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ABSTRACT

Alfvén waves are known to be important carriers of magnetic energy that could play a role in coronal heating and/or solar wind
acceleration. As these waves are efficient energy carriers, how they are dissipated still remains one of the key challenges. Using
a series of 1.5D magnetohydrodynamic (MHD) simulations, we explore wave energy trapping associated with field-aligned
density enhancements. We examine the parameters that govern the wave reflection and trapping. The goal of our simulations
is to find optimal conditions for wave trapping, which would ultimately promote the energization of the solar atmosphere. In
agreement with previous studies, we find that maximum wave reflections happen only for a narrow range of density enhancement
widths, namely when it is comparable to the Alfvén wave wavelength. In our paper, we explain this scale-selectivity using a
semi-analytical model that demonstrates the importance of wave interference effects. As expected, we find that spatially extended
regions of density inhomogeneities favour enhanced wave reflection and trapping. However, wave interference causes saturation

of the reflected energy for very extended regions of varying density.

Key words: MHD —waves — Sun: oscillations — solar wind.

1 INTRODUCTION

Understanding the physical processes behind coronal heating and
solar wind acceleration remains one of the key challenges in solar
physics. As magnetohydrodynamic (MHD) waves are ubiquitously
observed from different space-based missions in different parts of
the solar atmosphere (e.g. Cirtain et al. 2007; De Pontieu et al.
2007; Banerjee, Pérez-Suarez & Doyle 2009; Jess et al. 2015; Bale
et al. 2019; Banerjee et al. 2021, and references therein), they
are considered to be important and efficient carriers of magnetic
energy from the solar interior to its atmosphere. Of the three
fundamental MHD wave modes — slow, fast, and Alfvén — Alfvén
waves are considered to be the most efficient carriers because of
their incompressible nature, due to which they can propagate up
to few tens of solar radii as observed in situ either as propagating
Alfvénic fluctuations (Belcher & Davis 1971) or in the form of
magnetic switchbacks by the Parker Solar Probe (e.g. Kasper et al.
2019; Horbury et al. 2020). As a result, the role of Alfvén waves in
coronal heating and solar wind acceleration has garnered significant
scientific interest (e.g. Cranmer, Van Ballegooijen & Edgar 2007;
Mclntosh et al. 2011; Van Ballegooijen & Asgari-Targhi 2016).

For Alfvén waves to contribute to the energization of the solar
atmosphere, the carried magnetic energy must be converted to
thermal energy at appropriate locations. Depending on the large-
scale magnetic field under consideration — such as coronal loops,
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null points, coronal holes, etc. — different theories of wave energy
dissipation have been proposed, most of which are aimed at gen-
erating small length-scales (typically of the order of a few metres,
see for example Judge & Ionson (2024). It is only at such small
scales that resistive and viscous effects dominate and wave energy
dissipation becomes significant. Some of these theories include
resonant absorption (Ionson 1978), phase mixing (Heyvaerts &
Priest 1983), and the Kelvin—Helmbholtz instability in oscillating
flux tubes (e.g. Terradas et al. 2008 or reviewed in Howson 2022).
These processes typically depend on perpendicular (to the field)
inhomogeneities in the local Alfvén speed (e.g. see Morton et al.
2023, for a review). Additionally, the possibility of wave energy
dissipation via turbulent cascade as a consequence of non-linear self-
interaction of partially reflected Alfvén waves has been explored
(e.g. Cranmer & Van Ballegooijen 2005; Verdini & Velli 2007;
Chandran & Hollweg 2009; Van Ballegooijen et al. 2011; Perez
& Chandran 2013; van der Holst et al. 2014, and references
therein).

Coronal holes are known to be the source of fast solar wind,
which can accelerate up to ~ 500-700kms~! at 1au. Because of
the open magnetic field configuration in coronal holes, ions and
electrons can propagate rather efficiently into space. This results in
a relatively uniform and less variable structure of the fast solar wind
(e.g. see Cranmer 2009, for a review). Given the lack of (significant)
cross-field gradients in such a scenario, dissipation by Alfvén wave
turbulence becomes more important, which is commonly observed
in the interplanetary medium (Bale et al. 2005; Bandyopadhyay et al.
2020).
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A key consideration for a turbulent cascade of Alfvén wave energy
is the reflection and trapping of wave energy at appropriate locations.
Wave reflections usually occur in the presence of strong density
gradients, which are readily available for coronal loops anchored in
the chromosphere. This leads to wave trapping and the formation
of standing modes, thereby increasing the opportunities for wave
energy dissipation. On the other hand, along coronal holes (regions
of open magnetic field), Alfvén waves can only undergo partial
reflections due to the gravitationally stratified medium, unless there
are strong density variations in the direction of the guide field. As
counterpropagating Alfvén waves have been observed in coronal
holes in Coronal Multi-Channel Polarimeter (CoMP) observations
(Morton, Tomezyk & Pinto 2015), the possibility of Alfvén wave
reflection and trapping due to field-aligned density variations is
considered in recent studies (e.g. Asgari-Targhi et al. 2021; Pascoe
et al. 2022).

