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Abstract. Two competing theories, the wave theory and reconnection theory, provide
explanations for solar corona heating, supported by observations of wave phenomena
and magnetic reconnection on the Sun. Plasma β, the ratio of thermal plasma pressure
to magnetic pressure, varies significantly in the solar corona, influencing wave propaga-
tion Throughout much of the corona, the plasma β is considerably smaller than one, to
disregard pressure gradients in the plasma. However, plasma β fluctuates throughout
the entire region due to the varying magnetic field, such that near null points, the mag-
netic field diminishes, leading to a potential increase in plasma β. This study focuses
on Alfvén pulses interacting with a 2D magnetic null point, investigating the nonlinear
effects of plasma beta adjustment in different layers. The study utilizes the PLUTO
code, a sophisticated shock-capturing numerical framework, to model the interactions
of Alfvén pulses under varying plasma β conditions. The simulations are conducted on
high-resolution Cartesian grids with zero-gradient boundary conditions to ensure ac-
curacy. By solving the magnetohydrodynamic (MHD) equations, the analysis reveals
temporal fluctuations in the system’s response, with certain instances characterized by
higher amplitudes and sharper peaks, indicative of intensified interactions of the Alfvén
pulse. The variations in amplitude and peak sharpness underscore the dynamic nature
of the system, with certain moments displaying stronger responses than others. On
the one hand, when we adjust the plasma beta closer to the null point, the changes
in radial velocity and density disturbance decrease, and over time, the wave energy is
released more rapidly along the field lines. Density and velocity changes depend on
plasma β and proximity to the null point, emphasizing the system’s sensitivity to these
parameters. Therefore, it is essential to consider atmospheric conditions for accurate
energy transfer assessments.

Keywords: Sun, Magnetohydrodynamics, Alfven pulses, Magnetic Null Point, Plasma
beta

1 Introduction
MHD waves are crucial for understanding various astrophysical phenomena, including solar
flares, coronal heating, and the dynamics of the solar wind. This fascinating topic have
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become a prevalent phenomenon in the Sun’s atmosphere [1]. Research into MHD waves for
understanding solar plasma structures began in the late 1970s [2,3]. However, it wasn’t until
the late 1990s that the first observations of kink oscillations, both spatially and temporally
resolved, were reported. [4,5], significantly enhancing the effectiveness of theoretical MHD
wave models in coronal seismology [6–10]. The process of coronal heating is a complex
and crucial aspect of the solar atmosphere. Understanding the mechanisms behind plasma
heating is a challenging endeavor. While certain features of the solar atmosphere seem
independent, others are interconnected in a chain reaction. For instance, the formation of a
magnetic quadrupole, established by the presence of two loops, leads to the development of
a current sheet between the smaller loop and the larger loop. This current sheet becomes
unstable due to the evolution of the smaller loop, resulting in the formation of a reconnection
site where outflows are ejected [11,12]. These outflows, known as type I or II spicules or jets
[13], vary in size depending on their origin.

The behavior of MHD waves is significantly influenced by the underlying magnetic struc-
ture or topology. Therefore, comprehending the physics of these phenomena necessitates a
thorough examination of the topology [14–16] and the behavior of magnetic fields, especially
the significance of magnetic null points [17–20], which are prominent in reconnection sites.
In the context of this study, the results and conclusions are derived from MHD theory.
In addition to examining Alfven waves in solar jets and loops [21], attention must also be
directed toward Alfven waves approaching magnetic null points. This interaction induces
both fast and slow magnetoacoustic waves [22,23], coupled with compressive waves [24], all
contributing to coronal heating through dissipation processes [25].

