6 arcsec) which is enough to resolve the high-amplitude
decaying kink oscillations, with the apparent displacemnt amplitudes
ranging in 1–15Mm (which is about several minor radii of the oscil-
lating loop) (Nechaeva et al. 2019). Another regime of the kink mode
is the low-amplitude decay-less oscillations of coronal loops, first de-
tected by Wang et al. (2012) and Tian et al. (2012). As well as the
high-amplitude kink oscillations, the decayless kink oscillations are
also eigenmodes of the oscillating loops, with the amplitudes vary-
ing from 0.05 to 0.5Mm (of the order or even less than the minor
radii of the oscillating loops) (Anfinogentov et al. 2013, 2015). Re-
cently, the higher-amplitude (up to around 1.2 Mm) decay-less kink
oscillations were reported byMandal et al. (2021). The observational
detection of low-amplitude kink oscillations is enhanced by the use
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of the motion magnification procedure (Anfinogentov & Nakariakov
2016). The recently launched Solar Orbiter (SolO) space mission
with the on-board Extreme Ultraviolet Imager (EUI) can provide
the best available spatial resolution, about 100 km per pixel (Rochus
et al. 2020) allowing for a more detailed study of kink oscillations
(e. g., Mandal et al. 2022).
Propagating transverse, kink-like oscillations have also been de-

tected as in coronal jets both in the series of soft X-ray images
(Cirtain et al. 2007) and in oscillations of the Doppler shifts in the
H I Ly𝛼 emissions from a jet (Mancuso & Raymond 2015) as well
as in spicules in the H𝛼 emission (Khutsishvili et al. 2014). Propa-
gating kink oscillations are also considered in the coronal streamers
at distances from a few to several solar radii (e. g., Chen et al. 2010),
and appear as flapping oscillations of the in-situ observed terrestrial
magnetospheric plasma sheet (e. g., Sergeev et al. 2003; Petrukovich
et al. 2006).
The fine spatial resolution of EUV-imaging instruments allows for

distinguishing between the fundamental and higher spatial harmon-
ics of kink oscillations, based on the harmonic analysis of the light
curves (e.g. Verwichte et al. 2004; DeMoortel &Brady 2007; Pascoe
et al. 2016). Obviously, spatial displacements of a kink-oscillating
loop appear as quasi-periodic pulsations (QPPs) of the brightness
at the fixed area in the series of images. For example, Duckenfield
et al. (2018) analysed the transverse decay-less oscillations in dif-
ferent segments of a coronal loop, and found QPPs with the funda-
mental oscillation period and its half. The longer-period component
appeared at the loop top, and demonstrated the in-phase behaviour
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along the whole loop, indicating the fundamental spatial harmonic.
The shorter-period oscillations were found to be in anti-phase at the
loop legs, and were hence associated with the second harmonic. In
another example, both the fundamental and third harmonics of a
standing kink mode were detected (Duckenfield et al. 2019).
Note that the values of the oscillation periods detected in Duck-

enfield et al. (2018, 2019) are rather long, ranging from a few to
several minutes. A statistical study of decaying kink oscillations
observed with AIA revealed that their periods vary from 1 to 28
minutes (Nechaeva et al. 2019). Indication of a shorter oscillation
period, about 45 s was found, for example, by Li et al. (2022). For the
shorter periods, it becomes a problem to detect them and their higher
harmonics in the EUV data because of insufficient temporal resolu-
tion. For example, the SDO/AIA data have the time binning of 12 s.
Recently, it became possible to search for shorter period kink oscil-
lations with SolO/EUI which can take images with the time cadence
of a few seconds (Zhong et al. 2022). Using these data, Petrova et al.
(2022) have found a short loop oscillating in the transverse direction
with the period around 14 s, in the decay-less mode.
Light curves of the solar coronal radio emission have much higher

time resolution, up to 10–100ms. However, the intrinsically low spa-
tial resolution does not allow one to detect kink displacements of
coronal plasma structures directly from the images and, therefore,
forces one to use indirect methods of the identification of kink os-
cillations. The microwave emission offers an important and unique
information about parameters of the accelerated particles, the mag-
netic field, and other macroscopic parameters of the emitting plasma.
In particular, the microwave emission is sensitive to theMHD plasma
parameters which are perturbed by coronal MHD waves, allowing
for their detection (Tapping 1983).
As the spatial resolution of available radio instruments is insuf-