Non-linear Alfvén waves can produce density fluctuations as they
propagate, either via ponderomotive forces (Verwichte, Nakariakov
& Longbottom 1999), or due to spherical expansion in the solar
atmosphere (Nakariakov, Ofman & Arber 2000). Such density
fluctuations provide additional sites for wave reflection and trapping,
possibly facilitating a turbulent cascade of wave energy into smaller
length-scales. Apart from this, (linear) Alfvén waves can also reflect
from pre-existing density inhomogeneities in the solar atmosphere
such as spicules and jets, resulting from the dynamic nature of the
solar atmosphere.

In this paper, we study Alfvén wave reflection and trapping
along open field structures, such as coronal holes, using 1.5D
MHD simulations. As in Pascoe et al. (2022), we impose a density
enhancement on top of a uniform medium. In Pascoe et al. (2022) and
Yuan et al. (2015), the authors have shown that reflections maximize
when the density inhomogeneity length-scale is roughly half the
injected wave wavelength. This holds true for both Alfvén waves and
for fast magnetoacoustic waves. In this paper, we not only present
cases for wave reflection and trapping with a background plasma
flow, we also present a semi-analytical model that explains the scale
selectivity seen in such studies. The objective of our study is to
establish favourable conditions for Alfvén wave energy trapping in
between density enhancements — which are either uniformly spaced
and identical, or randomly generated — in terms of the different
length-scales in the system, the density contrast, and the background
wind speed. Although we do not study wave heating directly, we do
provide estimates on the energy budgets available for dissipation and
heating.

The paper is organized as follows. In Section 2, we describe
the model and the parameter space, results of which are described
in Section 3. Furthermore, we construct a semi-analytical model
that explains the scale-selectivity seen in our simulations, which
is described in Section 3.1.1. Lastly, we provide discussion and
conclusions in Section 4.

2 NUMERICAL SET-UP

The simulations presented in this article were implemented using
PLUTO — a finite-volume shock-capturing code for solving the
following equations in ideal MHD (Mignone et al. 2007).

ap
Z4v. =0 1
8t+ (pv) =0, (H
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Here, p, p, v, and B denote the density, gas pressure, velocity, and
magnetic field, respectively. The ideal gas law (5) provides closure
to the system of equations, where n denotes the number density, kg
is the Boltzmann constant, and T is the temperature.

The above equations are advanced on a uniformly spaced one-
dimensional grid aligned with the x —axis in Cartesian geometry us-
ing a third-order Runge—Kutta scheme. Spatial fluxes are calculated
using the total variation diminishing Lax—Friedrichs flux-splitting
approach. In order to minimize wave dissipation due to numerical
effects, the grid spacing is chosen such that there are > 150 grid
points per wavelength of the driven Alfvén waves (denoted by A,).
For example, in most simulations, a distance of 100 (= 501,) has
been sampled by 16 384 grid points.

Before Alfvén waves are excited, we set up a time-invariant plasma
background as follows. The magnetic field is aligned with the x —axis
and has a unit magnitude (B = X). The uniform density and pressure
are obtained by setting the Alfvén speed (va) and plasma S to 1 and
0.1, respectively.

Localized density inhomogeneities are then added on top of this
background. We consider two cases: (1) a series of identical half-
sinusoidal enhancements (Fig. 1, left panel), and (2) continuous
randomly varying fluctuations (Fig. 1, right panel). The density
enhancement, p’, in the former is given by

k=N—1 : 2nx 1
pP=> {Zm() MRS (©)

=0 , otherwise

where N is the number of identical density enhancement blocks that
repeat over a length-scale A;.

On the other hand, for the randomly varying density inhomo-
geneities, we define p’ as

k=M

2
P =3 asin ()L—]Zx n dn) . %)
k=1 ¢

Here, we sum over M sinusoids with randomly generated amplitudes,
ay, wavelengths, Ay, and phases (¢ ). The wavelengths are randomly
selected from a Gaussian distribution with a mean value of A, and
the amplitudes and phases are drawn randomly from a uniform
distribution.

