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Abstract: Recent studies have identified the potential for coronal wave heating to balance radiative
losses in a transversely oscillating low-density loop undergoing resonant absorption, phase mixing
and the Kelvin—-Helmholtz instability. This result relied on a continuous, resonant oscillatory driver
acting on one of the loop footpoints and similar setups with non-resonant driving produce insufficient
heating. Here, we consider broadband and multi-directional drivers with power in both resonant
and non-resonant frequencies. Using three-dimensional magnetohydrodynamic simulations, we
impose transverse, continuous velocity drivers at the footpoints of a coronal loop, which is dense
in comparison to the background plasma. We include the effects of optically thin radiation and
a uniform background heating term that maintains the temperature of the external plasma but is
insufficient to balance energy losses within the loop. For both broadband and multi-directional
drivers, we find that the energy dissipation rates are sufficient to balance the average energy losses
throughout the simulation volume. Resonant components of the wave driver efficiently inject energy
into the system and these frequencies dominate the energetics. Although the mean radiative losses
are balanced, the loop core cools in all cases as the wave heating rates are locally insufficient, despite
the relatively low density considered here.

Keywords: solar corona; MHD (magnetohydrodynamics) oscillations; wave heating; Kelvin—
Helmholtz instability

1. Introduction

Contemporary observations reveal the proliferation of oscillatory behaviour through-
out the coronal volume (e.g., [1-8] and reviews [9-12]). These waves can be associated
with a significant energy flux (e.g., [13]) and the dissipation of this energy has been widely
proposed as a mechanism for maintaining the high temperatures of the solar corona
(e.g., [14-16]. However, in typical corona conditions, the rate of energy dissipation through
resistive or viscous effects is expected to be low. Therefore, in order to enhance these rates,
energy needs to be transferred from large-scale waves to much smaller spatial scales, where
energy is dissipated more readily.

Over the previous decades, a variety of physical processes have been proposed for
generating the required small scales from the observed large-scale oscillations. These
include resonant absorption/mode coupling [17] and phase mixing [18], or both effects
combined (e.g., [19,20]. These mechanisms develop as a result of cross-field gradients in
the local Alfvén speed, which is typically assumed to be associated with density gradients
in the boundary of coronal loops (between the dense interior and tenuous external plasma).
In non-linear regimes, the combination of these processes can result in the oscillating plasma
becoming unstable to the Kelvin-Helmholtz instability (KHI). The general paradigm is
as follows.

1.  Energy in large-scale transverse standing waves is transferred to azimuthal Alfvén
waves on resonant field lines in the boundary of the oscillating loop.
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2. Cross-field gradients in the local Alfvén speed and therefore the natural Alfvén fre-
quency allows phase mixing to progress in the loop boundary, generating increasingly
small length scales.

3. Together, these processes induce radial gradients in the azimuthal velocity profile.
This velocity shear can be unstable to the magnetic KHI.

4.  In unstable regimes, the KHI initially develops by generating characteristic vortices
which deform the density profile of the oscillating loop.

5. These vortices are also unstable, driving the development of yet smaller vortices,
and inducing a cascade of energy to small scales.

6. Innon-ideal plasmas, the dissipation length scale is inevitably reached and energy is
converted to heat. Thus, the instability development can enhance the rate of wave
heating in non-ideal plasmas.

This process is reviewed in Ref. [21] and has been studied in numerical simulations
(e.g., [22-34]) and in analytical settings (e.g., [35-37]). The development of the instability is
robust for a variety of setups, including in the presence of gravitational stratification [38],
optically-thin radiation [39—41], for purely torsional waves [42] and in multi-stranded
structures [43]. Despite this, the instability growth rate can be reduced by a variety of
factors, including twisted or sheared magnetic field [27,31,36,44], short wavelengths [44]
and high dissipation and/or low numerical resolution [26]. Wave driven turbulence can
also develop for propagating waves in inhomogeneous media, again leading to enhanced
energy dissipation rates [45-49].

Using observed wave amplitudes, the authors of Ref. [50] argued that the instability
is unlikely to generate sufficient heating to balance expected radiative losses; there is
simply insufficient wave energy. Indeed, more generally, numerical studies of resonant
absorption and phase mixing have shown that the resultant wave heating is typically
insufficient to balance radiative losses (e.g., [51]). This is even the case with continuous
multi-frequency and/or multi-directional driving, which better reflect wave-excitation
mechanisms in the solar corona [52-54]. Despite this, in Ref. [40], it is shown that for a
continuously driven system, this process was able to balance energy losses from optically
thin radiative losses within a low-density oscillating coronal loop. However, there are
several important points which still need to be addressed before this mechanism is accepted
as having an important role in coronal heating. For example, the frequency of the wave
driver used in the study exactly matched the natural kink frequency (e.g., [10,55]) of the
system. As such, the oscillatory forcing was resonant and energy was injected into the loop
as efficiently as possible. Secondly, the density used was fairly low and whilst perhaps
reflecting quiet Sun conditions, it is not representative of the much denser coronal loops
observed in active regions. The density is very important in this context as radiative effects
(and hence energy losses) scale with the density squared. In a subsequent study, presented
in Ref. [41], it is determined that for either non-resonant drivers or for denser loops, the KHI
was unable to balance energy losses. In addition, neither of these studies considered the
effects of thermal conduction, which would further enhance energy losses and reduce the
likelihood of this mechanism being able to maintain coronal conditions.

In this paper, we investigate the effects of the driver frequency and polarisation in
more detail. Whilst the non-resonant driving did not provide sufficient energy flux to
balance radiative losses in Ref. [41], it is also unrepresentative of the broadband nature
of coronal waves (e.g., [56-58]). Although most of the power in oscillatory drivers will
inevitably be associated with non-resonant frequencies, even a small component of wave
power at frequencies that coincide with the natural harmonics of the system will allow
resonances to be excited and thus enhance energy injection rates. As such, to ascertain the
suitability of this heating process in more realistic conditions, we investigate the effects
of broadband and multi-directional drivers on energy injection, current formation and
dissipation rates. In particular, we investigate whether broadband and multi-directional
drivers power wave heating rates that can balance optically thin radiative losses within a
coronal loop.
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2. Methods and Basic Equations

The simulations presented within this paper, employed the numerical code, Lare3d [59],
which advances the fully-resistive, magnetohydrodynamics (MHD) equations in nor-
malised form. The equations are given by:
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where t denotes the time, p is the plasma density, v is the velocity, j is the current density, B
is the magnetic field, P is the gas pressure, € is the specific internal energy, n is the number
density, T is the temperature, 7 is the magnetic diffusivity, and kg is the Boltzmann constant.
Here, D/ Dt refers to the total time derivative.The effects of optically thin radiation, A(T),
and a uniform background heating, Q,, are included in the energy Equation (3). The
optically thin radiative loss function, A(T), is described in Ref. [60] and the heating term is
described in detail below.

Equations (1)—(5) above include the effects of the magnetic diffusivity and shock
viscosity terms. The magnetic diffusivity is approximately 2 x 108 m? s~1. Due to numerical
constraints, this is necessarily orders of magnitude larger than the expected value within a
coronal plasma. The shock viscosities appear in the momentum Equation (2) in the form
of a force, Fjs. , and in the energy Equation (3) as a heating term, Qy;is.. These viscosity
terms help ensure numerical stability and are described in Ref. [61]. Let us note that as the
KHI is sensitive to the transport coefficients [26], the wave dynamics and heating rates are
strongly affected by these values.

2.1. Initial Conditions

Following the setups of Refs. [40,41], our model represents a dense, three-dimensional
coronal loop embedded in a magnetic field aligned with the z axis. The initial density is

defined by
e(x,y) = pe+ (W){l—i—tanh(r_ba) }, (6)

where r = /x? +y? and p, and p; = 3p, represent the external and internal density,
respectively. In this setup, p, = 1.67 x 10713 kg m 3. This matches the initial density
profile imposed in Ref. [40] and the low-density case in Ref. [41]. The constants 2 and b
define the loop radius and the width of the boundary between the internal and external
regions, respectively. The constants a and b are fixed such that the radius is 1 Mm and
the thickness of the boundary is approximately 0.4 Mm. The loop has length 200 Mm
and is initially invariant along its length (aligned with the z direction). The temperature
throughout the domain is initially uniform and is set to be 1 MK. Therefore, in order to
ensure an initial total pressure balance (for an equilibrium state), the magnetic field strength
is reduced within the density-enhanced loop. As the plasma-f < 1, this dip in the magnetic
field strength is only approximately 0.7% of the background field strength (30 G). Figure 1
shows the initial density (solid line, left-hand axis) and the initial B, profile (dashed line,
right-hand axis).
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Figure 1. Initial profiles of the density (solid line, left-hand axis) and the z component of the magnetic
field (dashed lines, right-hand axis) at y = z = 0 Mm, through the centre of the loop. These profiles
are invariant in the azimuthal and loop-aligned (z) directions.

