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Abstract

We use a 2.5D magnetohydrodynamic model to investigate the propagation of azimuthally driven Alfvén waves
with different periods and their interaction with the solar wind. In the absence of waves, the dipole field is stretched
into a helmet streamer by the solar wind. The wind speeds near the equator are lower than those in the mid and high
latitudes. Magnetic reconnection in the equatorial plasma sheet regularly triggers a breakup and expulsion of a
plasmoid. We next inject monochromatic Alfvén waves with a moderate amplitude of 9 km s−1 and a period of
τ= 1000 s at the coronal base. A cavity showing features of forward and backward propagating modes is formed.
The backward waves are able to accelerate the background plasma at mid and high latitudes through the nonlinear
coupling to compressional waves. The size of the cavity increases with the period of the Alfvén waves as long as
the outer boundary remains in the sub-Alfvénic wind. When τ= 4000 s, we find enhanced acceleration and heating
of the solar wind plasma as well as suppression of the reconnection in the equatorial plasma sheet. The amplitudes
of the backward Alfvén waves remain large inside the cavity and modify its size. The cavity ceases to exist as its
outer boundary gradually moves into the super-Alfvénic wind and the large amplitude backward waves are swept
away by the wind. Results suggest that Alfvén waves with moderate amplitudes can modify the dynamics and the
energetics of the solar wind plasma with the embedded magnetic field.

Unified Astronomy Thesaurus concepts: Solar wind (1873); Solar physics (1476); Fast solar wind (1872); Slow
solar wind (1873); Alfven waves (23); Magnetohydrodynamics (1964)

Supporting material: animations

1. Introduction

Alfvén (1942) proposed the existence of electromagnetic-
hydrodynamic waves that are important for explaining
phenomena in space and plasma sciences. Theoretical studies
and observations of Alfvén waves examine their role in solar
wind acceleration, shock wave formation, plasma electro-
magnetic emission, and solar coronal heating (Alfvén &
Lindblad 1947; Jacques 1977; Tomczyk et al. 2007; Srivastava
et al. 2017; Alielden 2019). The efficiency of these waves
depends on the local characteristics of the medium.

Pure Alfvén waves represent the interplay between magnetic
tension and plasma inertia. These waves carry energy strictly
along magnetic field lines (Priest 2014). However, there is a
variety of mechanisms through which Alfvén waves can couple
to other waves and transfer their energy.

The presence of Alfvénic fluctuations can be detected in the
solar wind. Their propagation and reflection in the solar wind
have been studied both analytically and numerically (Heine-
mann & Olbert 1980; Velli 1993). Numerical simulations by
Kaghashvili (1999) suggest that inhomogeneous flows can
convert Alfvén waves in the solar atmosphere into other types
of magnetohydrodynamic (MHD) waves and dissipate them
efficiently. The formation of a strong pressure gradient along
the background field leads to solar wind acceleration (Alazraki
& Couturier 1971).

Dissipation of Alfvén wave energy has a major role not only
on solar wind acceleration but also on the heating of corona
where the temperature is far higher than the photospheric

temperature. One of the most popular heating mechanisms
known as resonant absorption was proposed by Ionson (1978):
Alfvén waves generated in the photosphere travel up into the
solar atmosphere and transfer their energy into Joule heating
through resonant interactions (Goossens 1994).
Other mechanisms of energy transfer and heating by Alfvén

waves include nonlinear coupling to slow waves and their
subsequent dissipation through Joule heating (Uchida &
Kaburaki 1974); phase mixing when inhomogeneous Alfvén
waves become out of phase (Heyvaerts & Priest 1983); cascade
of the Alfvén waves to higher wavenumbers and turbulence
that transfers their energy to the plasma in the form of heat
(Verdini et al. 2012; Usmanov et al. 2016; van Ballegooijen &
Asgari-Targhi 2017; Magyar et al. 2017). This latter phenom-
enon has been linked with the observations of density
variations near the Sun (Tian et al. 2011).
Turbulence cannot be sustained in a homogeneous medium

with no reflection. Alfvén-wave turbulence could operate when
there are counter-propagating Alfvén waves in an inhomoge-
neous medium where they reflect partially (Goldreich &
Sridhar 1995; Cranmer & Van Ballegooijen 2005; Parenti
et al. 2022; Velli 1993). Counter-propagating Alfvén waves in
the corona can couple nonlinearly and produce turbulence that
dissipates and heats up the corona (Kraichnan 1999; Dobro-
wolny et al. 1980; Ghosh et al. 1988; Dmitruk et al. 2001).
Solar wind observations show a fully developed turbulent state
in which the velocity and magnetic fluctuations are often very
strongly correlated—a feature of the Alfvénic solar wind
(Grappin et al. 1982; D’Amicis et al. 2021). More recent
developments and extensions to the turbulence-driven models
that incorporate Alfvén waves can be found in the reviews by
Zank et al. (2021) and Adhikari et al. (2021).
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Alfvén-wave turbulence and parametric instability decay
(PDI) cause solar wind acceleration and coronal heating as PDI
generates a large amplitude longitudinal wave that could
develop into a shock wave and heat a high β ambient plasma.
Shoda et al. (2018) showed that Alfvén-wave turbulence and
PDI are not independent since PDI generates backscattered
Alfvén waves that may cause turbulence and enhances the
heating (Goldstein 1999). The turbulence heating rate per unit
mass is higher when it associates with PDI than without PDI
(Perez & Chandran 2013). Numerical simulations by Shoda
et al. (2018) of the Alfvénic turbulence show that the waves
with high frequencies can develop PDI while the turbulence is
dominant for low-frequency waves.

The present study is based on a 2.5 dimensional (2.5D)
model that extends from the upper transition region to about 30
Re. Ultimately studies of coronal events should be based on
high-resolution 3D models that also incorporate inhomogene-
ities and structuring in the azimuthal direction. However,
important theoretical ideas can often be most effectively tested
using less expensive 2.5D codes.

Earlier 2.5D models assumed an isothermal or a polytropic
atmosphere (Steinolfson et al. 1982; Washimi et al. 1987). The
polytropic energy equation was subsequently replaced with a
more physical energy equation that incorporated the effects of
thermal conduction, heating, and optically thin radiation (Suess
et al. 1996; Lionello et al. 2001; Endeve et al. 2004).