ficient for the direct detection of kink displacements in the corona,
there is a need for indirect methods. One of them is connected with
the appearance in the time signal multiple harmonics of the lead-
ing periodicity, which could be found with the use of the Fourier
transform (e. g., Inglis & Nakariakov 2009), wavelet transform (e. g.,
Kupriyanova et al. 2013), and the Empirical Mode Decomposition
method (e. g., Kolotkov et al. 2015). The ratios of oscillation peri-
ods, associated with different parallel harmonics of the standing kink
mode may carry specific signatures of the kink mode (e.g., Andries
et al. 2009).
For example, spatial information has been combined with the de-

tection in the time domain of an oscillatory variation of themicrowave
flux with 31 s and 21 s, to reveal a kink oscillation (Kupriyanova et al.
2013). The longer period oscillations were sitated near the loop top,
i. e., near the anti-node of the fundamental harmonic of the kink
mode, where the amplitude is maximal. The shorter period oscil-
lations were detected at the loop legs, i. e., near the anti-nodes of
the second harmonic of the standing kink oscillation. Note that this
result was obtained using data of the Nobeyama Radioheliograph
at 17GHz, with the beam size is about 12 arcsec and the pixel size
of 2.5 arcsec (Nakajima et al. 1994), which did not allow the direct
detection of the kink-oscillating loop.
Another problem in the detection of the kink oscillations is their

rapid damping (in the large amplitude decaying regime, Nakariakov
et al. 2021), which significantly shortens the duration of the oscil-
latory signal (Nechaeva et al. 2019). In particular, it broadens the
corresponding spectral peaks, reducing its amplitude. Therefore, an
independent diagnostics of the kink mode, accounting for the short
lifetime of the kink mode-associated QPPs, would be highly useful.
It should be accented here that oscillation periods of the kinkmode

are usually taken to be equal to the estimated periods of QPPs, within

certain error bars (e. g., Zaitsev et al. 2003; Kupriyanova et al. 2013;
Smith et al. 2022, etc.). However, in the microwave band, such the
direct association is risky considering the non-linear dependence of
the intensity of the microwave emission on the parameters of the
emitting source, and, in particular, parameters perturbed by a kink
oscillation.
The microwave emission produced by solar flares is generally as-

sociated with the non-thermal gyrosynchrotron (GS) emission of
mildly relativistic electrons accelerated during the flare. The inten-
sity of the emission depends in a complex way on many parameters
of both the background plasma and accelerated electrons (Ginzburg
& Syrovatskii 1965; Melrose 1968). In particular, the GS emission
depends non-linearly on the magnetic field, including its magnitude
and the direction with respect to the line-of-sight. The latter param-
eter is intrinsically perturbed by a kink wave of a finite wavelength
(Cooper et al. 2003a). Moreover, in the optically thin regime, the
kink wave causes the variation of the instantaneous column depth of
the emitting segment of the waveguide. In the modelling of the mod-
ulation of the GS emission by an MHD wave, it also also necessary
to take into account that the GS-emitting electrons do not necessarily
occupy the whole oscillating volume (Kupriyanova et al. 2022). Be-
sides, filamentation of a coronal loop, caused by the development of
the Kelvin-Helmholtz instability (e. g., Antolin & Van Doorsselaere
2019), could strongly affect the modulation depth of its microwave
emission (Shi et al. 2022).
The aim of the paper is to study the microwave response to a

kink oscillation of a plasma slab. The GS-emitting electrons do not
occupy the whole oscillating volume. The model of the plasma slab,
the source of the GS emission, the kink wave, and the procedure
of simulations of the microwave fluxes are described in Section 2.
Results are summarized in Section 3, and discussed in Section 4.
Conclusion is given in Section 5.

2 MODEL

2.1 Plasma slab with GS source

We use the plasma slab model introduced by Cooper et al. (2003b)
and described in detail in our previous paper (Kupriyanova et al.
2022). Therefore, here, we discuss it briefly. We consider a plasma
slab which is stretched along the uniform magnetic field 𝐵0 directed
along 𝑧-axis (𝐵𝑧0 = 𝐵0 = const, 𝐵𝑥0 = 0, 𝐵𝑦0 = 0). The plasma
density is non-uniform in the perpendicular direction, along the 𝑥-
axis, and uniform in the 𝑦 direction. The slab is observed by an
infinitely remote observer with the line-of-sight in the 𝑥𝑧 plane.
Thus, we may ignore the 𝑦 axis and perform MHD modelling in the
the 𝑥𝑧 plane.
The transverse profile of the plasma density is described by

the symmetric Epstein function (e.g. Nakariakov & Roberts 1995;
Cooper et al. 2003b),