Due to the inclusion of optically thin radiation, the plasma will cool during the
simulation (unless heated at a sufficiently high rate). Therefore, a background heating
term, Qp,g, is included in the energy Equation (3). This is chosen to exactly balance the
initial radiative losses in the external plasma. However, even though this term is included
uniformly throughout the domain, it will not balance the energy losses in the dense
loop. This is because the optically thin losses scale with the square of the plasma density.
As such, the cooling is nine times larger inside the loop than in the external plasma and the
background heating cannot balance this enhanced radiation. This approach allows us to
determine whether wave heating can balance the majority of the energy losses in the flux
tube and was adopted in Refs. [40,41].

The numerical volume had dimensions: —4 < x, y <4Mm and 0 < z < 200 Mm, and
consists of 512 x 512 x 200 grid points in the x, y, and z directions, respectively. In this
setup, the effects of gravitational stratification, loop curvature and thermal conduction
are neglected.

2.2. Boundary Conditions

The fundamental kink frequency, wy, of the system (e.g., [55,62,63]) was calculated
using Equation (8) in Ref. [10]. This gives a resonant period of approximately 86 s. In other
words, a transverse wave driver with this period will resonantly excite the fundamental
kink oscillation. For these simulations, we consider drivers of the form,

N
0(t) = Y vgsin(w;t + ;) cos ¢, 7)
i=1

N
vy (t) = Zvo sin(w;t + ;) sin ;. (8)
i=1
Here, the sum is taken over N single harmonic wave components to generate a multi-
frequency driver. The component frequencies, wj, are defined by

_we i1 (Bwy
w1—2+N_1(2>. )

The component frequencies, w;, vary uniformly between wy /2 and 2wy. This means
we excite wave modes with periods between 43 s and 172 s. For each component, 1;
represents a random phase shift, such that the wave components are not all in phase and ¢;
represents the polarisation angle of the component. Two sets of simulations are considered:
¢; = 11/2 (for all i), and ¢; is a randomly selected from the interval [0, 27t]. In the former
case, the wave driver oscillates in the y direction (v = 0). For the latter case, the wave
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polarisation shifts during the simulation. The amplitude of each component is fixed (vy),
as such, the power spectrum for these waves is flat (akin to white noise) over the range of
frequencies being considered. Whilst this does not necessarily represent waves in the solar
corona (e.g., Figure 6 in Ref. [57]), it permits an initial analysis of the effects of power in a
range of frequencies on this system. For these simulations we choose N = 20 frequency bins.
We also compare the effects of these wave drivers with the single-polarisation, resonantly-
driven case presented in Ref. [41]. The fixed amplitude, vy, is selected such that the mean
of the magnitude of the velocity is the same across all simulations, i.e., the drivers all have
the same average kinetic energy.

On the lower z (driven) boundary, v, = 0 and all other variables have zero-gradients.
The upper z boundary stipulates v = 0, and uses a zero-gradient condition for all other
variables. As such, it is a reflecting boundary. The x and y boundaries are periodic.

Since no flow is permitted into or out of the computational domain (through the
upper and lower z boundaries), the only non-zero energy flux through the boundaries is
the Poynting flux. This is sensitive to both the transverse driver and how the magnetic
field responds during the simulations. As the upper z boundary acts as a perfect reflector,
continuous sinusoidal driving can excite MHD wave resonances if the driver frequency
coincides with a natural harmonic of the system. As such, the interaction between the
boundary driver and the reflected waves can significantly change the energy injection
rates for small changes in the frequency of the driver (e.g., from resonant to non-resonant
driving). An upper, perfectly reflecting boundary is frequently used for modelling a closed
coronal loop, however, is not applicable for open field lines that require a careful treatment
for the upper open boundary condition (e.g., [64,65]). In such cases, reflections can still be
generated due to density gradients along the field, however, these tend to be much less
efficient (e.g., [66,67]). The specific effects of our imposed drivers on the injected Poynting
flux are discussed in Section 3.1.

3. Results

Four simulations that investigate the effects of different imposed wave drivers are
considered here, namely:
1. ResUni: resonantly driven (w = wy), single polarisation (¢ = 77/2);
2. BbUni: broadband (multi-frequency, as defined above), single polarisation (¢ = 77/2);
3. ResMulti: resonantly driven (w = wy), changing polarisation;
4. BbMulti: multi-frequency and changing polarisation.

For brevity, in what follows, the acronym:s listed above are used.
Figure 2 shows the form of v, as a function of time for the ResUni (black curve) and
BbUni (red curve) simulations.
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Figure 2. Wave drivers imposed at the lower z boundary for the ResUni (black) and BbUni (red)
simulations. See text for details.

Let us start by considering the evolution of the density profile in each of these cases.
As the instability develops, it increasingly deforms the loop density profile, initially by
forming characteristic Kelvin—-Helmholtz (K-H) vortices, and then progressively driving
turbulent-like flows in the loop cross-section. The rate and extent of this deformation is
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indicative of the instability growth rate in a particular system. Figure 3 shows the evolution
of the density cross-section at the loop-apex (z = 100 Mm) for each of the simulations.
Each row corresponds to a different simulation and each column to a different time. Let
us note that only a limited section of the horizontal plane is shown to display the density
deformation in greater detail.

460 s 770s

p(x10 kg m)

Figure 3. Evolution of the density profile at the loop apex (z = 100 Mm) for the four simulations: the
ResUni, BbUni, ResMulti and BbMulti cases (top to bottom) for different times: 460 s, 770 s, 1780 s
and 3100 s, as indicated (left to right). See text for details.

For the broadband and multi-directional drivers, the growth rate of the instability is
reduced. This is shown by the later formation of K-H vortices and the reduced deformation
in the core of the loop towards the end of the simulation (final column). The reduced
growth rate occurs for several reasons, including reduced wave amplitudes (due to less
power in the resonant frequencies), less coherent azimuthal Alfvén waves (particularly
for multi-directional drivers), the presence of propagating modes (due to non-harmonic
frequencies) and smaller wavelengths (due to the higher frequency component of the
driving). These factors (partially) stabilise the system by reducing the radial velocity shear
in the loop boundary and/or enhancing the stabilising magnetic tension force that opposes
the bending of field lines and hence the formation of K-H vortices. The shorter wavelengths
can also increase the azimuthal wavenumber of the vortices that form (e.g., [44]). This is
apparent by comparing the size of the emerging vortices in the first two panels in the top
row (ResUni) with those in the second panel of the second row (BbUni) and the last two
panels in the final row (BbMulti).

In the simulations with a single oscillation direction (ResUni and BbUni), the loop is
only displaced in the y direction. For the ResMulti and BbMulti simulations, on the other
hand, the loop apex can also move in the x direction (see, e.g., Figure 3, bottom, right). This
has important consequences for the evolution of the azimuthal Alfvén wave in the loop
boundary (excited by resonant absorption/mode coupling) and hence the location of the
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instability. For the unidirectional drivers (ResUni and BbUni), the azimuthal Alfvén wave
forms tangentially to the constant direction of the wave driver, with the largest amplitudes
developing where the lines x = £1 Mm intersect the loop apex. As such, the greatest
velocity shear forms on the left and right sides of the loop (as viewed in Figure 3) and
hence the KHI forms here initially. For multi-directional drivers, however, this is no longer
a preferred location and vortices can form all around the loop perimeter. To see this in
Figure 3, compare the vortex locations in the upper two rows with those in the lower
two rows.