Building upon the historical understanding of MHD waves, this study examines the non-
linear effects of Alfvén pulses near null points. Before exploring the theory and model, it is
crucial to offer a brief historical overview of magnetic null points in the solar corona [26]. A
null point in a magnetic field configuration is a point where the magnetic field strength is
zero. This can occur in complex magnetic field structures, such as those found in the solar
atmosphere or in laboratory plasmas. Near a null point, the magnetic field lines converge
towards the null point and can change their topology. The behavior of MHD waves is signifi-
cantly influenced by the magnetic field configuration around these points. The importance of
studying magnetic null points became evident with the discovery of their oscillatory behav-
ior [27] and evolution, particularly through two-dimensional studies. These studies adhered
to the initial model created to characterize waves around two-dimensional magnetic null
points, uncovering differences in the behavior of Alfven waves and magnetoacoustic waves
[28]. This observation laid the foundation for understanding the separate propagation of
various modes [28]. Depending on the polarization of the Alfven wave, its effects can differ.
A comparison of the non-linear forces related to the plane Alfven wave and the torsional
Alfven wave [29,30] has been conducted by Vasheghani Farahani et al. [31], where, for ex-
ample, it was demonstrated that for plane Alfven waves [32–34] the shock formation time is
proportional to the plasma-β, while the shock formation time for torsional Alfven [35] waves
is independent of the plasma-β. A wave that does not disturb the adjacent magnetic field
lines accumulates along the separatrices without crossing them. Meanwhile, the compressive
modes refract along the Alfven-speed profile and gather at the null point [36]. Since the ini-
tial pulse is incompressible in the context of the present study, the way compressible waves
are generated [37] and organized [38] by the incompressible pulse is emphasized. Before this
study, the excitation of transverse and longitudinal waves caused by the plane Alfven wave
near a magnetic null point had been examined [39] . They indicate that the formation of
these daughter waves is a non-linear effect related to the ponderomotive force. This study
aims to analyze nonlinear Alfvén wave behavior near magnetic null points under varying
plasma β conditions, a key factor in coronal heating processes. In fact, the objective of



Investigating the Sensitivity of Alfvén Pulse Interactions to Plasma Beta in the Corona 215

this study is to investigate the behavior of nonlinear fast Alfven waves near a 2D magnetic
null point within a finite plasma β regime across different layers. Specifically, we analyze
the influence of plasma β on various layers by examining variations in plasma density and
radial velocity. To achieve this, numerical simulations are conducted using the PLUTO code
[40,41], a finite-volume, shock-capturing code that operates on double precision arithmetic
[42]. The subsequent section outlines the fundamental equations and initial setup, while
section 2 focuses on model and analytical framework, and section 3 examines the simulation
of the magnetoacoustic wave approaching a magnetic null point. Section 4 presents the
results and discussion. Finally, section 5 offers a concise conclusion and outlook for future
research.

2 Model and Analytical Framework
The modeling and analytical framework of MHD waves involve a combination of fluid dy-
namics and electromagnetic theory. This framework allows us to analyze the behavior of
conducting fluids in the presence of magnetic fields. In the context of this study, our nu-
merical results are based on MHD theory. MHD waves are oscillations that occur in a
magnetized plasma, where the dynamics of the fluid and the influences of electromagnetic
fields are coupled. These waves arise from the interaction between the motion of the plasma
and the magnetic field, making them essential for understanding various physical processes
in astrophysical environments, like solar flares and the solar wind, as well as in laboratory
plasmas. In the context of this study, our numerical results are based on MHD theory.
Building upon the work of Gruszecki et al. [25,27], our model takes into account finite
plasma-β conditions. It is important to highlight the well-known resistive MHD equations
in the absence of gravity, which are as follows

∂ρ

∂t
+∇. (ρv)= 0, (1)

ρ

[
∂v

∂t
+ρ (v.∇)v

]
= −∇P+

1

µ (∇×B)×B, (2)

ρ

[
∂ϵ

∂t
+ (v.∇) ϵ

]
= −P∇.v+

1

σ
|J|2+Λ, (3)

∂B

∂t
=∇× (v×B)+η∇2B. (4)

It is essential to emphasize that the magnetic field B meets the condition ∇ . B = 0, and
the electric current density J is given by J = ∇ × B/µ. Additionally, the physical variables
ρ, p, and v represent the density, plasma pressure, and velocity, respectively. Here, µ = 4π
× 10−7 H m−1represents the magnetic permeability, σ stands for the electrical conductivity,
which is inversely proportional to the magnetic diffusivity η. The internal energy density ϵ
is defined as P/[ρ (γ − 1)], where γ, the ratio of specific heats, is set to 5/3, as discussed in
Karampelas et al. [42].