𝜌0 (𝑥) = 𝜌maxsech2
( x
w

)
+ 𝜌∞, (1)

where 𝜌max + 𝜌∞, 𝜌∞ and 𝑤, are, respectively, the density at the
centre and infinity, and the half-width of the slab, see Figure 1. The
density contrast is defined as

𝑑 =
𝜌max + 𝜌∞

𝜌∞
. (2)

In the following, we consider a zero-𝛽 plasma typical for the corona.
In this limit, the total pressure balance requires the equilibrium mag-
netic field 𝐵0 to be constant everywhere.
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Figure 1. Panel (a): normalised transverse profile of the unperturbed thermal plasma density. The vertical short line indicates the characteristic half-width 𝑤 .
Two rectangles illustrate homogeneous distributions of the density of non-thermal electrons corresponding to a narrow GS source ( |𝑙/𝑤 | = 0.5, grey area) or a
wide GS source ( |𝑙/𝑤 | = 3, cross-hatched area). Panel (b): the perturbed plasma density 𝜌. Panel (c): the perturbed 𝐵𝑧 component of the magnetic field. Panel
(d): the perturbed 𝐵𝑥 component of the magnetic field. The darkest colour corresponds to the maximal value, while the lightest colour — to the minimal value.
The green point 𝑧1 in panel (b) denotes one of the kink wave nodes and the blue point 𝑧2 — one of the anti-nodes. Different pairs of the same-coloured wavy
lines delimit the GS sources having different widths. An example of the perturbed wide GS source is as a cross-hatched area in panel (c). The slab axis is marked
by the long-dashed line in panel (a) and with the red line in panels (b), (c), (d).

A hot plasma within the slab emits via the thermal free-free
mechanism. Additionally, a portion of co-existing non-thermal, ac-
celerated electrons, gyrating around the magnetic field, produces
the GS emission, which is orders of magnitude stronger than the
free-free emission. Under typical conditions in the solar corona
both types of the emission are observed in the microwave band.
We consider the thermal plasma temperature 𝑇 = 106 K, the
magnetic field 𝐵0 = 200G, the number density at the slab axis
𝜌0 (𝑥 = 0) = 5×109 cm−3 and the number density infinitely far from
the slab 𝜌∞ = 𝜌0 (𝑥 = 0)/(𝑑 − 1) cm−3. Here, 𝑑 = 3 is chosen. For
simplicity, we consider the accelerated electrons isotropically dis-
tributed over the pitch-angle and power-low distributed over energies
from 0.1 to 10MeV with the spectral index 𝛿 = 3. The number den-
sity of the non-thermal electrons is chosen to be 𝑛1 = 5 × 105 cm−3.
This value is constant in the unperturbed GS-emitting source.

According to aim of this study, we consider the system, where
the accelerated electrons fill only a part of the slab — the area
between two magnetic field lines at the distance 𝑥/𝑤 = |𝑙/𝑤 | from
the slab axis. Here, |𝑙/𝑤 | means the half-width of the GS-emitting
source. Hereinafter, all the spatial quantities are normalized over the
characteristic slab width 𝑤. In the same manner as in (Kupriyanova
et al. 2022), we vary |𝑙/𝑤 | from 0.1 to 3, i. e., the GS sources
could be both narrower (|𝑙/𝑤 | ≤ 1) and wider (|𝑙/𝑤 | > 1) than the
characteristic slab width. Panel (a) of Figure 1 shows examples of
two different widths: the grey rectangle corresponds to the narrow
GS source (|𝑙/𝑤 | = 0.5) and the cross-hatched rectangle — to the

wide GS source (|𝑙/𝑤 | = 3). Below, we omit the modulus sign, for
simplicity.