In order to ensure that the density profile remains continuous,
a smoothing function is used at the start and end of the random
enhancements (see lines x = xo and x = x; in Fig. 1). We ensure
that the density inhomogeneities are localized in space, e.g. between
xo and x;. For x <xo and x > x;, the background density is
uniform, ensuring that we have a clear distinction between forward-
propagating incident waves and backward-propagating reflected
waves, when a sufficiently short Alfvén wave packet is excited.

The density inhomogeneities are also scaled using a factor, «,
subsequently referred to as the density contrast. We have

p(x)=po+ap’ (x). ®

This allows us to consider the effects of inhomogeneities with
different magnitudes relative to the background density.

Alfvén waves with a period P; =27 /w, are excited at the
lower boundary by locally modifying the perpendicular components
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Figure 1. Example density profiles with added inhomogeneities (localized in the range xo < x < x7) used to study wave reflections and trapping. Left: identical
blocks of density enhancements with widths A,/2; the gaps between each block is also A;/2, resulting in an overall structuring length-scale of A,. Right:
continuous and randomly varying density enhancements where the mean structuring length-scale is A;.

(aligned with the y—axis in our simulations) of velocity and magnetic
field as follows.

v, = Agsinwyt, )

B, =L (10)

N2

Consequently, the injected waves have a wavelength 1y = 27w va /wy.
Here, Ay is the transverse perturbation amplitude, set to 10 8va,
where v, is the background Alfvén speed. This very small amplitude
ensures that the waves behave linearly in our computational do-
main. At the boundary, we have implemented outflowing boundary
conditions by linearly interpolating all plasma quantities from the
computational cells to the ghost cells, thus minimizing reflections
from the boundary.

The model described above can be further modified to study the
effects of a background wind. In that case, we model the lower
boundary as the source of a plasma outflow with speed vy,. This
can be either sub-Alfvénic (M = vpe/va < 1) or super-Alfvénic
(Ma > 1). In either case, the Alfvén wave propagation speed is
modified to vpg + va. In the presence of a background flow, the
density inhomogeneities are no longer stationary. In this case, the
density enhancements are also injected from the lower boundary for
the wind to advect them before Alfvén waves are introduced to the
system.

2.1 Methods and analysis

For all our simulations, we quantify the energy carried by an Alfvén
wave using the field-aligned component of the Poynting flux, denoted
by S, (11), which, in general, is a function of both space and time.
We have

1 1
Sp(x,)=——@BL-v))Bj+—BL-By)y. (11)
Mo Mo

The second term in (11) is the flux contribution carried by a
background wind, which has zero contribution in the stationary case.
The first term, on the other hand, always remains non-zero as the
Alfvénic fluctuations are guided by the magnetic field. Noting that
the parallel and perpendicular directions correspond to the x— and
y—axes, respectively, in our simulations, (11) becomes

Sy (x, 1) = L (=Byv,B, + B}v,). (12)

Mo :

The time integral of the flux at any height x = x; is the energy
passing through a surface described by xy. In order to estimate the
amount of reflected and transmitted wave energy, we consider the
time-integrated Poynting flux through two surfaces. The first surface
is close to the inner boundary of the computational domain, which

allows us to track the amount of incident and reflected wave energies.
On the other hand, the second surface is close to the outer boundary
of the domain, which tracks the transmitted energy. If the driver is
switched on for 0 <t < t; and the simulation stops at t = 1,, then
these energies are given by

Ul
Em=/ S, (1) dr, (13)
0
1
Evt = / S, (. 1) dr, (14)
tltz
Eow = / S, (. 1) dr. (15)
0

We can then calculate reflection and transmission coefficients using
(16) and (17), respectively.

Eref

R= ; (16)
Ein
Eou

T=—"2 a7
Ein

Throughout the paper, wherever possible, we have chosen to present
our results in dimensionless quantities, e.g. wave energies in terms
of reflection and transmission coefficients, lengths in terms of the
Alfvén wave wavelength, speeds in terms of the Alfvén speed,
and so on. This not only ensures generality and scalability of the
results across different solar and astrophysical conditions, but also
facilitates direct comparison with theoretical models and previous
studies.