We analyze a static and homogeneous medium characterized by constant density and
pressure (ρ0, p0), enveloped within a uniform magnetic field. This assumption simplifies the
model but limits its applicability to highly dynamic regions. Our approach involves lineariz-
ing the MHD equations, presuming a small disturbance. Beginning with the standard MHD
equations (equations 1 to 4), which describe the dynamics of a fully ionized plasma akin to
a perfect gas, we apply the continuity equation. Assuming Λ= η=0 and denoting equilib-
rium quantities with subscript 0 and perturbed quantities with subscript 1, the linearized
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equation of motion can be written as

∂ρ1
∂t

+ ρ0∇.v1 = 0, (5)

ρ0
∂v1

∂t
+∇p1 = ( ∇×B1)×B0, (6)

∂B1

∂t
−∇× (v1 ×B0) = 0, (7)

∂p1
∂t

+ γp0∇.v1 = 0. (8)

The initial magnetic field is characterized as B = B0[x/L, −y/L, 0], where B0 represents
the magnetic field strength and L denotes a characteristic length scale. Figure 1 shows
the snapshots of the equilibrium magnetic field strength at t = 0. Throughout much of
the corona, the plasma β is significantly smaller than one, enabling us to overlook pressure
gradients in the plasma. However, near null points, the magnetic field weakens, resulting in
a possible increase in plasma β.

Figure 1: Snapshots of the equilibrium magnetic strength at t = 0.

Therefore, understanding the changes in plasma β is essential in this context. Considering
equilibrium quantities 18.

β =
2µp0
B2

=⇒ β=
β0

x2+y2
=
β0

r2
,

where
r2 = x2 + y2, β0 =

2µp0L
2

B2
0

.

Therefore, plasma β varies across the entire region due to the changing magnetic field
throughout our model. Notably, plasma β becomes infinite at the null point. Specifi-
cally, beyond a radius of unity, we find a low β environment, while within it, a high β
environment prevails. This discrepancy has significant implications, as fast and slow waves
display distinct properties depending on their surroundings. Alfvén waves are transverse
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waves that propagate along magnetic field lines. They are characterized by oscillations of
the plasma with respect to the magnetic field. Alfvén waves play a crucial role in space
physics, particularly in the solar wind and magnetosphere. To investigate the behavior of
Alfvén waves near a 2D null point, we begin by perturbing our system from its equilibrium
state. For this purpose, we introduce a circular initial Alfven pulse centered at the origin,
with a circumference of 2πr1, as described by the following equation [43,44]

Vz = A0sin

(
π

√
x2 + y2 − r1

r0

)
By

Bx
2 +By

2 .

In the vicinity of a magnetic null point, we define, r1<
√

x2 + y2 < r1+r0, where Vx = Vy = 0
and A0=1 is set as the initial amplitude of the circular as the initial amplitude of thecircular
Alfven pulse.

3 Numerical Setup
The framework of this study builds upon earlier research by Karampelas et al. [42], concen-
trating on plasma density spikes caused by fluctuations in atmospheric conditions, especially
plasma-β. Utilizing the PLUTO code, which is well-suited for MHD-based models, we im-
plement a finite-volume shock-capturing approach. In Cartesian coordinates, our numerical
procedure determines the time step using the third-order Runge-Kutta method. Spatial
integration utilizes the fifth-order monotonicity-preserving scheme (MP5) along with the
total variation diminishing Lax-Friedrich solver (TVDLF). Notably, the code variable Uc is
normalized by U0 to account fo various solar atmospheric and plasma-β conditions. The
simulation domain spans (-10, 10) × (-10, 10) Mm with a grid resolution of 2500 × 2500
points. Note that we are using zero-gradient boundary conditions here. The PLUTO code
functions with dimensionless quantities, necessitating the definition of three essential param-
eters: ρ0 , L0 and v0, to ensure consistency across all physical quantities. Typically, we set
L0 = 106 m as the unit length, ρ0 = 10−12Kg

m3 as the unit density, and B0 = 10−3 (T ) as the
unit magnetic field. Additionally, we establish r1 = 5 Mm and r0 = 1 Mm. We v0 = B0√

µρ0

to maintain v0 as a constant background Alfvén speed.
In this study, we investigate nonlinear Alfvén waves withA0 = 1 for layers r = 1, r = 1√

10

and r = 1
10 , focusing on the perturbation of plasma density and radial velocity induced by

the propagation of Alfven waves. We begin by introducing a symmetric Alfven wave to
explore the nonlinear dynamics that arise from the interaction of these waves with magnetic
null points within the framework of MHD waves and coronal heating.