2.2 The kink wave

The slab is perturbed by a kink fast magnetoacoustic MHD mode.
The perturbing wave is considered to be plain in the 𝑦 direction,
and hence is not subject to the effect of resonant absorption. Kink
perturbations are described by ideal MHD equations linearised near
the considered equilibrium (see, e.g., Nakariakov et al. 1997) in a
zero-𝛽 plasma. The perturbed plasma density and magnetic field
components can be expressed via the transverse component of the
perturbed speed in the 𝑥 direction, �̃�𝑥 (𝑥, 𝑧, 𝑡) as

�̃� = −
∫

𝜕 (𝜌0�̃�𝑥)
𝜕𝑥

𝑑𝑡,

�̃�𝑥 = 𝐵0

∫
𝜕�̃�𝑥

𝜕𝑧
𝑑𝑡, �̃�𝑧 = −𝐵0

∫
𝜕�̃�𝑥

𝜕𝑥
𝑑𝑡.

(3)

The transverse component �̃�𝑥 of a standing kink wave with the wave-
length is _ = 2𝜋/𝑘 , has the form

�̃�𝑥 (𝑥, 𝑧, 𝑡) = 𝐴𝑈 (𝑥) sin(𝑘𝑧) cos(𝑘𝑉ph𝑡), (4)

where 𝐴 is the amplitude normalized to the Alfvén speed 𝐶A0 at the
slab axis (𝑥 = 0), 𝐴 � 1, 𝑉ph = 𝜔/𝑘 is the phase speed, and 𝑘 is the
parallel wave number. The use of the Epstein profile (Equation (1))
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allows us to obtain the expression for the structure 𝑈 (𝑥) of the kink
wave in the analytical form (Cooper et al. 2003b),

𝑈 (𝑥) = sech` (𝑥/𝑤), ` =
|𝑘 |𝑤
𝐶A∞

√︃
𝐶2A∞ −𝑉2ph,

where 𝐶A∞ is the Alfvén speed at the infinitely remote point (𝑥 →
∞). The phase speed 𝑉ph is defined by the dispersion equation√︃
𝐶2A∞ −𝑉2ph = |𝑘 |𝑤𝐶A∞

𝐶2A0

(
𝑉2ph − 𝐶2A0

)
.

The dispersion relation can be rewritten as a bi-quadratic equa-
tion, which gives us an exact analytical solution. Considering Equa-
tions (3) and the initial conditions 𝐵𝑧0 = 𝐵0 = const and 𝐵𝑥0 = 0,
the perturbed values for plasma density and the magnetic field com-
ponents are

𝜌 = 𝜌0 + �̃�, 𝐵𝑧 = 𝐵0 + �̃�𝑧 , 𝐵𝑥 = �̃�𝑥 . (5)

Panels (b), (c), (d) in Figure 1 illustrate snapshots of these quantities
(by the gradient of grey) in the 𝑥𝑧 plane at the instant of timewhen the
perpendicular velocity amplitude is maximal. The wavelength was
chosen to be _ = 40𝑤 and its relative amplitude — to be 𝐴 = 0.05.
We consider 𝑤 = 3 × 108 cm. It was taken that the number density
of the accelerated electrons vary in the inverse proportion with the
local distance between magnetic field lines limiting the GS source.
Since the kink mode is a low-compressive mode, this distance and,
accordingly, the number density of the non-thermal electrons vary
within no more than 12%, in our model.
We consider the slab inclined relatively to the line-of-sight by the

viewing angle \. Here, \ is angle between the 𝑧 axis of the unperturbed
slab and the line-of-sight.

2.3 Calculations of microwave emission

The kink wave perturbs the plasma density and the magnetic field, as
well as the number density of the accelerated electrons at each pixel
of the plasma slab. Themodulation of the slab parameters leads to the
modulation of the microwave emission. In our study, to calculate the
microwave emission, we apply the Fast Gyrosynchrothon Codes
(FGS codes, Kuznetsov & Fleishman 2021) where the exact expres-
sions for both emission and absorption coefficients were used (see
Equations (1a) and (1b) there). The codes obtain these coefficients
at each voxel of the slab accounting for the both thermal free-free
and GS mechanisms. The voxel size of 0.02𝑤 × 0.02𝑤 × 10𝑤 was
chosen along the 𝑥, 𝑧, and 𝑦 directions, respectively. Then the ra-
diative transfer equation is solved along the line-of-sight providing
as the result both the left-hand and the right-hand polarized compo-
nents of the emitted microwave at each pixel of the plane-of-the-sky.
We calculate the total emission intensity as the sum of both polar-
ized components. Varying the viewing angles \ within the interval
50◦ ≤ \ ≤ 89◦ we obtain the intensity of the microwave emission in
the plane-of-the-sky projection.
To understand clearly how the kink mode affects the microwave