3 RESULTS

Waves spontaneously reflect within a background medium when
there are spatial gradients in the wave speed along the direction of
propagation. As a result, wave reflection from a varying background
density is ubiquitously observed in physical systems. The amount
of reflected wave energy is determined by the constructive or
destructive interference of incident and reflected waves. As a result,
the relative size between the density structuring length-scale (A,) and
the wavelength of the driven waves (A,) becomes a crucial parameter.
It is with this in mind that in our first set of simulations, we study the
effects of A, on the reflection of a single-wave Alfvén wave packet
as it propagates through an isolated block of density enhancement.
We perform a parameter study in both a static set-up and with a
background wind. A schematic of the simulation set-up is provided
in Fig. 2. Our goal here is to estimate the optimal conditions for wave
reflection, which can be used to study wave trapping in subsequent
sections.

MNRAS 541, 2843-2852 (2025)
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Figure 2. Schematic of the simulation set-up — an Alfvén wave packet (shown in black) is injected into the computational domain (left), which interacts with
a density inhomogeneity (shown in red) and produces a backward-propagating reflected wave (right). In our simulations, the parameter space study consists of

varying Ay and vpg to understand their effects.
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Figure 3. Amount of reflected energy (R) as a function of density structuring
length-scales normalized by the Alfvén wave wavelength (A5 /14). The dashed
lines with markers denote the cases with varying background wind speeds.
The solid green line denotes the reflection coefficients calculated using a
semi-analytical model, showing good agreement with the simulations.

3.1 Wave reflection due to a single density enhancement —
stationary versus non-stationary backgrounds

In the first set of simulations that we perform, we not only corroborate
the results from Pascoe et al. (2022) in a stationary background, but
also study the effects of a background plasma flow. With the set-up
shown in Fig. 2, we vary the density enhancement length-scale (A;),
and keep the Alfvén wavelength and density contrast fixed to A, and
50 per cent of the background, respectively. Additionally, we modify
the background wind speed such that the Alfvén Mach numbers are
0.1, 0.5, and 0.7 to understand their effects; M, = 0 denotes the
static case. The results are summarized in Fig. 3. We have plotted the
amount of reflected wave energy against the density enhancement
length-scale normalized by the Alfvén wave wavelength. The results
for each wind speed are shown with different symbols. We also
include the results of a semi-analytical model, which is discussed in
Section 3.1.1.

MNRAS 541, 2843-2852 (2025)

There are two conclusions that we can derive from Fig. 3. First,
a background wind has minimal effect on the reflection coefficient.
Even though a wind contributes positively to the Poynting flux, the
factors by which the incident and reflected energies increase are
the same, which gives the same reflection coefficient for any given
density enhancement length-scale. This effect may be due to the
fact that the interaction time between an Alfvén wave packet and an
enhanced density block remains fixed; the former propagates with a
speed vy + va, While the latter gets advected with vy,,. The reflected
wave packet, on the other hand, must compete against the flow as it
travels towards the lower boundary with a speed equal to vA — vpg.
As a result, the wind speed controls the direction towards which the
reflected wave travels — if it is sub-Alfvénic, the wave travels towards
the lower boundary, while it travels towards the upper boundary when
the wind exceeds the Alfvén speed. In any case, a background wind
has the effect of slowing down the reflected waves, which increases
the travel time back to the source and increases the opportunities for
wave energy dissipation.

Secondly, non-zero reflection coefficients are obtained for all
density enhancement lengths, but reflections are more significant for
some length-scales. The peak in the reflection coefficient spectrum
occurs when the density structuring length-scale is approximately
half the Alfvén wave wavelength, i.e. A, ~ X;/2, seen across all
background wind speeds. Such scale selectivity has previously been
reported in Pascoe et al. (2022) for Alfvén waves and in Yuan et al.
(2015) for magnetoacoustic wave pulses. In the following section,
we describe a semi-analytical model to explain the scale selectivity.

3.1.1 A semi-analytical model to understand scale selectivity

We note that the Alfvén waves excited in our simulations are incom-
pressible owing to their small perturbation amplitude. This means
we can assume that the background does not change as the waves
propagate through it. With this assumption, we construct a reduced-
physics model based on the interference of waves to understand why
some density inhomogeneity length-scales are preferred over others
for efficient reflections.