Because of the unknown nature of the coronal heating
mechanism, these studies have adopted a prescribed heating
term (Equation (5)) that is also used in the present study. Note
that the heating rate is uniform in latitude and azimuth. It only
depends on radial distance r. A similar heating term can be
used in 3D modeling (Parenti et al. 2022).

This paper aims to study the propagation of Alfvén waves in
the solar wind medium, their impact on solar wind acceleration
and coronal heating using a (2.5D) MHD model in spherical
geometry, where all three components of the velocity and
magnetic field are present; however, the dependence is only on
the polar and radial coordinates. Monochromatic Alfvén waves
with different frequencies are driven in the azimuthal
component. The governing equations, the model, and the
boundary conditions are described in Section 2. The evolution
of the Alfvén waves, their interaction with the medium, and the
consequences are presented in Section 3. The results are
summarized in Section 4.

2. Modeling of the Solar Atmosphere

2.1. Governing Equations

Allred & MacNeice (2015) developed a 2.5D time-
dependent MHD code that is well adapted to study the
propagation of transient events in the solar corona and suitable
for parameter studies not yet possible with 3D codes. The code
solves the ideal MHD equations in spherical coordinates (r̂ , q̂,
f̂) with the consideration of azimuthal symmetry using the
MHD flux-corrected transport algorithm.
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The energy Equation (3), includes the coronal heating rate,
H, the heat flux, q, and the radiative loss function,

m TRl p
2( ) ( )r= G , where Γ(T) represents the optically thin

loss rate of Athay (1986). The quantities g rrg0
2 ˆ= , ρ, and

mp are the Sun’s gravitational acceleration, mass density, and
proton mass, respectively. The internal energy density, e= P/
(γ− 1), is a function of pressure, P, and the adiabatic index,
γ= 5/3.
The heating term H plays an important role in driving the

solar wind, while thermal conduction ∇ · q plays a major role
in heating the solar atmosphere and increases the thermal
velocity of solar wind particularly in the lower corona. The
heating function H is set as (Allred & MacNeice 2015)

H
H

R e
, 5

R
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2 1 0.9
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-

where R= r/Re is the normalized distance, and
H0= 6.39× 10−6 erg cm−3 s −1 is the rate of heating at the
base of the corona.

2.2. Numerical Setup and Boundary Conditions

The code provides solutions in the radial and latitudinal
directions from the north pole (θ= π/2) to the south pole
(θ=−π/2). Our numerical domain extends from the base of
the corona to 30 solar radii (30 Re) with a grid resolution of
256256 spaced logarithmically in the radial direction and
evenly in the latitudinal direction. The maximum resolution is
at the base of the domain.
Reconnections occur around equatorial current sheets and

cause numerical cavitation resulting in regions of ultralow
density. To avoid errors in these regions of ultralow density and
get realistic flow speeds, we follow the recipe of MacNeice
et al. (2004) by adding a small amount of numerical diffusion
to the mass equation in regions where the density drops below
the minimum value of r t r t, , 0 50min ( ) ( )r r= = .
In regions of strong magnetic field and ultralow density,

Alfvén velocity would become a significant fraction of the
speed of light. The correction of Boris (1970) is applied to
retain the nonrelativistic MHD equations. This correction
damps cross-field accelerations in the regions of ultralow
density by reducing the speed of light to c c0.05min = .
Thermal conduction is designed to make a continuous

transition from collisional conduction in the lower corona to
collisionless conduction in the upper corona by utilizing the
following heat flux function
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Distances Rcol= 7.5 Re and Rcolless= 12.5 Re are typically
the boundaries of collisional and collisionless conduction,
respectively (Allred & MacNeice 2015). The linear function ν
(r) varies from one to zero as r goes from Rcoll to Rcolless to make
a continuous transition between the lower and upper corona.
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In the lower corona, the heat flux ql obeys the collisional
Spitzer’s formula and flows anisotropically along magnetic
field lines, q e eT TB Baniso

5 2 (ˆ · ) ˆk= -  , where κ= 1×
10−6 erg cm−1 s−1 K−7/2 and eBˆ is the unit vector along the
magnetic field.

Because the direction of the magnetic field is not well
defined in regions near magnetic null points, a small amount of
isotropic Spitzer formula sisoqiso is added to the heat flux
function of the lower corona to be

q q qs s1 ,l iso iso iso aniso( )= + -

where qiso=−κ T5/2∇T, and siso is a function of plasma β

(ratio of gas pressure to magnetic pressure) that becomes
minimum (siso= 0) in the lower corona and increases smoothly
to its maximum in the upper corona (i.e., s 0.5iso,max = ). We
followed the typical boundary values of β in Allred &
MacNeice (2015). In the upper corona, the collisionless heat
flux is formulated as qu= α(ρ/mp)kTv with the dimensionless
parameter α= 2.5 as a default value (Hollweg 1978).

Boundary conditions in the polar and radial directions must
be specified. The code applies symmetry conditions at the north
and south poles.

The very low atmospheric layers of the corona are important
but still difficult to model in two and three dimensions as they
involve very steep gradients of density and temperature over
only a few thousand kilometers and consequently, much higher
spatial resolution would be required. The inner radial boundary
is therefore placed in the upper transition region at a fixed
temperature of 5× 105 K. A similar approach has been adopted
in 3D simulations of Alfvén wave turbulence (Parenti et al.
2022).

To keep the simulation stable and provide realistic solar
wind mass flux which is appropriately responsive to changes in
coronal heating, the inner boundary density is taken at the top
of the transition region that is adapted based on the radiative
energy balance condition. It requires that in the steady state of
the atmosphere, the amount of energy conducted down from
the corona into the transition region by the heat flux should be
balanced by radiative losses in the transition region and upper
chromosphere (Withbroe 1988; Lionello et al. 2001). At the
outer radial boundary, the solution is supersonic and super-
Alfvénic. More details of the boundary conditions are
presented by Allred & MacNeice (2015).