4 Results and discussion
As MHD waves propagate, the plasma density, pressure, and temperature fluctuate. Ac-
cording to the equation β=β0

r2 , if β0 is considered to be zero, then β will also be zero for
various values of r. Conversely, if β0 is taken to be one, β will vary for different values of r.

Figures 2 to 5 illustrate the radial velocity of the Alfven pulse as it approaches the
magnetic null point under two atmospheric conditions, represented by β0=0, β0=1, for
layers r = 1, r = 0.32, and r = 0.1, across seven snapshots at various time instances t = 0s,
t = 0.4s, t = 1s, t = 2s, and t = 4s. These figures illustrate the dynamic behavior of the
Alfven pulse over time, emphasizing how the radial velocity of the pulse varies with the
plasma β value and the distance of the layers from the null point as the wave propagates
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through the medium. Initially, the pulse divides into two waves because of spatial variations
in phase speed. The pulse shape changes from circular to elliptical-like due to the azimuthal
angle dependence of the nonlinear coefficient. For additional clarity, Figure 14 illustrates
the absolute values of the radial velocity along the line y = x.

Figure 2: Snapshots of the radial velocity in the inwardly at (a) t = 0, (b) t = 0.4, (c) t = 1,
(d) t = 2, (e) t = 4, propagating pulse of rarefaction, vr =

√
v2x + v2y as a function of the

radial coordinate r for β0 = 0.

Figure 3: Snapshots of the radial velocity in the inwardly propagating pulse of rarefaction,
vr =

√
v2x + v2y as a function of the radial coordinate r for β0=1 and r=1 at (a) t = 0, (b)

t = 0.4, (c) t = 1, (d) t = 2, (e) t = 4.
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Figure 4: Snapshots of the radial velocity in the inwardly propagating pulse of rarefaction,
vr =

√
v2x + v2y as a function of the radial coordinate r for β0=1 and r = 1√

10
at (a) t = 0,

(b) t = 0.4, (c) t = 1, (d) t = 2, (e) t = 4.

Figure 5: Snapshots of the radial velocity in the inwardly propagating pulse of rarefaction,
vr =

√
v2x + v2y as a function of the radial coordinate r for β0=1 and r= 1

10 at (a) t = 0,
(b) t = 0.4, (c) t = 1, (d) t = 2, (e) t = 4.

Figures 6 to 9 illustrate snapshots of the z velocity (vz) propagating pulse for t = 0,
t = 0.4, t = 1, t = 2, and t = 4 of the Alfvén wave, where the initial pulse has been
intrinsically divided into two propagating waves. It is evident that, due to the nature of
Alfvén waves, the circular shape of the pulse deforms to align with the magnetic field lines.
The Alfvén pulse propagates along the separatrices and accumulates along them. As the
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null point is magnetic free, the Alfvén speed drops to zero at that specific point, preventing
the presence of Alfvén waves at the null point.

Figure 6: Snapshots of the z velocity (vz) in the inwardly propagating pulse of rarefaction,
for β0=0 at (a) t = 0, (b) t = 0.4, (c) t = 1, (d) t = 2, (e) t = 4.

Figure 7: Snapshots of the z velocity (vz) in the inwardly propagating pulse of rarefaction,
for β0=1 and r=1 at (a) t = 0, (b) t = 0.4, (c) t = 1, (d) t = 2, (e) t = 4.

To draw a conclusive result, it is essential to observe the variations in mass density
resulting from different plasma-β conditions. The dependency of mass density on plasma-
β is clearly illustrated in the three snapshots from Figures 10 to 13. This dependency is
further emphasized in Figure 15 along the line y = x, highlighting the significance of plasma
β in influencing density variations. As previously mentioned, the pulse shape transitions
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Figure 8: Snapshots of the z-velocity (vz) in the inwardly propagating rarefaction pulse, for
β0=1and r= 1√

10
at (a) t = 0, (b) t = 0.4, (c) t = 1, (d) t = 2, (e) t = 4.