Several of the factors that reduce the instability growth rate can be observed by
tracking the evolution of the velocity profile in each simulation. To this end, in Figure 4, we
show v, for the ResUni and BbUni simulations. The vertical cuts are taken parallel to the
x axis through the centre of the oscillating flux tubes and the y component of the velocity
shows flows perpendicular to this plane. Figure 4 shows a time (t = 300 s) when both flux
tubes are approximately straight so this plane cuts through the central axis of each loop.
This is after several periods of wave driving but prior to the development of the instability.
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Figure 4. Vertical cuts of the driven component of the velocity (vy) for the ResUni (upper) and BbUni
(lower) simulations prior to the formation of the KHI. The cuts show vy in the x = 0 Mm at t = 300 s.
See text for details.

In Figure 4, upper, one can see that a fundamental standing mode is excited in the Re-
sUni loop with nodes at the two z boundaries and an antinode at z = 100 Mm. The positive
velocity (red) in the core of the flux tube represents the transverse (kink) oscillation and
the two blue bands (along x ~ +1 Mm) are associated with the azimuthal Alfvén wave.
One can see that these are out-of-phase with the velocity in the loop core. Consequently,
there is a large velocity shear across the cross-section of the flux tube (e.g., along the line
z = 100 Mm). Whilst the amplitude of this shear changes along the length of the flux tube
(due to lower velocities away from the wave antinode), this is coherent along the length
of the flux tube. As the transverse and Alfvén modes continue to oscillate out-of phase,
the velocity shear also oscillates but maintains its spatial structure. As such, conditions at
the loop apex are favourable for the instability to develop.

In Figure 4, lower, one sees no evidence of a fundamental mode at this time. Instead,
the reduced wavelength within the loop core shows the existence of higher frequency
waves. Whilst there is still out-of-phase behaviour between the loop exterior and interior,
this is less coherent along the loop length, and the Alfvén wave bands have also not formed
consistently along the loop length. As no standing mode has been excited (or in any case is
masked by the magnitude of the propagating mode), conditions at the loop apex are now
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much less favourable (there is no consistent velocity shear) for the onset of the KHI. As a
result, it takes longer for the instability to develop. The other two simulations (ResMulti
and BbMulti) also exhibit similar incoherence in the radial velocity shear and hence lower
growth rates.

As the magnetic field is essentially frozen-in to the coronal plasma, the K-H vortices
deform and twist the embedded magnetic field. As such, gradients in the magnetic field
develop, enhancing Ohmic heating rates and driving magnetic reconnection [44]. At the
same time, the velocity shear is associated with large velocity gradients, enhancing the
dissipation of energy through viscous effects. As a result, the instability is interesting in the
context of the coronal heating problem as it can significantly enhance wave heating rates.
For the current study; it is of interest whether these enhanced heating rates can balance
the optically-thin radiative losses emanating from the dense loop. Figure 5 shows how the
KHI-driven heating affects the apex temperature profile in each of the four simulations. One
immediately sees the close relationship between the temperature profiles and the density
cuts in the final column of Figure 3. In all cases, a modest increase in temperature in the loop
boundary (from approximately 1 MK to 1.5 MK) and a decrease (to approximately 0.5 MK)
in the loop core is visible. There are two pertinent factors which cause this behaviour.
Firstly, in all simulations, the effects of the KHI are greatest in the loop boundary and thus
we expect the highest heating rates here. Secondly, the loop boundary has lower densities
than the loop core and thus the radiative cooling is significantly lower. Together, these
result in enhanced temperatures forming around the K-H vortices. Let us also note that
simulations with greater density deformation (e.g., ResUni case in Figure 5, upper, left),
produce heating over a greater area, reflecting both enhanced heating and lower cooling
rates across the loop cross-section.

2
£
S o0
>
-2
2
£ \
S0
>
»
-2
-2 0 2

X (Mm) X (Mm)
0.50 0.75 1.00 1.25 1.50

Temperature (MK)

Figure 5. Temperature profile at f = 3100 s for the ResUni (upper, left), BbUni (upper, right),
ResMulti (lower, left), and BbMulti (lower, right) simulations. Horizontal cuts through the apex of
the loops (z = 100 Mm) are shown. See text for details.

In these simulations, adiabatic effects (due to the compression and rarefaction of
plasma) will also modify the temperature. In order to verify that the temperature change
observed in Figure 5 is not dominated by these reversible effects, we compare the magnitude
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of the adiabatic term, —P(V - v), with the left hand side of the energy Equation (3). Figure 6
shows the result of this comparison along the y = 0 Mm, z = 100 Mm line in the ResUni
simulation. The cumulative contribution of the adiabatic term (blue line) and the pDe /Dt
term (red line) over the duration of the simulation are shown. One can see that the
contribution of the adiabatic effects is small (in comparison to the red curve) and so can
conclude that the temperature change in the simulation is dominated by irreversible energy
dissipation and radiation (not by adiabatic effects). Let us note that the peaks in the red
curve correspond to heating in the boundary of the loop and the central dip demonstrates
radiative cooling in the dense loop core.
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IIII[IIII
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-0.5

Normalised Internal Energy Change

IIIIIIII\
Illllllll

_ 1 | 1 | 1 | 1 | 1 ‘ |
1.0 5
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E-
'
N
n
=

Figure 6. Contribution of the adiabatic effects (blue line) and pDe /Dt (red line) in the energy (red
line) in the energy Equation (3). The total contribution over the duration of the ResUni simulation is
shown in the line y = 0 Mm, z = 100 Mm. The curves are normalised to the maximum of the red line.
See text for details.

The heating in the simulations considered is driven by resistivity acting on gradients
in the magnetic field (Ohmic heating) and viscosity acting on gradients in the velocity field
(viscous heating). The relative sizes of these heating components depend on the specific
transport coefficients and this, in turn, determines the spatial distribution of the heating.
For a fundamental standing mode, the perturbed velocity field is largest at the loop apex
and the perturbed magnetic field is largest at the loop foot points (e.g., [68]). As such,
if viscous heating dominates, the temperature increase will be greatest at the loop apex,
and conversely, if Ohmic heating dominates, the largest temperature increases will be
located near the magnetic foot points. However, when there are additional frequencies
(and hence additional wavelengths) present, this picture is less clear-cut.

Figure 7 shows how the spatial distribution of gradients in the magnetic and velocity
fields differ between the ResUni (Figure 7, upper) and BbMulti (Figure 7, lower) simulations.
In particular, we consider the current density, j, and the vorticity, w = V X v, to show
gradients in the magnetic and velocity fields, respectively. In order to include both of these
values within the same panel, the |w| — |j| in the y = 0 Mm plane is shown. As such,
positive values (shown in red /pink) indicate regions where the vorticity is larger than the
current, and negative values (blue) show the opposite.
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Figure 7. Vertical cuts of the current density and vorticity at = 3100 s in the ResUni (upper) and
BbMulti (lower) simulations. Blue colours show regions where the current density is large and
red/pink regions identify large vorticities. See text for details.

Figure 7, upper (ResUni), shows the classic features of a fundamental standing
kink/Alfvén mode, with the largest currents at the foot points and the largest vortici-
ties at the loop apex. One can also note that as the velocity and magnetic field perturbations
are out-of-phase with each other, the vorticity and currents are also out-of-phase. For ex-
ample, values of x that exhibit large currents (e.g., x = £0.75 Mm) show relatively small
vorticities, and vice versa. The narrow banding, which is particularly apparent in the
high-vorticity region, is indicative of phase-mixing in the loop boundary. On the other
hand, for Figure 7, lower (BbMulti), evidence of the fundamental harmonic is much less
pronounced. For example, the largest vorticities are displaced from the apex towards the
z = 0 Mm foot point. This is indicative of the propagating modes associated with the non-
harmonic frequencies in the wave driver. Despite this, one can see that the largest gradients
in the velocity field still form around the boundary of the flux tube, where the azimuthal
Alfvén wave is excited. Additionally, the general prevalence of large currents near the
foot points and large vorticities near the apex remains. This is because the fundamental
mode is still being resonantly driven by one component of the imposed driver, and thus its
characteristics are still apparent.