2.3. Monochromatic Alfvén Wave Driver

At the photosphere, the granulations or other small
disturbances cause MHD disturbances in the ambient plasma.
These magnetic disturbances excite Alfvén waves which
propagate along magnetic field lines and drive the disturbed
plasma away from the Sun.

To study how these Alfvén waves are involved in heating the
plasma in the Sun’s atmosphere and accelerating the wind, we
impose oscillatory motions in the azimuth f direction at the
inner radial boundary of the model that corresponds to the
upper transition region. The corresponding amplitudes of the
Alfvén waves reported in the literature vary between a few
kilometers per second and a few tens of kilometers per second
(Tomczyk et al. 2007; De Pontieu et al. 2014).

We set a velocity amplitude of υ0= 9 km s−1. The selected
velocity amplitude is sufficiently high to have any impact on
the medium. Higher amplitudes may cause the development of

shocks due to nonlinear coupling and other effects that would
require a much higher spatial resolution. These effects have
been studied using 1.5D models (Matsumoto & Shibata 2010;
Williams et al. 2016) The wave driver is expressed in the
following form:

v v
t

sin
2

, 60 ⎛
⎝

⎞
⎠

( )p
t

=f

where τ is the driver period. For simplicity, we have not
considered any latitudinal dependence of the driver period or
the amplitude and the same driver is uniformly applied from the
south pole to the north pole. The considered wave periods in
this study are τ= 1000 s (Driver 1) and τ= 4000 s (Driver 2).
The evolution and impacts of these waves on the coronal
plasma will be discussed in the following sections. The two
periods are selected as representatives of two distinct regimes
that are described below.

3. Results

Before investigating the effects of the Alfvén waves the
numerical model was run without an azimuthal driver to
understand the main features of the background plasma and to
understand the main effects introduced by the waves.

3.1. Background State of the Atmosphere

The left panel of Figure 1 shows the magnetic field
configuration representing a dipole field in the solar wind.
The field vanishes at the equatorial plasma sheet where it
changes sign.
The right panel presents the spatial distribution of plasma

density on a logarithmic scale at time t= 63 hr after the start of
the simulations. The solar wind stretches the dipole into a
helmet streamer configuration with a hot, dense closed field
region centered around the equator surrounded by cooler open
field lines. The density profile in Figure 1 (right panel) outlines
the helmet streamer that is elongated in the horizontal direction
by the solar wind.
Figure 8 presents a snapshot of the radial velocity vr of the

background plasma at the same time measured in kilometers
per second. The increase of vr with radial distance in
Figure 8(a) is due to the gradient of thermal pressure that acts
as a main driver of the solar wind. The radial speed becomes
super-Alfvénic with distance and reaches values of around 270
km s−1 by around 25 Re.
The left panel in Figure 11 demonstrates the plasma

temperature decreases isotropically with distance from the
Sun and the distribution is homogeneous from the poles to near
the equator. It remains above 1 million Kelvin at radial
distances of less than 10 Re.
The stretching of the dipole field lines causes occasional

reconnection in the high-temperature region with closed field
lines around θ=±5° leading to plasmoid ejection with
enhanced speed, density, and temperature. An example of a
horizontally traveling plasmoid can be seen at an approximate
distance of 17 Re in the left panels of Figures 1, 8, and 11.
The stretching of the dipole field lines also increases the

magnetic pressure gradient in the polar direction and leads to
poleward flows just from outside the hot dense equatorial
region. These flows reach speeds of around 10–15 km s−1 as
shown in Figure 7. The presented smooth profiles for the
temperature, density, and wind velocity components can be
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Figure 1. Left panel: configuration of the background magnetic field lines in the r − θ plane. Right panel: snapshot of the background density distribution at time
t = 63.1 hr.

Figure 2. Evolution of the disturbances generated by Driver 1. Snapshots of the vf component of the propagating disturbances at two different times after the start of
the simulations. Velocity is measured in kilometers per second. An animation of this figure is available. The animation shows the evolution from 0–5469.3 minutes.
The real-time duration of the animation is 200 s.

(An animation of this figure is available.)
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used to compare the background state with the wave-driven
state, which is considered next.

3.2. Alfvén Waves Generated by Driver 1

Figure 2 presents snapshots of vf, in 2D, for the propagation
of waves that are produced by Driver 1 at two different times.
The velocities are measured in kilometers per second.

First, we note that the wave fronts are almost spherical in
shape except near the equator. The gap at the equator indicates
the absence of Alfvén waves: the reversal of the magnetic field
and the high densities near the equator lead to very low Alfvén
speeds and inhibit the propagation of waves.

Figure 2 also demonstrates that the interaction of the Alfvén
waves with the medium creates two regions of distinct wave
patterns in vf: an inner region inside about 7 Re with high
amplitudes, and an outer region with much lower amplitudes.
We denote these regions by 1 and 2 , correspondingly. In the
inner region close to the Sun, 1 , there are patches that peak
above 100 km s−1.

In the outer region, 2 , beyond 7–8 Re, the amplitudes are
less than 25 km s−1. These amplitudes in the regions 1 and 2
do not change significantly with time at a fixed location.

Figure 3 shows 2D snapshots of the azimuthal magnetic
field, Bf, at two different times. It is measured in units of
Gauss. The figures show similar behavior for Bf with similar
inner and outer regions. This indicates that the net wave energy
density in the region, 1 , is higher than that in the outer
region, 2 .