radiation in the different parts of the perturbed slab we draw lines-
of-sight through some selected points at the slab axis 𝑧. To simulate
a light curve at a selected point, we apply sequential calculations
for several phases of the full cycle of the MHD wave, using the
corresponding parameters of the background plasma and accelerated
electrons described in Section 2.2. We consider twenty such phases,
regularly distributed within one oscillation cycle. The period of the
kink wave equals to 𝑃kink = 20 time units (t. u.).
Additionally, to study how the character of the light curve depends

on the exact location along the 𝑧 axis we consider in detail the

interval from 𝑧1 (the kink wave anti-node) to 𝑧2 (node) (see panel (b)
in Figure 1). We divide the interval by ten equal sub-intervals (so,
each interval has the length equal to 𝑤) and simulate the light curves
for the plane-of-the-sky projections of 𝑧1, 𝑧2, and nine positions
between them.
Note that we analyze here the emission at 17GHz where the emis-

sion is optically thin for each the considered width of the GS source.

3 RESULTS

Examples of obtained light curves, interpolated to a smaller time
bin, are shown in Figure 2 (the left panels). In this figure, different
colours indicate different locations between 𝑧1 and 𝑧2, inclusively.
The black dashed curve corresponds to the kink wave anti-node (𝑧1
point in Figure 1, panel (b)). The red dashed curve relates to the kink
wave node (𝑧2 point in the same panel). Nine intermediate colours
correspond to nine intermediate locations between the anti-node and
node. This figure illustrates three cases: panel (a) corresponds to the
wide GS source (𝑙/𝑤 = 2) with the unperturbed slab inclined to
the observer by the viewing angle \ = 50◦, panel (c) — 𝑙/𝑤 = 2
and \ = 70◦, panel (e) — to the narrow GS source, 𝑙/𝑤 = 0.5, and
\ = 70◦.
As we can see in Figure 2, during the MHD oscillation cycle, the

light curves for the node and the nearby points show a corresponding
periodic variation. Then, passing from the node toward the anti-
node, during the second half of the oscillation period (time interval
from 10 to 20 t. u.) the light curve first becomes flatter, then an extra
peak arises instead of the minimum, and then the amplitude of this
secondary peak increases, reaching a maximum at the anti-node.
Thus, while at the node the microwave oscillations occur with the
period of the kink wave, the oscillation period is twice shorter at the
anti-node.
Another visualisation of the obtained result is presented in the right

panels of Figure 2 which shows the corresponding Fourier powers of
the microwave emissions coming at different distances 𝑧/𝑤 from the
anti-node. The values 𝑊1 of the fundamental Fourier harmonic are
plotted by the black curve (the period is 20 t. u.), while 𝑊2 for the
second harmonic— by the cyan curve (the period is 10 t. u.). We add
here the Fourier powers of the third harmonic (the green curve, the
period is 𝑃1/3 ≈ 6.67 t. u.) and of the fourth harmonic (the period
is 𝑃1/3 = 5 t. u.) as they also appear in the periodogram as a result
of the anharmonicity of the obtained microwave light curves. The
colour of each family of the asterisks (at the fixed 𝑧/𝑤) corresponds
to the colour of the light curve in the left panel.
Figure 2 shows that, for each considered combinations of the pa-

rameters 𝑙/𝑤 and \, either the fundamental or second Fourier har-
monics dominates over the others. The Fourier power𝑊1 decreases
and, simultaneously, the Fourier power 𝑊2 increases when passing
from the node to anti-node. Moreover, Figure 2 reveals similar prop-
erties of the light curves:𝑊1 > 𝑊2 at least at three positions around
the node (red to green colours) while 𝑊2 > 𝑊1 at least at three
positions around the anti-node (black to blue colours). Around the
midpoint between 𝑧1 and 𝑧2 (light-blue and blue-green colours), the
domination of either the fundamental or second harmonic depends
on the exact combination of 𝑙/𝑤 and \.
In order to illustrate how this effect depends on both the width