Figure 8 quantifies how the current density (Figure 8, left) and vorticity (Figure 8, right)
is distributed along the z direction. In particular, the mean current density and vorticity are
shown as a function of z. The quantities are averaged over x, y, and time, f, and for each
plot, the two extreme cases are shown: ResUni (black curves) and BbMulti (blue curves).
The curves are normalised by their corresponding maxima. By comparing the blue and
black curves, one can see that the distribution of both the current density and the vorticity
are modified. Although currents and vorticities are always larger at the loop foot points
and loop apex, respectively, the higher frequencies in the BbMulti simulation result in the
spatial gradients being distributed more evenly through the simulation volume. As a result,
the spatial distribution of heating is modified between these simulations.
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Figure 8. Mean current density (left) and vorticity (right) as a function of z for the ResUni (black
curves) and BbMulti (blue curves) simulations. The mean is calculated over all x and y (at a particular
value of z) over the duration of the simulations. Each curve is normalised to ts maximum. See text
for details.

3.1. Energetics

The imposed wave drivers inject energy through the Poynting flux. For an initially
uniform magnetic field, B = By Z, driven by a simple harmonic oscillating driver, v =
vp sin wt ¥, acting at magnetic foot points (at z = 0), the Poynting flux, S, can be expressed as

s— 1 [ExB.ds= iBo/ v,B, dxdy. (10)
Ko JA Ho ~JA

Here, the ideal plasma (7 = 0) is assumed and the integral is calculated over the area on

which the driver acts. If no wave reflections interact with the driven boundary (e.g., for

an open field or before any waves have returned following reflection from a distant foot

point), the velocity and magnetic fields satisfy:

w
= vpsind (vt — 11
vy =7 sm{ ” (va z)}, (11)
voBy . w
B, = Yz—ovun) b 12
y - sm{ or (z—vy )} (12)

Here, v 4 is the Alfvén speed. By integrating Equation (10) over time, one finds that the total
energy injected through the z = 0 plane between ¢ = 0 and a later time, t = 7, is given by

2.2 - 2.2 .
BijugA /t TsinZ wf df = BiugA T sin2wT , (13)
UA t=0 vA 2 4w

where A is the area, over which the driver acts (e.g., the lower z boundary in our sim-
ulations). One can see that the cumulative energy injection is given by a linear growth
term and an oscillatory modification. As the linear term is not a function of the frequency,
over long times (such that the sinusoidal term is negligible), the injected energy for a purely
propagating wave mode does not depend on the driver frequency.

However, in the case considered here, reflected waves from the upper z boundary
soon interact with the driven boundary. In particular, whilst we still control the imposed
velocity driver (v, in Equation (10)), the magnetic field (e.g., by in Equation (10)) at the
boundary is dependent on the evolution of the system. For resonant wave frequencies,
the reflected waves guarantee an increase in the Poynting flux injected into the system.
However, for non-resonant frequencies, over long times, the wave driver will remove as
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much energy from the system as it injects. As such, for broadband oscillatory drivers, it
is the resonant frequencies (for the fundamental mode and higher harmonics) that will
dominate the energetics of the system.

For the BbUni simulation, one can decompose the imposed velocity driver into its
individual frequency components (see Equation (8)). From this decomposition, one can
then consider how much each frequency contributes to the overall energy injection rate
(e.g., using Equation (10)). Figure 9, left, shows the contribution to the total energy injection
rate (over the duration of the simulation) from each component of the wave driver. The
curve is normalised to its maximum. One can see that the energy injection peaks at the kink
frequency (wy, the resonant fundamental mode for the flux tube) and has a secondary peak
close to 1.4 wy (corresponding to the fundamental frequency of standing Alfvén waves in
the external plasma). As the kink mode is evanescent outside the flux tube (e.g., [10,55]),
at large distances from the loop, standing Alfvén modes are resonantly excited instead. One
can also note that there is another peak close to 2 wy, suggesting that the highest frequency
modes in the driving are exciting the second harmonic.

Y (Mm)

-4 -2 0
X (Mm)

n
N
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Mean Energy Injection

Figure 9. Left: injected Poynting flux associated with each component of the velocity driving over
the duration of the BbUni simulation. The curve is normalised to its maximum. Right: spatial
distribution of the mean Poynting flux in the BbUni simulation at each point on the driven boundary
(z = 0 Mm). See text for details.

Figure 9, right, shows the spatial distribution of the total Poynting flux (over the
simulation duration) associated with the w = wj component of the driving. In agreement
with Figure 10 of Ref. [41] (which showed a similar plot for the ResUni case), one can see
that kink mode energy is preferentially injected in the core of the loop and extracted in the
loop boundaries. This is because the excited azimuthal Alfvén waves are out-of-phase with
the oscillation in the loop core (despite having the same frequency). As such, the velocity
driver consistently opposes the Alfvén wave oscillation and thus removes energy from
the system.

In Ref. [41], we showed that non-resonant, single frequency drivers were not able to
inject and dissipate sufficient energy to balance the optically thin radiative losses. However,
for the our broadband cases here, whilst much of the driver power is at non-resonant
frequencies, there is still power at resonant frequencies (e.g., the fundamental kink mode,
w = wy, and the second harmonic, w = 2wy). In order to examine the energy injected by
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the drivers considered, in Figure 10, the evolution of the volume integrated wave energy
(Figure 10, left) and the change in the specific internal energy (Figure 10, right) are shown.
For the wave energy, we calculate the total kinetic energy plus the total magnetic energy
minus the initial magnetic energy. For both plots, the change in energy is shown relative to
the initial total energy (kinetic, magnetic and thermal). Let us note that, in both cases, the
energy change is modest (<0.1%), in comparison with the initial energy in the system.
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Figure 10. Left: evolution of the volume-integrated wave energy (total perturbed magnetic and
kinetic energy). Right: change in the specific internal energy in each of the four cases. The energies
are shown relative to the total energy in the initial conditions. See text for details.

There are several important factors that affect the amount of wave energy in the
simulations at any given time. For the ResUni case, although the energy injection rate is
initially efficient, it does not exhibit the largest wave energies. This is because:

¢ the other wave drivers also excite resonant modes, ensuring they inject energy efficiently;

¢  in the ResUni case, the KHI quickly (within a few wave periods) deforms the loop den-
sity profile and hence detunes the system from this single frequency driver, reducing
subsequent energy injection rates;

* the earlier formation of the KHI results in wave energy dissipating sooner in the
ResUni case;

e other wave drivers can be resonant for field lines that are distant from the loop, where
the local Alfvén frequency is different from the kink frequency; as such, they can inject
more energy into the external plasma;

e  the multi-directional drivers excite waves in the x direction too; this means that the
system has a greater capacity for wave energy than the single direction cases.

This final point is important in establishing why the ResMulti (orange curve) and
BbMulti (blue curve) simulations exhibit more wave energy than the uni-directional driver
cases (red and black curves).

Figure 10, right, shows how the volume-integrated thermal energy changes during
the four simulations. In all cases, the final thermal energy is similar or greater than the
initial thermal energy (with just a slight decrease in the BbUni simulation). This suggests
that generally these wave drivers are able to balance the radiative losses from the flux
tube. Despite the greater wave energies in the ResMulti and BbMulti cases, for most of
the duration, the ResUni simulation has the largest thermal energy. There are two main
reasons for this, both associated with the KHI. First, the relatively early onset in the ResUni
case, means that it exhibits the greatest heating rates across all simulations from ¢ = 500 s
for approximately 1000 s (until heating rates are enhanced by the instability in other cases).
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Second, the instability reduces the volume integral of p? in the computational domain.
As such, the radiative losses decrease, reducing the mean cooling rate.

These two effects are well seen in Figure 11. Figure 11, left, shows the decrease in the
volume integral of p? across the four simulations. All curves are shown normalised to the
corresponding initial value. One can see that all simulations show a drop in the integral
as density is redistributed throughout the domain. We note that density is conserved in
all cases and these curves reflect plasma moving from high-density regions to low-density
regions, particularly as the instability develops. The drop is greatest and begins soonest in
the ResUni simulation, reducing the radiative cooling in comparison to other simulations.
Although the drop is reasonably small (~2%), this integral is computed over the entire
domain, and the reduction in the radiative losses within the dense flux tube is larger.
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Figure 11. Left: evolution of [}, p? dV computed over the simulation domain in each simulation.
Right: cumulative heating (Ohmic and viscous) integrated over the computational volume for
each of the four simulations. All curves are normalised by the maximum value obtained within
any simulation. See text for more details.