There is evidence of the propagating waves being out of
phase in Figures 2 and 3, particularly in the region 2 . That is
because the variation of Alfvén speeds vA, as shown in
Figure 10, makes the propagation speeds of the waves different
at different polar angles and at different radii. Figures 2 and 3
show the wave fronts that have been distorted from a spherical

shape. The figures and the corresponding animations indicate
that the phase distortion becomes more pronounced at later
times and large distances.
One possible consequence of this effect could be the process

of phase mixing of Alfvén waves proposed by Heyvaerts &
Priest (1983). Nakariakov et al. (1997) demonstrated that fast
waves traveling across the ambient magnetic field can be
nonlinearly excited by phase mixing Alfvén waves. The
efficiency of this process increases with the inhomogeneity of
the medium. However, the investigation of phase mixing and
its possible role in heating and accelerating the plasma would
require a much higher resolution due to the small scales with
steep gradients involved in the process. We would expect the
process to become more efficient with increasing driver
amplitudes.
The wavelength λ of the waves is almost constant in the

region 1 and increases significantly in the region 2 . For
instance, the left and right panels in Figure 2 show that the
wavelength λ (distance between two consecutive peaks)
approximately equals 1–2 Re inside the region 1 , whereas it
increases to λ∼ 5–8 Re in the outer region 2 .
In order to understand the feature presented above, we

construct a time–distance diagram for the azimuthal velocity.
The time–distance evolution of the vf component of the wave
velocity for Driver 1 is presented in Figure 4. Considering that
the wave propagation is almost spherically symmetric, we
examine the propagation in the radial direction for a fixed polar
angle. In Figure 4, this angle is set at θ= 45°.
The periods of the propagating waves presented in Figure 4

can be measured at different times. These are in agreement with
the period τ of Driver 1. Also, the periods at different distances
from the Sun, for example, at 3Re and 8Re, indicate the wave
period does not change with time.

Figure 3. Same as in Figure 2 but for the magnetic field component Bf measured in Gauss.
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The propagation speed of the modes is determined by the
angle between the corresponding curve on the time–distance
diagram and the horizontal time axis. In the case of the forward
propagating modes, the corresponding curves always have a
positive inclination with respect to the horizontal time axis and
it remains positive throughout the propagation. The propaga-
tion speed for the forward modes remains low when they are
close to the Sun, at distances of less than 1.5 Re. The
inclination angle increases and reaches a peak at around 2 Re
before gradually decreasing with increasing radial distance.

The above-described features of the propagation speed are
consistent with the spatial profile of the Alfvén speed plotted in
Figure 10 as the propagation speed of the forward modes in a
static medium would be proportional to the Alfvén speed. The
Alfvén speed increases with distance from the Sun, reaches a
peak at around 2 Re, and then gradually decays.

In a flowing plasma, the Doppler-shifted frequency should
be considered to determine the propagation speed:
Ω= ω− kVr∼± kvA, where k represents the wavenumber.
The plus sign corresponds to forward modes and the minus sign
corresponds to backward modes. The Doppler shift kVr

introduces asymmetry between the forward and backward
propagating modes.

Figure 9 shows that the radial flow speed increases
continuously with radial distance, and therefore, the propaga-
tion speed still follows the Alfvén speed profile with the added
flow term, Vr. We can therefore argue that despite the medium
being inhomogeneous, the propagation speed of the Alfvén
waves is determined by the sum of the flow and Alfvén
velocities. For example, the speed measured from the
inclination angle in Figure 4 (left panel) at t= 81.5 hr and
r= 6 Re is about 750 km s−1, which is roughly equal to the
sum of the flow and Alfvén speeds.

The periods of the Alfvén waves can be expressed as

P
v V

, 7
A r

( )l
~




where the plus sign corresponds to the forward waves and the
minus sign corresponds to the backward waves.

Figure 4 demonstrates that the size of the region 1 , where
the amplitudes are large, remains almost constant. It extends

between an inner radius of around 1.5 and an outer radius of 7
Re. These are surfaces of steep variation in the Alfvén speed
that may result in reflection.
The negatively inclined bold ridges of red and blue in

Figure 4 provide evidence of reflection occurring in the region
1 . These are backward propagating waves that have large

amplitudes of around 100 km s−1.
We therefore conclude that the Alfvén waves carve out a

cavity the size of which is determined by the driver period. The
waves become trapped in the cavity due to partial reflection.

3.3. Alfvén Waves Generated by Driver 2

Figure 5 presents four snapshots of vf in 2D for the Alfvén
waves that are produced by Driver 2. The velocities are
measured kilometers per second. Similar to the case of Driver
1, the wave fronts are almost spherical except near the equator,
where the reversal of the magnetic field combined with the high
densities leads to very low Alfvén speeds and a lack of
associated waves.
A cavity similar to the one for Driver 1 is formed where the

amplitudes of the waves reach similar high values. Unlike the
Driver 1 case, the interaction of the waves with the medium
produces a larger cavity that extends to around 20 Re and its
size changes with time. The series of snapshots in Figure 5 and
the associated animation reveal that the cavity is difficult to
identify toward the end of the run.
The wave amplitudes in the region 1 increase with time,

reach a peak of around 120 km s−1 at a certain moment of time
and then decrease as the simulation progresses.
Inside the cavity, the wavelength λ of the waves remains

almost constant. However, both the cavity size and the
wavelength are now larger than those for Driver 1. For
instance, the wavelength λ approximately equals 4–5 Re
compared to 1–2 Re for Driver 1. Similarly, the cavity size has
increased from 5–6 Re to 15–20 Re. These changes indicate
the dependence of the cavity size and the wavelength inside on
the driver period. Both increase proportionally to the period.
In order to clarify some of the features presented above, we

construct a time–distance diagram for the azimuthal velocity.
The time–distance evolution of the vf component of the wave
velocity for Driver 2 is presented in Figure 6. The diagrams are
constructed for propagation in the radial direction with a fixed
polar angle of θ= 45°.
The blow-up on the right confirms that the periods of the

propagating waves are in agreement with the period of
Driver 2.
The propagation speed of the modes is determined by the

angle between the curves that are clearly seen in the blow-up
and the horizontal time axis. These curves correspond to
forward propagating modes and therefore the inclination with
respect to the horizontal time axis is always positive. The
propagation speed gradually decreases at large radial distances
which can be explained by the drop in the Alfvén speed.
Similar to the previous case, the Doppler shift should be

included when considering the propagation speed and the
wavelength. These two are related through the expression for
the period (7), where the plus sign corresponds to the forward
waves and the minus sign corresponds to the backward waves.
Figure 6 demonstrates that the size of the cavity, where the

amplitudes are large, increases until about t= 30 hr. It expands
both inward and outward in the radial direction.