of the GS source (𝑙/𝑤) and the viewing angle (\), we introduce
parameter — the degree of the non-linearity, b = 𝑊2/𝑊1 (see its
first application in Kupriyanova et al. 2022). If log10 (b) < 0 then the
non-linearity is weak while if log10 (b) ≥ 0 then the non-linearity is
strong. The results are shown in Figure 3 for the node (panel(a)) and
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Figure 2. Left panels: microwave light curves at 𝑓 = 17GHz from a kink-oscillating slab at different MHD wave segments: form the anti-node (the black
dashed curve, 𝑧1 point in panel (b) in Figure 1) to the node (the red dashed curve, 𝑧2 point). The right panels: the corresponding Fourier powers (asterisks) of
the fundamental harmonic in the Fourier periodogram (black curve, the period is 20 t. u.) second harmonic (cyan curve, the period is 10 t. u.), third harmonic
(green curve, the period is 6.67 t. u.), and fourth harmonic (the period is 5 t. u.). The colour of each family of the asterisks (at the fixed 𝑧/𝑤) corresponds to the
colour of the light curve in the left panel. Panels (a) and (b) correspond to the wide GS source (𝑙/𝑤 = 2) inclined to an observer by the viewing angle \ = 50◦,
panels (c) and (d) — to 𝑙/𝑤 = 2 and \ = 70◦, panels (e) and (f) — to the narrow GS source, 𝑙/𝑤 = 0.5, and \ = 70◦.

the anti-node (panel (b)). From this figure, it is evident that the degree
of non-linearity keeps almost the same value for any combination of
the parameters 𝑙/𝑤 and \ for both the node (weak non-linearity)
and the anti-node (strong non-linearity). The exception is some area
between 79◦ and 89◦ for the node (in the left panel) where the non-
linearity is stronger than for \ < 79◦. This peculiarity is because the
local angle \ passes through 90◦, within a segment (or segments)
of the line-of-sight where the conversion between the ordinary and
extraordinary modes occurs due to the quasi-transverse propagation
effect.

4 DISCUSSION

The principal result of this study is the demonstration that the mod-
ulation of a microwave signal by a linear kink wave can be highly
non-linear. A similar result has been obtained for an essentially com-
pressive sausage mode (Kupriyanova et al. 2022) in a simplified 2D
slab model, and in a 3D loop with a fine structure (Shi et al. 2022).
This non-linearity is totally caused by the gyrosynchrotron mech-
anism of emission. The character of the non-linearity for the kink
mode essentially differs from that of the sausage modes. For the
sausage mode, the dependence of the apparent nonlinearity of the
microwave signal on both the width of the GS source and viewing
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Figure 3. Distributions of the degree of non-linearity (log10 b ) relatively to the width of the GS source (𝑙/𝑤) and the viewing angles \ , in the optically thin
regime at 17GHz. Panel (a) corresponds to the kink wave node, while panel (b) — to the anti-node.

angle was found to be significant. For the kink mode, the dependence
of the b value on these parameters is very weak.
In contrast, for the kinkmode, another kind of the non-linearitywas

detected: the strong dependence of the degree of the non-linearity on
the location of the emitting source with respect to the kink oscillation
phase (nodes or anti-nodes in the case of a standing wave). This result
opens a interesting prospective for diagnostics of kink waves in the
microwave band.
On one hand, this result allows identifying the kink mode in the

low-quality QPPs based on the analysis of the light curves from
different segments of the oscillating structure. On the other hand,
the result that the spectral properties of the time profiles of the mi-
crowave signal are keeping within finite vicinities (≤ |3𝑤 |) of the
node or anti-node has an observational applicability. In the current
study, all the spatial scales are normalized by 𝑤. Therefore, if we
set up 𝑤 = 3Mm, the vicinity (in one direction from the node or
anti-node) will be 9Mm, which corresponds to around 12 arcsec.
Increasing 𝑤 by a factor of two, makes the vicinity two times wider.
This size is comparable with the beam sizes of the current and fu-
ture instruments in the microwave band. Among them, the Radio
Telescope of Russian Academy of Sciences — 600 (RATAN-600,
Bogod et al. 2011), the Siberian Radioheliograph (SRH, Altyntsev
et al. 2020), the Expanded Owens Valley Solar Array (EOVSA, Gary
et al. 2018), the Mingantu Spectral Radioheliograph (MUSER, Yan
et al. 2009), etc. The spatial resolution is proportional to the ratio of
the wavelength of observations to the aperture of the telescope. Ob-
viously, for other parameters being fixed, the better spatial resolution
is provided at the higher frequencies. The highest frequency bands
of the mentioned instruments fall into the optically thin part of the
gyrosynchrotron spectrum, which is the case studied in our paper.
At the moment, the best spatial resolution is reached at the Karl G.