Figure 11, right, shows the cumulative heating (total viscous and Ohmic heating) that
has occurred up to a given time within each simulation. The time derivative gives the
instantaneous heating rate. Although the heating rate is initially largest in the ResUni
simulation, subsequently, the approximately equal gradients show that the heating rate
is similar across all simulations. At late times, the BbMulti simulation exhibits enhanced
heating rates as the KHI begins to dissipate the enhanced wave energies (see Figure 10)
effectively. It is only the combined effects of both quantities, shown in Figure 11, which
yield the change in thermal energy discussed above.

3.2. Synthetic Emission

In order to compare how each of these simulations would manifest in real observations,
we generated synthetic intensities using the FoMo code [69]. We consider the 171 A channel
as observed by the Atmospheric Imaging Assembly (AIA) [70] aboard the Solar Dynamics
Observatory, which detects emission from plasma with temperatures of approximately
1 MK. Figure 12 shows synthetic intensities from each of the four simulations. The line-of-
sight (LOS) is in the y direction, which is parallel to the wave driver velocity in the ResUni
and BbUni simulations (Figure 12, two upper plots).
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Figure 12. Synthetic intensities as would be observed with the Atmospheric Imaging Assembly (AIA)
171 A channel. Synthetic emission from the ResUni, BbUni, ResMulti, and BbMulti (top to bottom)
simulations at t = 3100 s. The line-of-sight (LOS) is parallel to the y axis and the emission shown is
normalised by the maximum value in the ResUni case. See text for details.

Despite the enhanced density in the centre of each flux tube (e.g., see Figure 3),
the radiation from these regions does not lead to brighter emission in the centre of the
loops when viewed in this channel. This is because the cooler plasma (see Figure 5) only
emits weakly in this channel. This is consistent with Figure 12 from Ref. [41]. Indeed, a
low emission core is detectable between bright bands in the loop boundary in the second
panel (BbUni) of Figure 12, top second plot (BbUni). In all plots, the synthetic emission
shows apparent substructure within the coronal loop. These are reminiscent of coronal
strands but, as has been reported in similar studies (e.g., [71]), these are manifestations of
just the K-H vortices that develop along the length of the structure. In the unidirectional
cases (Figure 12, two upper plots), these substructures form parallel to the loop axis and
can be relatively homogeneous along the length of the loop (e.g., the bright strands along
x = £0.5 Mm in Figure 12, top second plot. This, however, is not the case in the simulations
where the imposed driving changes directions (Figure 12, two lower plots). Here, the more
complex motions lead to emission, which appears to show evidence of magnetic strands
with an element of twist around the flux tube axis (particularly in the BbMulti case). More
generally, the displacement of the loop across the plane-of-the-sky (POS; in the x direction
here) is visible here. Let us note that different viewing angles (not parallel to the wave
driver) would show similar displacements for the ResUni and BbUni cases.

One can also track the observable signatures of the evolution of the KHI in these
systems. Figure 13 shows a time—distance dependence of the 171 A emission emanating
from the loop apex. In particular, we stack emission from the loop apex (z = 100 Mm
line, see Figure 12) in time. Figure 13, two upper plots, shows emission from the ResUni
simulation along two different LOS. In Figure 13, top, the LOS is parallel to the y axis (as
in Figure 12), and in Figure 13, top second plot, the LOS is rotated to be parallel to the x
axis. As such, Figure 13, top, is parallel to the driver polarisation, and in Figure 13, top
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second, the wave appears as a transverse motion in the POS. Figure 13, two lower plots,
shows similar plots for the ResMulti and BbMulti simulations, respectively. In both of these
cases, the LOS is parallel to the y axis. Since the driver polarisation changes during the
simulation, this angle is no longer parallel to the direction of the oscillation and, hence,
both LOS and POS velocities develop. As such, characteristics of both of Figure 13, two
upper plots, are important here.
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Figure 13. Time—distance dependence of 171 A emission from a cut across the loop apex: the ResUni
simulation viewed with a LOS parallel to the y axis (top) and parallel to the x axis (top second plot);
the ResMulti (third plot) and BbMulti simulations (bottom) with the viewing angle is parallel to the y
axis. All plots are normalised by the maximum intensity in the ResUni simulation. See text for details.

In Figure 13, top, the formation of the K-H vortices is eminently visible after  ~= 700 s.
However, we note that this may require much higher spatial resolution beyond the ob-
serving power of AIA. Whilst the kink mode is not visible in the intensity in this LOS,
Doppler velocities would reveal the nature of the oscillation. In Figure 13, top second
plot, however, the transverse oscillation is visible in the intensity and identifying the wave
period is simple enough. Let us note that in this continuously driven system, we do not
see any decay of the oscillation amplitude, and the disintegration of the loop emission is
again indicative of the formation of the KHI. Leaving aside observational considerations,
such results are not directly applicable to solar observations, as wave excitation is more
likely to be similar to the ResMulti and BbMulti cases (Figure 13, two lower plots). Here,
one can see that the transverse oscillation is poorly defined and signatures of the KHI are
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more subtle. However, for the given spatial resolution, the change in the structure from
t =~ 2500 s, is indicative of the density deformation associated with the KHI.

4. Discussion

In this paper, we have presented the results of three-dimensional MHD simulations
of wave heating in transversely oscillating low density coronal loops. In these models,
the wave dynamics drive the formation of the KHI, which, in turn, deforms the loop density
profile and leads to large gradients in both the perturbed magnetic and velocity fields.
Through this carefully-studied process, wave heating rates are significantly enhanced,
increasing the possibility of waves being important in maintaining coronal temperatures.
In an extension to previous results, we have shown that heating powered by broadband
wave drivers can be sufficient to balance optically thin radiative losses, provided that
there is power in resonant frequencies (e.g., fundamental and higher harmonic kink and
Alfvén frequencies). Indeed, by considering the power injected by different frequency
components of the broadband driving, we show that these resonant frequencies dominate
the energetics of the system. We also found that multi-directional drivers produced more
energetic systems than their uni-directional counterparts. Although the more complex,
multi-directional drivers typically result in delayed instability onset (due to less coherent
velocity shears), once the KHI forms, they can generate greater heating rates.

Despite this positive result for wave heating, a number of limitations in this model still
remain. Firstly, the heating rates in these simulations remain relatively low, and radiative
losses can only be balanced because of the low densities considered here. For higher
densities more typical of active region loops, the radiative losses can be 100 times greater
(assuming plasma densities are an order of magnitude larger than in the current setup).
As such, the wave heating rates found in these simulations will not be sufficient to balance
radiative losses in denser loops [41]. Furthermore, we currently neglect cooling due to
thermal conduction, which transfers heat to lower atmospheric layers. This effect can
be significant and is often larger than the radiative cooling in the corona, particularly
for shorter loops. Even in the long loops (200 Mm) considered here, energy losses from
the corona due to conduction can be comparable to radiative losses. As such, the heating
requirements are larger (perhaps significantly) than those in the simulations considered here.
Additionally, we note that, due to computational constraints, the dissipation coefficients
used here are many orders of magnitude larger than typical coronal values and thus heating
rates are likely much higher than should be expected (e.g., [72]). However, if the instability
induces true MHD turbulence, the energy dissipation rates may be largely independent of
the dissipation coefficients (e.g., [48]). Consequently, whether the corona is truly turbulent
is an important open question, which has significant consequences for the energetics of
the system [73].