Figure 4. Time–distance diagram of vf measured in kilometers per second for
Driver 1 with τ = 103 s. The diagram is constructed for a fixed polar angle of
θ = 45° from the equator.
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Figure 6 provides evidence for bold ridges that are indicated
with arrows and correspond to outward propagation with
enhanced amplitudes. Unlike the backward modes in Figure 4
these are no longer negatively inclined. The inclination is
positive, but the corresponding speeds are lower than those for
the forward modes.

In order to explain some of the features seen in Figures 2–6,
we focus on the details of forward and backward propagation
of the Alfvén waves.

3.4. Forward and Backward Propagating Alfvén Waves

First, we examine the nature of Alfvén wave propagation
that is associated with Driver 1. Figure 2 shows two distinct
wavelength scales inside and outside the cavity 1 with large
amplitudes. The period of the waves remains almost unchanged
as they propagate. Therefore, according to the relationship (7),
the large amplitudes inside the cavity should correspond to
backward propagation with a Doppler-shifted speed vA− Vr.
This reduced propagation speed will match the smaller
wavelengths inside the cavity. On the contrary, the smaller
amplitudes just outside the cavity should correspond to forward
propagation with a Doppler-shifted speed of vA+ Vr. This
enhanced propagation speed will match the larger wavelengths
outside the cavity.

We therefore conclude that the propagation outside the
cavity is the result of partially transmitted forward waves. On
the other hand, the large amplitudes inside the cavity 1
represent reflected and backward propagating modes with
enhanced amplitudes and reduced propagation speeds. This
conclusion is supported by the negatively inclined bold ridges
that can be easily identified in Figure 4.

Figure 4 shows that the size of the cavity formed by the
backward propagating modes does not change significantly in
time. It extends from around 1.5–7 Re. The reflection could be
associated with the steep variations in the Alfvén speed at the
boundaries of the cavity. This conclusion is supported by the
linear one-dimensional models of An et al. (1989, 1990). The
authors studied Alfvén wave propagation in a spherically
symmetric and stratified stellar atmosphere using a time-

dependent MHD numerical model. They found that the
reflection and the resultant trapping of the long period waves
due to a peak in the Alfvén speed in the atmosphere is an
intrinsic phenomenon for any stellar atmosphere stratified by
gravity and an open magnetic field. When the wavelength of
the propagating wave is longer than the density scale length of
the medium, the wave will see the medium as inhomogeneous
and will reflect. Short period waves with short wavelengths will
travel through the medium without being reflected. Note that
these studies were carried out under the assumption of a static
atmosphere which excludes the important effects associated
with the flow of plasma.
The next question is why are the amplitudes of the backward

modes high compared with the amplitudes of the forward
modes? In fluid dynamics, the effect of wave shoaling is well
known: as the waves approach the shore and the water becomes
shallower, the waves slow down, become taller, and get closer
together (van Dongeren et al. 2007). A reduction in transport
speed due to decreasing water depth is compensated by an
increase in the wave energy density in order to maintain a
constant wave energy flux. The latter is defined as the product
of the group velocity and the wave energy density.
In MHD, the wave energy density of the Alfvén waves is

represented by the sum of the magnetic and kinetic energy
densities. Using the relationship (7) we have already demon-
strated that the reduction in the travel speed is also associated
with the reduction in wavelength as the frequency remains
constant. We can therefore argue that both the increase in the
wave amplitudes and the reduction in the wavelengths are the
consequences of the same mechanism of shoaling that affects
backward propagating Alfvén waves. We can therefore
conclude that the backward waves are responsible for the large
amplitudes and relatively small wavelengths in the trapping
region 1 in Figures 2–4. The forward modes with longer
wavelengths and lower amplitudes are present in the cavity as
well. However, the corresponding colors are faint compared to
those for the backward modes.
The behavior of the backward propagating waves is different

in the case of Driver 2. The size of the cavity is determined by

Figure 5. Snapshots in the r − θ plane of the wave component vf generated by Driver 2. The color bar on the right represents velocity values measured kilometers per
second. An animation of this figure is available. The animation shows the evolution from 0 to 4842.7 minutes. The real-time duration of the animation is 200 s.

(An animation of this figure is available.)
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the driver period but also by the propagation speed represented
by vA± Vr. Figure 6 shows that the size of the cavity initially
increases until about t= 30 hr. Until then the backward
propagating modes are still trapped inside the expanding
cavity. However, as the cavity expansion continues, the
backward modes eventually reverse their direction of propaga-
tion due to the increasing Doppler effect.

The propagation velocity of the backward modes is
determined by the difference vA− Vr. The reversal of the
direction of propagation is caused by two effects. First, the
expansion of the cavity caused by the changing characteristic
speeds leads to the difference vA− Vr becoming negative at the
outer boundary of the cavity, i.e., the wind becoming super-
Alfvénic. This is due to the increasing flow and decreasing
Alfvén speeds with radial distance that can be seen in Figures 9
and 10, correspondingly. Second, as Figures 9 shows, the flow
speed increases with time, which reduces the difference
between the two velocities further. We will examine this
acceleration caused by the Alfvén waves separately.

Therefore, after about t= 30 hr, the backward modes are
swept away from the Sun by the flow, and the cavity that was
formed by the trapped backward modes can no longer be
identified. The arrows in Figure 6 indicate the large amplitude
backward modes that have reversed their direction of
propagation. The angle between these arrows and the
horizontal axis is less than the angle corresponding to the
forward modes. This is expected as the forward modes have a
larger speed of propagation than the Doppler-shifted backward
modes. After about t= 30 hr the amplitudes begin to decrease
as the trapping cavity disintegrates and the backward modes
travel away from the Sun.

The propagation reversal effect presented above can only
occur in the presence of a flow that introduces asymmetry in
the system. However, it only affects those waves that have long
enough periods to form sufficiently large cavities. These
cavities may approach and enter the super-Alfvénic wind.