Figure 9: Snapshots of the z velocity (vz) within the inwardly propagating pulse of rarefac-
tion, for β0=1 and r= 1

10 at (a) t = 0, (b) t = 0.4, (c) t = 1, (d) t = 2, (e) t = 4.

from circular to an elliptical-like form over time. The figures indicate that the changes
initiate more promptly as the desired layer approaches the null point. For instance, at time
instances t = 0.4s, depicted in Figures 2 to 5, the pulse retains its shape at layer r=1, while
it undergoes shape alteration at layers r = 1√

10
= 0.32 and r = 1

10 = 0.1.
In accordance with the panels (a) of Figure 14, the red line (β0= 0, r = 1) shows moderate

peaks with a smooth profile. The orange line (β0 = 1, r = 1) displays higher peaks than
the red line, indicating increased radial velocity. The blue dotted line (β0 = 1, r = 0.32)
exhibits sharp, high peaks, suggesting a more complex interaction. The green line (β0 =
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Figure 10: Snapshots of the plasma density in the inward-propagating pulse of rarefaction
for β0=0 and at (a) t = 0, (b) t = 0.4, (c) t = 1, (d) t = 2, (e) t = 4.

Figure 11: Snapshots of the plasma density in the inward-propagating pulse of rarefaction
for β0=1 at (a) t = 0, (b) t = 0.4, (c) t = 1, (d) t = 2, (e) t = 4.

1, r = 0.1) shows the lowest amplitude, indicating a decrease in radial velocity. The peaks
are well-defined, with noticeable oscillations. The panels (b) of Figure 14 are similar to the
panels (a), but the overall amplitude of the curves appears to be slightly lower. The peaks
are still present but seem less pronounced compared to the first figure. Here, the oscillations
remain evident, but the overall profile is more subdued. In accordance with the panels (c),
the peaks are significantly higher than in the previous figures, especially for the orange and
blue lines. The red line remains consistent, while the green line shows a slight increase in
amplitude. The peaks are sharper and more pronounced, indicating a stronger response at
this time. The panels (b) of Figure 14 show a decrease in amplitude for all curves compared
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Figure 12: Snapshots of the plasma density in the inward-propagating pulse of rarefaction
for β0=1 at (a) t = 0, (b) t = 0.4, (c) t = 1, (d) t = 2, (e) t = 4.

Figure 13: Snapshots of the plasma density in the inward-propagating pulse of rarefaction
for β0=100 at (a) t = 0, (b) t = 0.4, (c) t = 1, (d) t = 2, (e) t = 4.

to the first figure, while the third figure shows an increase, particularly for the orange and
blue lines. The panels (b) of Figure 14 display well-defined peaks, while in the panels (b)
of Figure 14, the peaks are slightly rounded. The panels (c) of Figure 14 exhibit sharper
peaks, indicating a more dynamic response. The behavior of the curves in Figure 14 suggests
that as time progresses, the system’s response varies, with some instances showing higher
amplitudes and sharper peaks, indicating a more intense interaction of the Alfvén pulse. The
variations in amplitude and peak sharpness highlight the dynamic nature of the system, with
certain moments exhibiting stronger responses than others. This analysis underscores the
sensitivity of the system to the parameters β0 and r as time evolves. Notably, the closer a
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Figure 14: The comparison of radial velocity in the inwardly propagating pulse of rarefaction,
vr =

√
v2x + v2y over line y = x for β0=0 and r=1, β0=1 and r=1, β0=1 and r = 1√

10
=

0.32, and β0=1 and r = 1
10 = 0.1 at (a) t = 0.4, (b) t = 2, and (c) t = 4.
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layer is to the null point, the more pronounced the changes become. Indeed, as we adjust
the plasma beta closer to the zero point, the disturbances in radial velocity become smaller,
and over time, the wave energy is discharged more rapidly along the field lines.