Jansky Very Large Array (VLA), where the beam size is 0.2 arcsec
to 0.04 arcsec. However, note that VLA observes the Sun (e. g., Luo
et al. 2021) but too rarely. The spatial resolutions of the instruments
which observed the Sun routinely (current, archive data, or future)
are 1.3 arcsec at 15GHz for MUSER, 5 arcsec resolution at 34GHz
for NoRH, 6 arcsec at 18GHz for EOVSA, and 7–13 arcsec at 12–
24GHz for SRH. Besides, the one-dimensional scans are obtained
by RATAN-600 which has a knife-edge 18 arcsec by 15 arcmin beam
at 15GHz. The start of a new observation complex with the imple-
mented tracking mode will allow to RATAN-600 receiving a signal
from a selected active region during several tens of minutes in more
than 8000 frequency channels/GHz and with time resolution up to

8ms/spectrum (Storozhenko et al. 2020). We should also mention
the future Square Kilometre Array (SKA, Nakariakov et al. 2015)
which is expected to provide the record spatial resolution because of
its giant aperture.
The high time resolution and high sensitivity of the radio instru-

ments, in combination with the spatial resolution of the archive,
current, upgraded, and the future instruments, will allow microwave
observations of different segments of kink-oscillating plasma struc-
tures to become feasible.

5 CONCLUSION

We studied the modulation of the intensity of microwave emission
from a plasma slab caused by a linear standing kink wave. The
accelerated electrons, which are the source of the gyrosynchrotron
emission, occupy a layer within the oscillating slab. Light curves of
the microwave emission were simulated in the optically thin part of
the GS spectrum. It is shown that the microwave response on the
linear kink wave in anharmonic (non-linear), and this non-linearity
is totally caused by the gyrosynchrotron mechanism. We found that
the microwave light curves of the emission from the kink wave node
oscillate with the same frequency as the frequency of the perturbing
kink mode. In contrast, the frequency of the microwave oscillations
at the anti-node is twice higher than one of the kink mode. It was
shown that gradual transformation the one type of the light curves
to another occurred when sliding from the node to the anti-node.
This result does not depend on the width of the GS-emitting layer.
The characteristic anharmonic microwave signals coming from some
vicinity of the node (or anti-node) are similar at least within three
widths of the slab in both directions. This distance is comparable
with the beam size of existing instruments. Thus, we may expect
that the microwave emission integrated in the beam would have the
same time signature. It would allowing for the detection of the kink
oscillation modulation signal, provided the nodes and anti-nodes are
spatially separated by more than several widths of the slab.
If considering a diagnostic potential of the results obtained in

this study we should accent on the ratio of the periods of higher
harmonics detected in the Fourier power spectrum of the light curve
to the fundamental period (𝑃1 = 𝑃kink). In our study, we found that
the ratio should equals to 𝑃𝑛/𝑃1 ≈ 1/𝑛, where 𝑛 is the harmonics
number, 𝑛 > 1. This ratio is attributed to the nonlinear nature of the
microwave emission mechanism. On the other hand, if the observed
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signal consists of different spatial harmonics of an MHD oscillation,
the ratio is expected to be 𝑃kink𝑛/𝑃kink > 1/𝑛 because of the wave
dispersion (e. g., Inglis & Nakariakov 2009) or stratification (e.g.
Andries et al. 2009). This feature should be taken into account in the
identification of the higher spatial harmonics in observational data.
It should be noted that we considered here the simplest oscillat-

ing and emitting system which allowed us to demonstrate, for the
first time, the pure line-of-sight effect on the microwave emission.
Particularly, the symmetric Epstein profile was chosen as, in con-
trast with all other known profiles, it gives an explicit solution to the
eigenvalue problem, i. e., in this case we do not need to solve the
dispersion relation numerically. The effect of the departure from this
assumed profile on the microwave signature of kink oscillation is of
interest: even small changes in the magnetic field distribution within
the slab could lead to detectable changes in the microwave intensity.
Definitely, more realistic models should be considered accounting
for other transverse density profiles (e.g., Kolotkov et al. 2021; Verth
et al. 2007; Ruderman & Roberts 2002), as well as the 3D geom-
etry, the wave dispersion including the fast kink wave trains (e. g.,
Kolotkov et al. 2021; Guo et al. 2022), and, very importantly, the
convolution with the beam size of a radio instrument.
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