As with many wave heating models, the current study relies on an existing coronal
loop, which is assumed to be dense in relation to its environment. Although the exact
nature of the density profile may be unimportant, a cross-field gradient in the natural
Alfvén frequency of field lines must be maintained for several wave periods to allow the
instability to develop. Hitherto, no wave heating models have been able to self-consistently
generate or maintain such a density profile. Indeed, in Ref. [74], it is argued that wave
heating cannot sustain a dense loop core against energy losses. As a result, the dense,
cooling plasma would quickly drain downwards to the lower atmosphere. Furthermore,
in a related numerical setting [75], it was shown that evaporative upflows of chromospheric
and transition region plasma driven by wave heating may be small. Even in the case here
(which does not permit the draining of plasma), we see the dense loop core cooling as
it experiences relatively weak heating due to low velocity and magnetic field gradients
developing in this region. However, this may be less of an issue in simulations with larger
wave amplitudes and/or higher Reynolds numbers as, in such cases, the entire loop cross-
section is disrupted (e.g., [30]). This leads to lower average densities in the loop core and
heating over a wider region.
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The complex wave drivers considered here (particularly the BbMulti simulation) are
likely to be more representative of the continuous wave excitation mechanisms in the real
Sun. For example, it is unlikely that an oscillatory velocity in the photosphere maintains
a single polarisation angle for thousands of seconds (as in the ResUni case). Despite
this, the white noise (power constant over all frequencies) driver implemented in these
simulations is unlikely to be representative of atmospheric wave drivers (e.g., there may
be preferred frequencies which reflect a transfer of energy from p-modes to atmospheric
oscillations [57]). Regardless of the exact nature of the oscillatory driving, it is likely that
resonant frequencies play an important role in the energetics. However, the growth of
resonances relies on the excitation mechanism containing power at the correct frequency
for many wave periods. In particular, this component of the driving must have a constant
phase shift over this time. Whether this is realistic assumption for the complex solar
atmosphere remains unclear. Furthermore, if the background medium is evolving (e.g.,
field aligned plasma flows generated in response to heating and cooling), it is more likely
that transient resonances develop. Then, it is unclear whether the KHI and significant
wave heating can be driven in these more dynamic configurations. As such, more study is
required to understand the effects of realistic and self-consistent wave driving on oscillating
loops to ascertain the propensity for coronal wave heating.
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Abbreviations

The following abbreviations are used in this paper:

BbMulti  simulation with broadband, multidirectional driver
BbUni simulation with broadband, undirectional driver
KHI Kelvin—-Helmholtz instability

LOS line-of-sight

MHD magnetohydrodynamics

POS plane-of-sky

ResMulti  simulation with resonant, multidirectional driver
ResUni simulation with resonant, unidirectional driver

References

1.

Aschwanden, M.].; Fletcher, L.; Schrijver, C.J.; Alexander, D. Coronal Loop Oscillations Observed with the Transition Region and
Coronal Explorer. Astrophys. |. 1999, 520, 880-894. [CrossRef]

De Moortel, I.; Brady, C.S. Observation of Higher Harmonic Coronal Loop Oscillations. Astrophys. J. 2007, 664, 1210-1213.
[CrossRef]

Antolin, P.; Verwichte, E. Transverse Oscillations of Loops with Coronal Rain Observed by Hinode/Solar Optical Telescope.
Astrophys. J. 2011, 736, 121. [CrossRef]

Duckenfield, T.; Anfinogentov, S.A.; Pascoe, D.J.; Nakariakov, VM. Detection of the Second Harmonic of Decay-less Kink
Oscillations in the Solar Corona. Astrophys. |. Lett. 2018, 854, L5. [CrossRef]

Goddard, C.R.; Nistico, G. Temporal Evolution of Oscillating Coronal Loops. Astron. Astrophys. 2020, 638, A89. [CrossRef]
Guo, X,; Liang, B.; Feng, S.; Dai, W.; Yang, Y. Simultaneous Detection of Flare-related Decaying and Decayless Kink Oscillations
Using Jerk-aware Motion Magnification. Res. Astron. Astrophys. 2022, 22, 115012. [CrossRef]

Safna Banu, K.; Maurya, R.A_; Jain Jacob, P.T. Transverse Oscillation of Coronal Loops Induced by Eruptions of a Magnetic Flux
Tube and a Plasmoid. Sol. Phys. 2022, 297, 134. [CrossRef]


http://doi.org/10.1086/307502
http://dx.doi.org/10.1086/518830
http://dx.doi.org/10.1088/0004-637X/736/2/121
http://dx.doi.org/10.3847/2041-8213/aaaaeb
http://dx.doi.org/10.1051/0004-6361/202037467
http://dx.doi.org/10.1088/1674-4527/ac9445
http://dx.doi.org/10.1007/s11207-022-02065-7

Physics 2023, 5 158

10.
11.

12.
13.
14.
15.
16.
17.

18.
19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

Zhang, Q.; Li, C; Li, D.; Qiu, Y.; Zhang, Y.; Ni, Y. First Detection of Transverse Vertical Oscillation during the Expansion of
Coronal Loops. Astrophys. J. 2022, 937, L21. [CrossRef]

Roberts, B. Waves and Oscillations in the Corona—(Invited Review). Sol. Phys. 2000, 193, 139-152. [CrossRef]

Nakariakov, V.M.; Verwichte, E. Coronal Waves and Oscillations. Living Rev. Sol. Phys. 2005, 2, 3. [CrossRef]

De Moortel, I.; Nakariakov, V.M. Magnetohydrodynamic Waves and Coronal Seismology: An Overview of Recent Results. Philos.
Trans. R. Soc. Lond. Ser. A 2012, 370, 3193-3216. [CrossRef] [PubMed]

Banerjee, D.; Krishna Prasad, S.; Pant, V.; McLaughlin, J.A.; Antolin, P.; Magyar, N.; Ofman, L.; Tian, H.; Van Doorsselaere, T.; De
Moortel, I; et al. Magnetohydrodynamic Waves in Open Coronal Structures. Space Sci. Rev. 2021, 217, 76. [CrossRef]

McIntosh, S.W.; de Pontieu, B.; Carlsson, M.; Hansteen, V.; Boerner, P.; Goossens, M. Alfvénic Waves with Sufficient Energy to
Power the Quiet Solar Corona and Fast Solar Wind. Nature 2011, 475, 477-480. [CrossRef]

Erdélyi, R.; Ballai, I. Heating of the Solar and Stellar Coronae: A Review. Astron. Notes 2007, 328, 726-733. [CrossRef]

Arregui, I. Wave Heating of the Solar Atmosphere. Philos. Trans. R. Soc. Lond. Ser. A 2015, 373, 20140261. [CrossRef] [PubMed]
Van Doorsselaere, T.; Srivastava, A.K.; Antolin, P.; Magyar, N.; Vasheghani Farahani, S.; Tian, H.; Kolotkov, D.; Ofman, L.; Guo,
M.; Arregui, I; et al. Coronal Heating by MHD Waves. Space Sci. Rev. 2020, 216, 140. [CrossRef]

Ionson, J.A. Resonant Absorption of Alfvenic Surface Waves and the Heating of Solar Coronal Loops. Astrophys. ]. 1978,
226, 650-673. [CrossRef]

Heyvaerts, J.; Priest, E.R. Coronal Heating by Phase-mixed Shear Alfven Waves. Astron. Astrophys. 1983, 117, 220-234.

Pascoe, D.J.; Wright, A.N.; De Moortel, I. Coupled Alfvén and Kink Oscillations in Coronal Loops. Astrophys. . 2010, 711, 990-996.
[CrossRef]

Pascoe, D.J.; Hood, A.W.; De Moortel, I.; Wright, AN. Damping of Kink Waves by Mode Coupling. II. Parametric Study and
Seismology. Astron. Astrophys. 2013, 551, A40. [CrossRef]

Howson, T. How Transverse Waves Drive Turbulence in the Solar Corona. Symmetry 2022, 14, 384. [CrossRef]

Terradas, J.; Andries, J.; Goossens, M.; Arregui, L; Oliver, R.; Ballester, J.L. Nonlinear Instability of Kink Oscillations due to Shear
Motions. Astrophys. J. 2008, 687, L115-L118. [CrossRef]

Antolin, P; Yokoyama, T.; Van Doorsselaere, T. Fine Strand-like Structure in the Solar Corona from Magnetohydrodynamic
Transverse Oscillations. Astrophys. J. Lett. 2014, 787, L22. [CrossRef]

Antolin, P.; Okamoto, T.J.; De Pontieu, B.; Uitenbroek, H.; Van Doorsselaere, T.; Yokoyama, T. Resonant Absorption of Transverse
Oscillations and Associated Heating in a Solar Prominence. II. Numerical Aspects. Astrophys. J. 2015, 809, 72. [CrossRef]
Magyar, N.; Van Doorsselaere, T. Damping of Nonlinear Standing Kink Oscillations: A Numerical Study. Astron. Astrophys. 2016,
595, A81. [CrossRef]