In accordance with the panels (a) of Figure 15, the red line (β0 = 0, r = 1) shows
moderate peaks with a smooth profile. The orange line (β0 = 1, r = 1) displays higher
peaks than the red line, indicating increased density. The blue dotted line (β0 = 1, r =
0.32) exhibits sharp peaks, suggesting a more complex interaction. The green line (β0 =
1, r = 0.1) shows the lowest amplitude, indicating a decrease in density. The peaks are
well-defined, with noticeable oscillations. In accordance with the panels (b) of Figure 15,
the overall shape remains similar to the panels (a), but the peaks appear to be slightly
lower in amplitude. The red and orange lines maintain their relative heights, while the blue
and green lines show less pronounced oscillations. The oscillations are still evident, but the
overall profile is more subdued compared to the first figure. In accordance with the panels
(c), the peaks are significantly higher than in the previous figures, especially for the orange
line. The red line remains consistent, while the blue and green lines show a slight increase
in amplitude. The peaks are sharper and more pronounced, indicating a stronger response
at this time. The panels (b) show a decrease in amplitude for all curves compared to the
panels (a), while the panels (c) show an increase, particularly for the orange line. The
panels (a) have well-defined peaks, while the peaks in panels (b) are slightly rounded. The
panels (c) exhibit sharper peaks, indicating a more dynamic response. As time progresses
from the panels (a) to the panels (c), the system’s response varies, sometimes showing higher
amplitudes and sharper peaks, indicating a more intense interaction of the rarefaction pulse.
The variations in amplitude and peak sharpness highlight the dynamic nature of the system,
with certain times exhibiting stronger responses than others. This analysis underscores the
system’s sensitivity to the parameters β0 and r as time evolves.

This study reveals significant insights into the interaction of Alfven pulses with a 2D
magnetic null point and its implications for solar corona heating. By applying the Pluto
code to solve the magnetohydrodynamic equations, we observed that varying the plasma
beta parameter profoundly affects the dynamics of the system. The results demonstrate
that the Alfven wave exhibits a refraction effect, guiding it toward the null point where it
wraps around. Specifically, as the plasma beta β0 is set to zero, we noted an increase in the
magnitude of radial velocity disturbances. This suggests that the energy associated with the
Alfven pulses is discharged more efficiently along the magnetic field lines over time, indicating
a potential mechanism for energy transfer in the corona. Conversely, when the plasma beta
β0 is set to one near the null point, the density changes exhibited a reduction, implying
that the energy transfer dynamics are less effective under these conditions. In contrast,
setting the plasma beta to zero resulted in an increase in density changes, highlighting a
complex relationship between plasma conditions and the behavior of Alfven waves. Overall,
our findings emphasize that both density and velocity changes are intricately linked to the
plasma beta and its proximity to the magnetic null point. These results underscore the
importance of considering varying atmospheric conditions when assessing energy transfer
mechanisms in the solar corona, providing a clearer understanding of the processes that
may contribute to its heating and furthering the discourse on wave theory and reconnection
theory.
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Figure 15: The comparison of plasma density for β0=0 and r=1, β0=1 and r=1, β0=1 and
r = 1√

10
= 0.32, and β0=1 and r = 1

10 = 0.1 at (a) t = 0.4, (b) t = 2, and (c) t = 4. Over
line y = x
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5 Conclusions
In conclusion, this study offers valuable insights into the mechanisms behind solar corona
heating, particularly through the interaction of Alfvén pulses with a two-dimensional mag-
netic null point. By investigating the nonlinear effects of plasma beta adjustments, we have
shown that the dynamics of the corona are highly sensitive to variations in plasma β and
their proximity to magnetic null points. Our findings indicate that as plasma β approaches
unity near these null points, the system’s response becomes more pronounced, characterized
by fluctuations in amplitude and peak sharpness. This suggests that the intensity of the
Alfvén pulse interaction can vary significantly over time, highlighting the complex interplay
between wave phenomena and magnetic reconnection. Furthermore, the results imply that
the release of wave energy along magnetic field lines is expedited when plasma β is adjusted
closer to the null point, resulting in reduced changes in radial velocity and density distur-
bances. This emphasizes the importance of considering local atmospheric conditions when
evaluating energy transfer mechanisms in the solar corona. By integrating observations of
wave phenomena and magnetic reconnection with our theoretical framework, we contribute
to a deeper understanding of the processes that heat the solar corona. Ultimately, our
study underscores the necessity for further exploration of the intricate relationships between
plasma dynamics, magnetic fields, and wave interactions in the solar atmosphere. Continued
research in this domain will enhance our understanding of solar activity and its implications
for space weather, thereby advancing our knowledge of the fundamental processes governing
the Sun’s outer layers.
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