We consider each point in the background as a potential source
of reflected waves that will propagate in a direction opposite to the
incident wave. The reflected waves can then interfere constructively
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Figure 4. Spatial profile of impedance (black lines) due to density inho-
mogeneities in the medium. Each point in the domain acts as a source of a
reflected wave, the amplitude of which is scaled by the local reflection and
transmission coefficients, shown as red lines in the figure. A negative reflected
wave amplitude corresponds to a phase shift by 7 with respect to the incident
wave. The dashed lines denote cases for a larger density contrast.

or destructively depending on their relative phase shift. The key
parameters to consider here are the reflection and transmission
coefficients, denoted by R and T, respectively. We have

_Z)=Z(x)
Z(x)+Z(x)’

o 2Z(xy)

T ZO)+Z ()

The above equations are obtained when a wave propagates between
media 1 and 2, denoted by points x; and x;, respectively. Wave
reflections occur only when there is a change in impedance between
the two points. In other words, Z (x;) # Z (x,), where Z(x) is defined
as

Z(x)=px)vx)=px) (vhe (x) +va (1)) . (20)

To model wave reflections due to the entire density enhancement,
we discretize the enhancement. We then label each neighbouring
point in the domain as x; and x;, such that [x; — x| < 1 and
calculate the local reflection and transmission coefficients. As an
incident wave reaches that point, the reflected wave is obtained
by scaling the incident wave amplitude by these coefficients. In
Fig. 4, we show the impedance and the reflected wave amplitude —
a consequence of the local reflection and transmission coefficients
— for an enhanced density block in the medium. As the density
contrast is increased, the impedance gradient also increases, which
increases the reflected wave amplitude. Furthermore, we see that
the maximum contribution comes from the edges of the density
enhancement, where the gradients in impedance are the steepest.
When the above procedure is repeated for all points in the domain,
we obtain a family of reflected waves, which collectively form the
combined reflected wave. This is depicted by the black line in Fig. 5.
Additionally, the individual components are shown in coloured lines,
drawn on a different scale for clarity. In our model, we have also
accounted for the phase difference between each individual reflected
wave, which is picked up due to different travel times from their
respective reflection points.

In order to calculate the energies, we again use the Poynting flux
(11). In our calculation, we use the Alfvénrelation (v, = —B.1/,/p),

18)

19)
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which yields v, = —B, because the background density is set to
unity. Consequently, the energy reduces to a time integral of the
squared wave component, denoted by v, in (21).

E :/vidt 1)

In order to explain the density length-scale selectivity observed
in our simulations, we initialize our semi-analytical model with the
same configuration as in Fig. 2, but without a background wind.
This computationally inexpensive semi-analytical model enables us
to calculate reflection coefficients for an arbitrary resolution in A;.
The spectrum is shown by the solid green line in Fig. 3. We note
that the reduced-physics model is in agreement with our 1.5D MHD
simulations. We therefore conclude that the dominant effect causing
some length-scales to reflect more can be understood in terms of the
interference of reflected waves. For a stand-alone Alfvén wave pulse
interacting with a 50 per cent density enhancement, the maximum
energy reflected is ~ 2.2 per cent when A;/A; = 0.57. We note that
this is sensitive to the spatial form of the density enhancement.

As mentioned above, when we examine our density enhancements,
we find that the highest contribution to the reflected wave comes from
the edges, where gradients are largest. Depending on the separation
of the edges (the density enhancement length-scale, A;), reflected
waves from these sites may be out of phase. In order to maximize
reflection, we require the reflected wave troughs to overlap. This
will maximize the amount of constructive interference. From our
simulations, we find that this only happens when A; ~ 4,/2 (shown
in the middle panel of Fig. 5). For other values of A,, there is either a
net destructive interference — between a crest and a trough when A; is
small (left panel in Fig. 5), or an ineffective constructive interference
— between successive troughs when X, is made larger (right panel in
Fig. 5).

Having shown that the amount of reflected energy depends on the
density enhancement length-scale, we now investigate the role of the
density contrast. Using the semi-analytical model we now vary both
the density contrast and the enhancement width to understand their
combined effects. We find that the spectra are similar to the previously
obtained results, but maximum reflected energy and the optimal
conditions have changed; these quantities are plotted in Fig. 6. As
the density contrast is increased, the impedance gradient steepens,
resulting in an increase in the reflection coefficient. Furthermore, the
propagation speed (vs) decreases, meaning that waves originating
from two neighbouring points will have a larger path difference
for a higher density contrast. As a result, optimal constructive
interference of the reflected wave packets is obtained for different
density enhancement widths. In particular, higher density contrasts
reduce the value of A; /A, for which the reflected energy percentage
is maximal.