Howson, T.A.; De Moortel, I.; Antolin, P. The Effects of Resistivity and Viscosity on the Kelvin—-Helmholtz Instability in Oscillating
Coronal Loops. Astron. Astrophys. 2017, 602, A74. [CrossRef]

Howson, T.A.; De Moortel, I.; Antolin, P. Energetics of the Kelvin-Helmholtz Instability Induced by Transverse Waves in Twisted
Coronal loops. Astron. Astrophys. 2017, 607, A77. [CrossRef]

Antolin, P.; Schmit, D.; Pereira, T.M.D.; De Pontieu, B.; De Moortel, I. Transverse Wave Induced Kelvin-Helmholtz Rolls in
Spicules. Astrophys. ]. 2018, 856, 44. [CrossRef]

Karampelas, K.; Van Doorsselaere, T.; Antolin, P. Heating by Transverse Waves in Simulated Coronal Loops. Astron. Astrophys.
2017, 604, A130. [CrossRef]

Karampelas, K.; Van Doorsselaere, T. Simulations of Fully Deformed Oscillating Flux Tubes. Astron. Astrophys. 2018, 610, L.
[CrossRef]

Terradas, J.; Magyar, N.; Van Doorsselaere, T. Effect of Magnetic Twist on Nonlinear Transverse Kink Oscillations of Line-tied
Magnetic Flux Tubes. Astrophys. . 2018, 853, 35. [CrossRef]

Afanasyev, A.; Karampelas, K.; Van Doorsselaere, T. Coronal Loop Transverse Oscillations Excited by Different Driver Frequencies.
Astrophys. ]. 2019, 876, 100. [CrossRef]

Guo, M.; Van Doorsselaere, T.; Karampelas, K.; Li, B.; Antolin, P.; De Moortel, I. Heating Effects from Driven Transverse and
Alfvén Waves in Coronal Loops. Astrophys. J. 2019, 870, 55. [CrossRef]

Karampelas, K.; Van Doorsselaere, T.; Pascoe, D.J.; Guo, M.; Antolin, P. Amplitudes and Energy Fluxes of Simulated Decayless
Kink Oscillations. Front. Astron. Space Sci. 2019, 6, 38. [CrossRef]

Browning, PK,; Priest, E.R. Kelvin-Helmholtz Instability of a Phased-mixed Alfven Wave. Astron. Astrophys. 1984, 131, 283-290.
Barbulescu, M.; Ruderman, M.S.; Van Doorsselaere, T.; Erdélyi, R. An Analytical Model of the Kelvin-Helmholtz Instability of
Transverse Coronal Loop Oscillations. Astrophys. . 2019, 870, 108. [CrossRef]

Hillier, A.; Barker, A.; Arregui, I.; Latter, H. On Kelvin-Helmholtz and Parametric Instabilities Driven by Coronal Waves. Mon.
Not. R. Astron. Soc. 2019, 482, 1143-1153. [CrossRef]

Karampelas, K.; Van Doorsselaere, T.; Guo, M. Wave Heating in Gravitationally Stratified Coronal Loops in the Presence of
Resistivity and Viscosity. Astron. Astrophys. 2019, 623, A53. [CrossRef]

Magyar, N.; Van Doorsselaere, T.; Marcu, A. Numerical Simulations of Transverse Oscillations in Radiatively Cooling Coronal
Loops. Astron. Astrophys. 2015, 582, A117. [CrossRef]

Shi, M.; Van Doorsselaere, T.; Guo, M.; Karampelas, K.; Li, B.; Antolin, P. The First 3D Coronal Loop Model Heated by MHD
Waves against Radiative Losses. Astrophys. J. 2021, 908, 233. [CrossRef]


http://dx.doi.org/10.3847/2041-8213/ac8e01
http://dx.doi.org/10.1023/A:1005237109398
http://dx.doi.org/10.12942/lrsp-2005-3
http://dx.doi.org/10.1098/rsta.2011.0640
http://www.ncbi.nlm.nih.gov/pubmed/22665899
http://dx.doi.org/10.1007/s11214-021-00849-0
http://dx.doi.org/10.1038/nature10235
http://dx.doi.org/10.1002/asna.200710803
http://dx.doi.org/10.1098/rsta.2014.0261
http://www.ncbi.nlm.nih.gov/pubmed/25897091
http://dx.doi.org/10.1007/s11214-020-00770-y
http://dx.doi.org/10.1086/156648
http://dx.doi.org/10.1088/0004-637X/711/2/990
http://dx.doi.org/10.1051/0004-6361/201220620
http://dx.doi.org/10.3390/sym14020384
http://dx.doi.org/10.1086/593203
http://dx.doi.org/10.1088/2041-8205/787/2/L22
http://dx.doi.org/10.1088/0004-637X/809/1/72
http://dx.doi.org/10.1051/0004-6361/201629010
http://dx.doi.org/10.1051/0004-6361/201630259
http://dx.doi.org/10.1051/0004-6361/201731178
http://dx.doi.org/10.3847/1538-4357/aab34f
http://dx.doi.org/10.1051/0004-6361/201730598
http://dx.doi.org/10.1051/0004-6361/201731646
http://dx.doi.org/10.3847/1538-4357/aa9d0f
http://dx.doi.org/10.3847/1538-4357/ab1848
http://dx.doi.org/10.3847/1538-4357/aaf1d0
http://dx.doi.org/10.3389/fspas.2019.00038
http://dx.doi.org/10.3847/1538-4357/aaf506
http://dx.doi.org/10.1093/mnras/sty2742
http://dx.doi.org/10.1051/0004-6361/201834309
http://dx.doi.org/10.1051/0004-6361/201526287
http://dx.doi.org/10.3847/1538-4357/abda54

Physics 2023, 5 159

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

De Moortel, I; Howson, T.A. (When) Can wave heating balance optically thin radiative losses in the corona? Astrophys. J. 2022,
941, 85. [CrossRef]

Diaz-Sudrez, S.; Soler, R. Transition to Turbulence in Nonuniform Coronal Loops Driven by Torsional Alfvén Waves. Astron.
Astrophys. 2021, 648, A22. [CrossRef]

Guo, M.; Van Doorsselaere, T.; Karampelas, K.; Li, B. Wave Heating in Simulated Multistranded Coronal Loops. Astrophys. ].
2019, 883, 20. [CrossRef]

Howson, T.; De Moortel, I.; Pontin, D. Magnetic Reconnection and the Kelvin-Helmholtz Instability in the Solar Corona. Astron.
Astrophys. 2021, 656, A112. [CrossRef]

Magyar, N.; Van Doorsselaere, T. The Instability and Non-existence of Multi-stranded Loops When Driven by Transverse Waves.
Astrophys. J. 2016, 823, 82. [CrossRef]

Magyar, N.; Van Doorsselaere, T.; Goossens, M. Generalized Phase Mixing: Turbulence-like Behaviour from Unidirectionally
Propagating MHD Waves. Sci. Rep. 2017, 7, 14820. [CrossRef] [PubMed]

Magyar, N.; Van Doorsselaere, T.; Goossens, M. Understanding Uniturbulence: Self-cascade of MHD Waves in the Presence of
Inhomogeneities. Astrophys. J. 2019, 882, 50. [CrossRef]

Van Doorsselaere, T.; Li, B.; Goossens, M.; Hnat, B.; Magyar, N. Wave Pressure and Energy Cascade Rate of Kink Waves Computed
with Elsdsser Variables. Astrophys. J. 2020, 899, 100. [CrossRef]

Ismayilli, R.; Van Doorsselaere, T.; Goossens, M.; Magyar, N. Non-linear Damping of Surface Alfvén Waves due to Uniturbulence.
Front. Astron. Space Sci. 2022, 8, 241. [CrossRef]

Hillier, A.; Van Doorsselaere, T.; Karampelas, K. Estimating the Energy Dissipation from Kelvin-Helmholtz Instability Induced
Turbulence in Oscillating Coronal Loops. Astrophys. J. 2020, 897, L13. [CrossRef]

Pagano, P.; De Moortel, I. Contribution of Mode-coupling and Phase-mixing of Alfvén Waves to Coronal Heating. Astron.
Astrophys. 2017, 601, A107. [CrossRef]