3.5. Nonlinear Coupling of the Alfvén Waves

The nonlinear coupling of the Alfvén waves to slow
magnetoacoustic waves is a well-known process that has been
studied by a number of authors using 1.5D numerical models
(Hollweg et al. 1982; Verwichte et al. 1999; Matsumoto &
Shibata 2010; Williams et al. 2016). When an Alfvénic pulse
travels along the background magnetic field and the amplitude
increases due to, for example, gravitational stratification, it may
nonlinearly couple to slow longitudinal motions through the
nonlinear term in the longitudinal momentum equation, also
known as the ponderomotive force. The latter force drives
longitudinal density perturbations and accelerates the solar
wind plasma along the ambient magnetic field (Belcher 1971).
The pulse steepens into a shock front which is effective in
converting the wave energy into heat.
Moriyasu et al. (2004) and Antolin & Shibata (2010)

performed numerical simulations of shock heating of the solar
atmosphere through the mechanism of nonlinear mode
coupling of Alfvén waves. The simulation results were
compared with the observed signatures of episodic heating
and with those predicted by a nanoflare heating model.
The spatial resolution in the 1.5D models is sufficiently high

to accurately investigate the processes of coupling and shock
formation. Studies by different authors have demonstrated the
efficiency of the process. Arber et al. (2016) found that the
nonlinear ponderomotive coupling of Alfvén waves to sound
waves is more important in chromospheric heating than
Pedersen dissipation through ion-neutral collisions. Beliën
et al. (1999) used a high-resolution 2.5D model of a coronal
loop system to examine the efficiency of resonant absorption.
They found that the process of resonant absorption is inefficient
due to the fast rate at which slow magnetosonic waves are
nonlinearly generated in the chromosphere and transition
region due to the mechanism of nonlinear coupling. This leads
to a considerable transfer of energy from the Alfvén waves to
the slow waves. Only a small fraction of the Poynting flux that

Figure 6. Time–distance evolution of the azimuthal f component of the velocity generated by Driver 2 at θ = 45° from the equator. The right panel is a blow-up of the
left panel for the interval of 30–60 hr. The values in the color bar are in vf (kilometers per second). The arrows indicate the backward propagating waves that have
been swept away by the super-Alfvénic wind.
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is injected into the loop system at the chromospheric level is
available at the coronal level.

The 2.5D numerical models by Thurgood & McLaughlin
(2013) showed that Alfvén waves can cause nonlinear magnetic
pressure gradients that drive perturbations in two directions: (1)
parallel (longitudinal) to the equilibrium magnetic field lines;
(2) perpendicular (transverse) across the background magnetic
field lines. The transversal waves excite fast magnetoacoustic

waves that travel across the background magnetic field through
ponderomotive acceleration (Thurgood & McLaughlin 2013).
The Lorentz force in the momentum Equation (2) represents

a sum of the tension and the magnetic pressure forces. The
latter has components both in the longitudinal and transverse
directions, and it will increase with the amplitudes of the
Alfvén waves. The force will act to accelerate the plasma in the
radial or polar direction if the gradient of the azimuthal

Figure 7. Snapshots of the polar component of the velocity for the background plasma (τ = 0 s) and for Drivers 1 and 2. The values in the color bar on the right are
measured in kilometers per second. An animation of the Driver 1 and 2 panels of this figure is available. In the animation, Driver 1 is on the left while Driver 2 is on
the right. The animation shows the evolution from 0–5479.1 minutes in Driver 1 and from 0–4848.8 minutes in Driver 2. The real-time duration of the animation is
200 s.

(An animation of this figure is available.)

Figure 8. Snapshots of the radial velocity vr measured in kilometers per second for the background (left), Driver 1 (middle), and Driver 2 (right) at t = 63 hr. An
animation of the Driver 1 and 2 panels of this figure is available. In the animation, Driver 1 is on the left while Driver 2 is on the right. The animation shows the
evolution from 0–5479.1 minutes in Driver 1 and from 0–4848.8 minutes in Driver 2. The real-time duration of the animation is 200 s.

(An animation of this figure is available.)
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magnetic field is negative in the corresponding direction. Vice
versa, the action will be to pull the plasma back toward the Sun
and toward the equator in the polar direction when the gradient
is positive.

Figures 7 and 8 demonstrate that the Alfvén waves generated
by Drivers 1 and 2 couple to both the longitudinal motions
represented by vr and the transverse motions represented by vθ.
The nonlinear coupling is expected to be more efficient when
the Alfvén wave amplitudes are large. It is therefore not
surprising that the perturbations in the radial and polar
components have the largest amplitudes in the trapping region

1 , where there are backward propagating large amplitude
Alfvén waves.

We consider the coupling processes to the longitudinal and
transverse components, vr, vθ, separately and present their
consequences. These include the contribution of the Alfvén
waves to the acceleration of the solar wind and the heating of
the plasma. We find that the wave coupling also modulates the
rate of reconnection that is responsible for the periodic
expulsion of plasmoids from the equatorial plasma sheet.

The driver amplitudes used in the present paper are
sufficiently low to avoid the occurrence of shocks and the
associated heating due to the nonlinear coupling of the Alfvén
waves. A detailed and accurate description of shock heating
can only be carried out with a much higher spatial resolution.
These types of studies are normally carried out using 1D or
1.5D models.

3.6. Coupling to Longitudinal Motions and Wind Acceleration

Figure 8 shows the radial velocity, vr, for the background
state and Drivers 1 and 2 at t= 63 hr. The differences between
the three images provide clear evidence in support of the
coupling between the Alfvén waves and the motions along the
background magnetic field. The Alfvén waves increase the
level of inhomogeneity in the medium. The radial velocity, the
density, and other quantities become more variable in space
and these inhomogeneities become more pronounced as the
driver period increases.