3.2 Wave reflection and trapping due to random density
perturbations

In this section, we consider a more general case of an Alfvén
wave train interacting with a region of randomly generated den-
sity enhancements. As with our previous simulations, we start by
investigating the effects of the structuring length-scale (1), which
is the mean length-scale about which the sinusoids are randomly
selected in (7). We vary A, while keeping the density contrast fixed
to 20 per cent with respect to the background. An Alfvén wave
train that is 30A, long is injected from the lower boundary. The
results are shown in Fig. 7, where we have plotted the transmitted
(black), reflected (red), and trapped (green) energies as fractions

MNRAS 541, 2843-2852 (2025)
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Figure 5. Reflected waves (shown in black) for different density structuring length-scales. The blue and red lines, drawn on a different scale, are the constituent
reflected waves, coloured according to their site of reflection — blue denotes closer to the leading edge and red denotes the trailing edge in the density enhancement

block of width X /2; the colour bar corresponds to the x —axis in Fig. 4.
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Figure 6. The effect of density contrast on the amount of reflected energy
(shown by black circles). The red stars denote the conditions in parameter
space for which reflected energy is maximized for a given density contrast.

of the incident energy at different times during the simulations;
the trapped energy is calculated by subtracting the reflected and
transmitted energies from the input energy and is merely a measure
of the wave energy remaining in the domain at a given time.

As soon as the wave driving ends, all the wave energy is within
the computational domain. After some more time has elapsed, some
energy will be transported through either boundary of the domain.
If the associated waves leave through the lower boundary, they
contribute to the reflected energy, whereas if they leave through the
upper boundary, they contribute to the transmitted energy. In Fig. 7,
we once again see a peak in the reflected energy when A; ~ A,/2. For
this case, there is also a significant amount of wave energy trapped
in the domain. This is a result of repeated reflections between the
density inhomogeneities. Eventually, all the trapped energy leaves
the domain from either boundary, since density enhancements are
only partially reflective.

We also perform a further set of simulations in which the density
contrast varies and the density structuring length-scale is fixed to
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Aq/2. In Fig. 8, we plot the reflected, transmitted, and trapped wave
energies for different density contrasts. We immediately see that
higher contrasts lead to greater contributions to the reflected energy.
Additionally, a higher fraction of wave energy is trapped between the
density enhancements, as a greater proportion of the wave energy is
associated with repeated reflections.

In Fig. 9, we present a more detailed analysis of the wave
trapping duration. The red dashed line represents a case with no
density enhancements and therefore no (repeated) reflection. Before
t =t + 20P, (i.e. 20 wave periods after the driving phase), the first
wave front has not yet reached the upper boundary and therefore all
of the wave energy remains in the domain. After r = #; + 52 P,, the
final wave front has left the domain (in the uniform density case) and
thus all wave energy has been transmitted. On the other hand, for
the simulations with density variation, the trapped energy starts to
decrease even before the incident wave reaches the upper boundary.
This is because some reflected waves are transmitted through the
lower boundary first. Beyond ¢ = #; + 20P,;, some wave energy is
also transmitted through the upper boundary and so a sharp decline
in the trapped energy content is observed. However, the possibility
of repeated wave reflections results in a delay for the waves to
completely leave the computational domain. We see that this effect
is more pronounced for larger density contrasts.

3.3 The effects of interaction width between density
enhancements and Alfvén waves on their reflection and

trapping

In the previous sections, we have looked at how Alfvén wave
reflections are affected by either the density contrast or the density
enhancement length-scale. Increasing the former usually increases
the amount of reflections while the reflection coefficient attains a
peak for intermediate values of the density enhancement length-
scale. Furthermore, we would expect the reflected energy fraction
to also depend on the interaction length between the waves and
the density enhancement region, which can be done in two ways —
vary the input wave train length, and/or vary the number of density
enhancement blocks (the density enhancement profile is similar to
the one shown in the left panel of Fig. 1). Here, we perform these
simulations keeping the density contrast fixed to 50 per cent of the
background and the mean structuring length-scale fixed to A,/2.
While a single density enhancement has only one reflection site,
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Figure 7. Amounts of transmitted (black), reflected (red), and trapped (green) energy fractions at different times of the simulation for varying random density
enhancement length-scales (1,); the density contrast is fixed at 20 per cent of the background. The time is measured in terms of wave periods after the driving
phase (t > t1).
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Figure 8. Amounts of transmitted (black), reflected (red), and trapped (green) energy fractions at different times of the simulations for varying density contrasts,
while the enhancement length-scale is fixed to A4 /2 for optimum reflections. The time is measured in terms of wave periods after the driving phase (¢ > #1).

90 having a series of density enhancements opens new sites for wave
reflection. This also promotes wave trapping as reflected waves can
undergo further reflections to generate counter-propagating waves in
between density enhancements.