Pagano, P.; Pascoe, D.J.; De Moortel, I. Contribution of Phase-mixing of Alfvén Waves to Coronal Heating in Multi-harmonic
Loop Oscillations. Astron. Astrophys. 2018, 616, A125. [CrossRef]

Pagano, P.; De Moortel, I. Contribution of Observed Multi Frequency Spectrum of Alfvén Waves to Coronal Heating. Astron.
Astrophys. 2019, 623, A37. [CrossRef]

Pagano, P.; De Moortel, I.; Morton, R.J. Effect of Coronal Loop Structure on Wave Heating through Phase Mixing. Astron.
Astrophys. 2020, 643, A73. [CrossRef]

Edwin, PM.; Roberts, B. Wave Propagation in a Magnetic Cylinder. Sol. Phys. 1983, 88, 179-191. . [CrossRef]

Tomczyk, S.; McIntosh, S.W.; Keil, S.L.; Judge, P.G.; Schad, T.; Seeley, D.H.; Edmondson, ]. Alfvén Waves in the Solar Corona.
Science 2007, 317, 1192. [CrossRef] [PubMed]

Morton, R.J.; Tomczyk, S.; Pinto, R.E. A Global View of Velocity Fluctuations in the Corona below 1.3 R ¢ with CoMP. Astrophys.
J. 2016, 828, 89. [CrossRef]

Tiwari, A.K,; Morton, R.].; Régnier, S.; McLaughlin, ].A. Damping of Propagating Kink Waves in the Solar Corona. Astrophys. ].
2019, 876, 106. [CrossRef]

Arber, T.D.; Longbottom, A.W.; Gerrard, C.L.; Milne, A.M. A Staggered Grid, Lagrangian-Eulerian Remap Code for 3-D MHD
Simulations. J. Comput. Phys. 2001, 171, 151-181. [CrossRef]

Klimchuk, J.A.; Patsourakos, S.; Cargill, P.J. Highly Efficient Modeling of Dynamic Coronal Loops. Astrophys. J. 2008, 682, 1351
1362. [CrossRef]

Arber, T.D. LareXd User Guide, Version 3.3 ed.; GitHub, Inc.: San Francisco, CA, USA, 2018. Available online: https:/ /github.
com/Warwick-Plasma/Lare3d (accessed on 7 January 2023).

Goossens, M.; Andries, J.; Aschwanden, M.J. Coronal Loop Oscillations. An Interpretation in Terms of Resonant Absorption of
Quasi-mode Kink Oscillations. Astron. Astrophys. 2002, 394, L39-L42. [CrossRef]

Goossens, M.; Terradas, J.; Andries, J.; Arregui, I.; Ballester, ].L. On the Nature of Kink MHD Waves in Magnetic Flux Tubes.
Astron. Astrophys. 2009, 503, 213-223. [CrossRef]

Grappin, R.; Léorat, J.; Buttighoffer, A. Alfvén Wave Propagation in the High Solar Corona. Astron. Astrophys. 2000, 362, 342-358.
Pucci, F; Onofri, M.; Malara, F. Evolution of Magnetohydrodynamic Waves in Low Layers of a Coronal Hole. Astrophys. ]. 2014,
796, 43. [CrossRef]

Yuan, D.; Pascoe, D.J.; Nakariakov, V.M.; Li, B.; Keppens, R. Evolution of Fast Magnetoacoustic Pulses in Randomly Structured
Coronal Plasmas. Astrophys. . 2015, 799, 221. [CrossRef]

Pascoe, D.J.; De Moortel, I.; Pagano, P.; Howson, T.A. Propagating Alfvén Waves in Open Structures with Random Structuring.
Mon. Not. R. Astron. Soc. 2022, 516, 2181-2188. [CrossRef]

Van Doorsselaere, T.; Andries, J.; Poedts, S. Observational Evidence Favors a Resistive Wave Heating Mechanism for Coronal
Loops Over a Viscous Phenomenon. Astron. Astrophys. 2007, 471, 311-314. [CrossRef]

Van Doorsselaere, T.; Antolin, P; Yuan, D.; Reznikova, V.; Magyar, N. Forward Modeling of EUV and Gyrosynchrotron Emission
from Coronal Plasmas with FoMo. Front. Astron. Space Sci. 2016, 3, 4. [CrossRef]

Lemen, J.R;; Title, A.M.; Akin, D.J.; Boerner, PF.; Chou, C.; Drake, ].F.; Duncan, D.W.; Edwards, C.G.; Friedlaender, EM.; Heyman,
G.F; et al. The Atmospheric Imaging Assembly (AIA) on the Solar Dynamics Observatory (SDO). Sol. Phys. 2012, 275, 17-40.
[CrossRef]


http://dx.doi.org/10.3847/1538-4357/aca072
http://dx.doi.org/10.1051/0004-6361/202040161
http://dx.doi.org/10.3847/1538-4357/ab338e
http://dx.doi.org/10.1051/0004-6361/202141620
http://dx.doi.org/10.3847/0004-637X/823/2/82
http://dx.doi.org/10.1038/s41598-017-13660-1
http://www.ncbi.nlm.nih.gov/pubmed/29093462
http://dx.doi.org/10.3847/1538-4357/ab357c
http://dx.doi.org/10.3847/1538-4357/aba0b8
http://dx.doi.org/10.3389/fspas.2021.769173
http://dx.doi.org/10.3847/2041-8213/ab9ca3
http://dx.doi.org/10.1051/0004-6361/201630059
http://dx.doi.org/10.1051/0004-6361/201732251
http://dx.doi.org/10.1051/0004-6361/201834158
http://dx.doi.org/10.1051/0004-6361/202039209
http://dx.doi.org/10.1007/BF00196186
http://dx.doi.org/10.1126/science.1143304
http://www.ncbi.nlm.nih.gov/pubmed/17761876
http://dx.doi.org/10.3847/0004-637X/828/2/89
http://dx.doi.org/10.3847/1538-4357/ab164b
http://dx.doi.org/10.1006/jcph.2001.6780
http://dx.doi.org/10.1086/589426
https://github.com/Warwick-Plasma/Lare3d
https://github.com/Warwick-Plasma/Lare3d
http://dx.doi.org/10.1051/0004-6361:20021378
http://dx.doi.org/10.1051/0004-6361/200912399
http://dx.doi.org/10.1088/0004-637X/796/1/43
http://dx.doi.org/10.1088/0004-637X/799/2/221
http://dx.doi.org/10.1093/mnras/stac2294
http://dx.doi.org/10.1051/0004-6361:20066658
http://dx.doi.org/10.3389/fspas.2016.00004
http://dx.doi.org/10.1007/s11207-011-9776-8

Physics 2023, 5 160

71.

72.

73.
74.

75.

Antolin, P.; De Moortel, I.; Van Doorsselaere, T.; Yokoyama, T. Observational Signatures of Transverse Magnetohydrodynamic
Waves and Associated Dynamic Instabilities in Coronal Flux Tubes. Astrophys. J. 2017, 836, 219. [CrossRef]

Prokopyszyn, A.PK.; Hood, A.W.; De Moortel, I. Phase Mixing of Nonlinear Alfvén Waves. Astron. Astrophys. 2019, 624, A90.
[CrossRef]

Klimchuk, J.A.; Antiochos, S.K. How Turbulent is the Magnetically Closed Corona? Front. Astron. Space Sci. 2021, 8, 83. [CrossRef]
Cargill, PJ.; De Moortel, I.; Kiddie, G. Coronal Density Structure and its Role in Wave Damping in Loops. Astrophys. |. 2016,
823, 31. [CrossRef]

Van Damme, H.]J.; De Moortel, I.; Pagano, P.; Johnston, C.D. Chromospheric Evaporation and Phase Mixing of Alfvén Waves in
Coronal Loops. Astron. Astrophys. 2020, 635, A174. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.3847/1538-4357/aa5eb2
http://dx.doi.org/10.1051/0004-6361/201834939
http://dx.doi.org/10.3389/fspas.2021.662861
http://dx.doi.org/10.3847/0004-637X/823/1/31
http://dx.doi.org/10.1051/0004-6361/201937266

	Introduction
	Methods and Basic Equations
	Initial Conditions
	Boundary Conditions

	Results
	Energetics
	Synthetic Emission

	Discussion
	References