The waves mainly accelerate the mid and high latitude
regions of fast wind where the field lines are open, whereas the
low latitude regions of slow wind remain unaffected. A
comparison between Figures 8 and 5 shows that the lack of
acceleration in the low latitude is coincident with the lack of
Alfvén waves where their propagation is suppressed because of
the higher densities and weaker magnetic fields.
Bubbles of high speed carry low-density plasma and

vice versa. For instance, at x= 21, y= 7 in Figure 8(c), the
density is around 10−20 g cm−3 and vr≈ 290 km s−1 while at
x= 21, y= 9, the density is around 10−20.6 g cm−3 and
vr> 350 km s−1.
The speeds near the equator are low and the corresponding

densities are high due to the closed field lines of the dipole
field. Panels (a) and (b) in Figure 8 show the breakup of a dense
magnetic island near the equator and its ejection from the Sun
in the horizontal direction. This process of breakup does not
occur in panel (c) due to the presence of long period Alfvén
waves.
Our results, therefore, indicate that the Alfvén waves can

modulate the process of reconnection and plasmoid ejection.
Mann et al. (1999) have theoretically examined the coupling of
ultralow frequency waves to local Alfvén waves in the
magnetosphere. They have argued that the Kelvin–Helmholtz
unstable ultralow frequency waves observed in the magneto-
sphere could modulate the rate of magnetic reconnection on the
dayside magnetopause.
Figure 8 shows that the Alfvén waves not only make the

medium more inhomogeneous but they also accelerate the solar
plasma in the radial direction. Figure 9 provides a more
detailed view of the radial speeds at two different times for a
fixed angle of θ= 45°. The different colors indicate the three
different setups. The solid and dotted curves correspond to
t= 37 and 63 hr, respectively.
Waves with longer periods accelerate the plasma more

efficiently. In order to understand the relationship between the
plasma acceleration and the periods of the Alfvén waves, we
recall that wave reflection sets up a cavity inside which the
waves become trapped. The size of the cavity increases in the

Figure 9. Velocity in the radial component for the background plasma and after forced by Drivers 1 and 2 at θ = 45° and two different times.
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radial direction with increasing driver period. Inside the cavity
there is efficient coupling and a corresponding transfer of
energy from the azimuthal component of the waves to the radial
component. The nonlinear coupling is mainly due to the large
amplitude backward propagating waves that have been
reflected. The ponderomotive force due to the negative gradient
in B2

f leads to acceleration. Regions of enhanced acceleration
are set up. These regions are separated from each other by
regions of suppressed acceleration resulting from positive B2

f
gradients.

The regions of enhanced acceleration expand as arches in
Figure 8 and in the associated animations that eventually catch
up with each other and swamp up the slower moving plasma.
Longer periods lead to both an increased cavity size and wider
intervals of enhanced acceleration. A combination of these
effects produces stronger acceleration over longer distances.

The blue dotted curve in Figure 9 demonstrates a drop in the
acceleration rate at large distances. This drop is caused by the
reduced cavity size that is produced by Driver 1.

The extra acceleration lowers the densities due to the
conservation of mass flux. A corresponding increase in the
Alfvén speed affects the wave propagation speed and modifies
the cavity size. In the case of long period waves generated by
Driver 2, the cavity eventually disintegrates as it expands into
the super-Alfvénic wind region, and the backward modes
reverse their direction of propagation. Figure 10 displays the
Alfvén velocity profiles for Drivers 1 and 2 at two different
times. Three different angles are selected. The speeds increase

from the dense low latitudes to the low-density high latitudes.
The effect of Driver 2 on the Alfvén speed becomes more
pronounced at later times represented by the dotted curves.

3.7. Coupling to Transverse Motions and Heating of the
Atmosphere

Figure 11 presents the spatial variation of the temperature for
the background (τ= 0) and for Drivers 1 and 2 at t= 63 hr.
The colors show the variation of temperature on a logarithmic
scale. The left and middle panels in Figure 11 show the
breakup and expulsion of a plasmoid from the equatorial
plasma sheet that occurs regularly. This has already been
discussed in the previous sections. A comparison between the
two panels also reveals inhomogeneity and temperature
perturbations caused by Driver 1. However, there is no
detectable heating caused by the Alfvén waves.
The situation is different for the long period waves generated

by Driver 2. The right panel of Figure 11 shows heating and
high-temperature perturbations that are being carried outward
by the solar wind.
In all three cases, there is a dense hot region inside the

equatorial plasma sheet where the field lines are closed. The
Alfvén waves generated by Driver 2 suppress the reconnection
events and the associated plasmoid ejections.
The left panel in Figure 12 presents the temperature profiles

in the radial direction for a fixed polar angle of θ= 45°. The
yellow, blue, and black curves represent the background,
Driver 1, and Driver 2, respectively. The profiles are
constructed for t= 36 hr (solid curves) and for t= 63 hr
(dotted curves). Initially, there is no significant heating or
cooling for the three cases except for the perturbations that
grow with the driver period. This is evidenced by the solid
curves corresponding to t= 37 hr. However, after about t= 30
hr heating of the plasma in the solar atmosphere begins, and
there is a discernible upward shift in the temperature profile
associated with Driver 2. This is shown by the black dotted
curve corresponding to t= 63 hr.
The right panel in Figure 11 shows the temperature profiles

corresponding to Driver 2 at different times (t= 37 and 63 hr)
and different polar angles (θ= 10°, 45°, 80°). The plots
indicate lower temperatures at high latitudes and higher
temperatures at low latitudes. They also reveal that heating
mainly occurs at later stages of the simulations, after about
t= 30 hr.
The process of heating begins with the increase in the wave

amplitudes which may provide clues on what causes the
temperature increase. Figure 5 shows that the amplitudes of the
Alfvén waves generated by Driver 2 begin to increase from
about t= 30 hr and reach a peak by about t= 36 hr.
Figure 7 shows snapshots of vθ at t= 63 hr for the

background and for Drivers 1 and 2. The poleward flows in
all three cases are caused by the expansion of the dipole field,
which leads to poleward migration of the magnetic field lines
and associated flows. There is no significant enhancement in
the vθ perturbations in the case of Driver 1. For the Driver 2
case, the vθ perturbations are enhanced and extend to larger
distances. This enhancement is coincident with the heating and
with the increase in the Alfvén wave amplitudes that begins at
about t= 30 hr.
Figure 6 shows that the cavity trapping the large amplitude

backward modes expands both outward and inward until about
t= 30 hr when its lower boundary reaches the dense and hot

Figure 10. Profiles of the Alfvén speed, v BA r 0m r= , for three different
polar angles, θ = 10°, 45°, and 80°, at two different times. The results for
Driver 1 are shown in the left panel (a) and for Driver 2 in panel (b).
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equatorial plasma sheet. The backward traveling Alfvén waves
steepen as their propagation speed decreases in the dense
region. This is due to the above-described mechanism of wave
shoaling that preserves the wave energy flux and compensates
for the drop in the propagation speed with a corresponding
increase in the wave amplitudes.