As a first set of simulations, we excite an Alfvén wave train
that is 30 wavelengths long, which interacts with some density
enhancements having a variable number of blocks (denoted by N
in the left panel of Fig. 1). The resulting reflected energy fractions
are plotted as a function of the number of density enhancement blocks
in the left panel of Fig. 10. The energy profile has three phases — one,
a sharp increase when there are fewer density blocks; two, attaining
a maximum reflection coefficient for N ~ 10; and three, a saturation
for large number of density enhancements.

In a scenario such as this, additional density enhancements open
new sites of reflection, which increases the reflection coefficient.
1 1 1 1 10 However, we note that each density enhancement transmits only a
0 20 40 60 80 100 120 140 160 . . :

ft [P frac.tlon of the 1nc1d'ent energy, Wthh. lowers the amount of energy

available for reflection for the following enhancement. As a result,

contributions from subsequent density enhancements diminish and
we would soon expect a saturation in reflection coefficients.
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w
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Figure 9. Trapped energy fraction time series for varying density contrasts
with optimized density enhancement length-scale. Again, the time is measure

in terms of wave periods after the driving phase (¢ > t;). The vertical red Additionally, when the density enhancement length-scales become
dashed lines denote the times at which the leading and trailing wavefronts comparable with the incident wave wavelength, interference effects
leave the domain from the upper boundary when there are no density become significant, which is why a peak is attained in the reflection
enhancements. coefficient profile in the left panel of Fig. 10. Waves reflected from

subsequent density enhancements are phase shifted with respect to
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Figure 11. Fraction of reflected wave energy for different simulations with
varying input wave train lengths (measured in multiples of A4) and varying
numbers of identical density blocks having a mean length-scale A, which is
fixed to A4/2.

the reflected waves generated from preceding enhancements. For
lower numbers of density enhancements, the phase difference is not
significant and the waves interfere constructively; for higher number
of density enhancements (N Z 10), the phase difference becomes
greater than /2 and waves start to interfere destructively. This is
shown in the right panel of Fig. 10, where we have compared the
two anomalous cases — 10 and 15 density enhancement blocks; the
additional reflected waves from the preceding five blocks are shown
in magenta, which are largely out of phase with respect to the green
line corresponding to 10 blocks. This results in a drop in the reflection
coefficient when the number of density enhancements is further in-
creased from 10. Therefore, the saturation in Fig. 10 can be explained
by considering two competing effects — wave interference, and
diminishing contribution due to subsequent density enhancements.

In Fig. 11, we tabulate the reflection coefficients for varying num-
bers of density enhancements and incident Alfvén wave train length
(measured in terms of its wavelength, A,). It is important to note
that the dip in the reflection coefficient occurs only for longer wave
trains, which is because wave interference becomes unimportant for
shorter trains, and only saturation effects are significant.

As the input wave train length is increased while keeping the
number of density enhancement blocks fixed, we observe that
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Figure 12. Reflected wave energy spectrum for varying input Alfvén wave
train lengths (measured in multiples of ;) interacting with a single density
enhancement block with a variable width (i;), using the semi-analytical
model.

the reflection coefficient increases in general, but a saturation is
achieved for longer wave trains. Again, the increase becomes more
prominent for higher density enhancement blocks. In order to help
explain this effect, we invoke the semi-analytical model described in
Section 3.1.1, where we consider an Alfvén wave train that is several
wavelengths long, instead of a single pulse, interacting with a single
density enhancement block.

The length of the reflected wave is determined by the length of
the incident wave train, as well as the spatial extent of the density
enhancement. This provides increased opportunity for interference
between the incident and reflected waves and thus drives more
complex behaviour, resulting in a reflection coefficient spectrum as
shown in Fig. 12. We show the effects of varying the length of the
incident wave train. The peaks and valleys in the spectra, occurring at
integer multiples of the first peak or valley, correspond to regions of
constructive and destructive interference, respectively. Although the
peak energy values do not differ significantly across different incident
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wave trains, successive peaks for the reflected energies decrease
logarithmically for a wave train of a given length.

4 DISCUSSION AND CONCLUSIONS

In this paper, we study Alfvén wave propagation in a medium
with longitudinal density enhancements to determine the optimal
conditions for wave energy trapping. Such density enhancements
partially reflect the incident waves, which are consequently trapped
in between these enhancements. Although we do not study Alfvén
wave energy dissipation, we demonstrate prolonged wave activity
in between density enhancements, for a low-f plasma such as the
solar corona. Using a parameter-space study, we confirm the result of
Pascoe et al. (2022) that the reflection coefficient maximizes when
the density enhancement length-scale is approximately half of the
Alfvén wave wavelength (A, = A,/2). This scale-selectivity is a net
result of wave interference, as each point in the continuum acts as
a source of a reflected wave, with each wave having an associated
phase shift. We note that wave interference is an important effect
when it comes to optimizing wave reflection in an array of density
enhancements.