These large amplitude Alfvén waves efficiently couple and
transfer their energy to the transverse perturbations that begin
to grow after about t= 30 hr. The coupled large amplitude
waves disturb the hot dense plasma inside the closed field
region as the cavity expands inward. The hot dense plasma is
then convected poleward and radially by the flow, which leads
to heating of the solar atmosphere after about t= 30 hr and
explains the high temperatures seen in Figures 11 and 12.

Another interesting phenomenon that needs to be addressed
is the suppression of any plasmoid expulsion in the case of
Driver 2. The above-described transfer of the hot dense plasma

from low to high latitudes is also responsible for preventing the
accumulation of plasma in the equatorial plasma sheet that
would eventually lead to a breakup and expulsion of a
plasmoid. Therefore the continual depletion of plasma caused
by the large amplitude waves suppresses the process of
reconnection and plasmoid ejection that can be seen in the
other two cases (left and middle panels in Figure 11).

4. Summary and Conclusions

We have investigated the propagation of monochromatic
Alfvén waves in the solar wind. Their dynamic and energetic
consequences are examined. The waves are driven in the
azimuthal velocity component at the coronal base. A realistic
2.5 D model that incorporates the important effects of optically
thin radiation, collisional, and collisionless thermal conduction
is used.

Figure 11. Snapshots of the temperature distribution for the background plasma (left) (τ = 0 s), Driver 1 (middle), and Driver 2 (right). The values of the logarithmic
temperature are represented by the color bar on the right.

Figure 12. Left: logarithmic temperature profile for a fixed polar angle of θ = 45° at t = 37 hr (solid lines) and at t = 63 hr (dotted lines). The background, Driver 1,
and Driver 2 are represented by yellow, blue, and black, respectively. Right: logarithmic temperature profiles for Driver 2 at three different polar angles and at two
different times.
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The background state is represented by a dipole magnetic
field that is stretched by the outflowing solar plasma. The result
is a dense and slow outflow originating from the low latitudes
and a fast outflow from the higher latitudes.

Two main driver periods of 1000 s (Driver 1) and 4000 s
(Driver 2) are used. The shorter period waves set up a cavity
where forward and backward propagating waves are trapped.
The forward waves are partially transmitted and reflected at the
outer boundary of the cavity.

The formation of such a cavity in a static medium due to a
peak in the Alfvén speed has been demonstrated by An et al.
(1990). The size of the cavity is determined by the driver
period: the longer the period the larger the cavity.

The flow introduces asymmetry between the forward and
backward propagating waves by affecting their propagation
speeds. It also increases the amplitudes of the backward waves
through the mechanism of wave shoaling that is well known
from fluid dynamics (van Dongeren et al. 2007). The large
amplitude backward waves transfer their energy to longitudinal
motions through nonlinear coupling which provides an
additional push to the outflowing solar plasma. The waves
mainly accelerate the fast wind at mid and high latitudes where
there is an abundance of backward waves, whereas the slow
wind at the low latitudes remains unaffected.

Longer period Alfvén waves set up larger cavities where the
wave-induced acceleration occurs over longer distances. The
long period backward propagating waves that are nonlinearly
coupled to the longitudinal and transverse motions can
significantly alter the flow and the Alfvén speeds. These
speeds determine the local propagation speed of the waves and
the result is a change in the cavity size. As the cavity extends
outward and enters the super-Alfvénic region, the backward
waves reverse their direction of propagation. The cavity ceases
to exist and the backward waves are swept away by the wind.
This important feedback effect cannot occur in static models.

Another important result is the ability of the backward waves
to disturb the dense hot and dense equatorial region as the
cavity extends outward as well as inward. This is achieved
through a nonlinear coupling to the transverse waves. The first
consequence is the redistribution of heat due to the transfer of
hot and dense equatorial plasma to the fast wind by poleward
and radial flows. The second consequence is the continual
depletion of plasma in the dense equatorial current sheet. This
prevents the accumulation of plasma that is followed by regular
reconnection events. In the absence of waves or in the case of
short period waves, regular reconnection events break up and
eject plasmoids from the equator.

Therefore, the Alfvén waves can modify both the dynamics
and the energetics of the solar wind plasma. It is interesting to
note that Mann et al. (1999) have suggested that backward
propagating Kelvin–Helmholtz unstable ultralow frequency
waves observed in the magnetosphere could modulate the rate
of magnetic reconnection on the dayside magnetopause.

In the present work, the driver amplitudes are sufficiently low
to avoid the formation of shocks. A more detailed consideration
of the process of shock heating through nonlinear coupling
requires much higher spatial resolution and a smaller domain of
interest. Studies of this type are usually performed using 1.5D
models both for static (Hollweg et al. 1982) and flowing plasmas
(Williams et al. 2016; Williams & Taroyan 2018).

The existence of the backward waves is important in the
context of various theoretical mechanisms that have been

proposed as a possible solution to the problem of coronal
heating and wind acceleration. For example, the mechanism of
Alfvén wave turbulence relies on the existence of both forward
and backward propagating waves that nonlinearly interact with
each other (Cranmer & Van Ballegooijen 2005; van Balle-
gooijen & Asgari-Targhi 2017). Our model does not incorpo-
rate the effects of Alfvén wave turbulence. However, it
demonstrates the formation of a trapping region or a cavity
as a natural consequence of the interaction between the waves
and the stationary outflowing plasma.
The present work shows the importance of the low-

frequency Alfvén waves in the solar wind, and their dynamic
and energetic consequences. Even small amplitude waves
launched from the coronal base can accelerate the solar wind,
heat the upper corona, and modify the dynamics and the
magnetic geometry of the medium through which they
propagate. We have only considered monochromatic waves
to understand the detailed behavior of waves of different
periods and their differences. The next step would be to
consider the effects of a latitude-dependent broadband source
that has a distribution of periods following observed power
spectra.
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