Building on the work done by Pascoe et al. (2022) and Yuan
et al. (2015), we performed additional studies on the effects of a
sub-Alfvénic wind. Since the backward propagating reflected waves
travel with a speed equal to vs — v, Only wave reflections that
happen in the sub-Alfvénic regime of the solar wind lead to energy
trapping at lower heights. We find that the reflection coefficients
remain unaffected by the background wind speed, as the relative
velocity, and therefore the interaction time, between the density
enhancement and an Alfvén wave pulse remains the same (= vy).

Alfvén wave reflection and trapping becomes more complicated
in an expanding, gravitationally stratified solar wind. This is because
reflections occur at every point in space — due to a continuous
variation in the density and wave propagation speed — and also
because Alfvén waves are likely to have a broad-band spectrum. As
the wave propagation speed varies significantly in the solar wind, so
does the wavelength of propagating Alfvén waves. At low altitudes,
the propagation speed is dominated by the background Alfvén speed.
However at higher altitudes, the acceleration of the wind means the
background plasma flow is a significant component of the overall
propagation speed. For typical solar wind conditions, and for waves
with a period of 5 min, we find wavelengths range between 0.05 Rg
and 0.2 Ry (for heliocentric distances < 10 Rg). This means that
the optimal conditions for wave reflections (A, &~ A,/2) are modified
throughout the wind. An additional important effect arises due to the
acceleration of the solar wind. The non-uniform wind speed means
that the interaction time between an Alfvén wave packet and a density
enhancement block depends on their location in space. As such, we
expect a departure from the A; & A,/2 condition where the wind is
accelerating.

In a system with more than one density enhancement, additional
enhancements provide additional reflection sites. This results in a
net increase in the reflection coefficient as the number of density en-
hancements is increased. This is the primary effect in our simulations.
However, once a threshold of the number of density enhancements
is reached (this threshold depends on the specifics of the density en-
hancements, such as their amplitudes and widths), secondary effects
due to wave attenuation and wave interference become significant. As
the density enhancements are partial reflectors, the amount of energy
available for reflection from the subsequent density enhancement
decreases, resulting in a saturation of the reflection coefficient profile.
This behaviour is further modified by the fact that reflected waves

Alfvén wave trapping in the solar wind ~ 2851

from additional density enhancements are phase shifted with respect
to the ones generated from preceding density enhancements. This has
the effect of lowering the net reflection coefficient when the reflected
waves are largely out of phase. Eventually, we find saturation of the
reflected wave energy governed by the effects discussed above.

The semi-analytical model discussed in Section 3.1.1 demonstrates
that wave interference is a key process in determining the reflected
wave energy. This causes the scale selectivity — why maximum
reflection is observed for specific density inhomogeneity length-
scales. This may become a useful tool to understand wave energy
retention for more complex scenarios. Although each point in a
density enhancement acts as a source of reflected waves (with
amplitudes dependent on the gradients in local impedance), they
must interfere constructively to increase the reflected wave energy.
The semi-analytical model described in the paper, because of its
simplicity, avoids running long and expensive MHD simulations and
is able to predict reflection coefficients accurately. We note that this
assumes that waves do not affect the background medium. This is true
for linear Alfvén waves. Furthermore, the semi-analytical model does
not take into account the effects of wave trapping, as each reflection
site reflects only once to produce the family of reflected waves.

In our paper, we have demonstrated that wave activity can be
prolonged when there are field-aligned density enhancements in the
solar wind. However, the amount of trapped energy largely depends
on the relative sizes of the density inhomogeneity length-scales
and the Alfvén wave wavelength. We have shown that this can be
attributed to effects of wave interference. Through a parameter-space
study, we have also provided conditions for maximal wave reflection
in an extended region of density enhancements to identify an upper
limit to the reflection coefficient. This is caused by reflected waves
interfering destructively for a sufficiently high number of density
enhancements.

Finally, we note that the simulations and semi-analytical model
presented here only consider a simple one-dimensional set-up. In
the solar wind, additional effects such as field expansion, spherical
geometry, gravitational stratification, solar wind acceleration, inter-
mittent heating events, and cross-field variations couple to create a
much more complex system. However, our simple analysis provides
a framework that could be used to describe wave dynamics in
more complicated settings, without necessarily relying on large-scale
numerical simulations.
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