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Resistivity effect in the vicinity of
a coronal magnetic null point
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Introduction: We aim to examine how magnetic resistivity impacts the
movement of magnetoacoustic waves near a magnetic null-point in the
solar corona.

Method: The resistive, nonlinear MHD simulations are solved by the PLUTO code
in 2.5D for different amount of the resistivity.

Results and Discussion: Propagation of magnetoacoustic waves in the vicinity
of a magnetic null point has the potential to create current sheets with high
current density excitation and plasmoid generation. During the entire duration
of the simulation, it is discovered that plasma density became significant due to
the plasmoid and also current density is high for high resistivity. It is depicted that
high resistivity also leads to bigger plasmoids or magnetic islands in comparison
to small resistivity.
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1 Introduction

Due to the strong magnetic field gradients around magnetic null points, MHD waves
endure substantial consequences nearby these null points. Because magnetic null points
are rather common in the solar atmosphere, it becomes crucial to study properties of
the MHD waves and their interaction with the surrounding plasma McLaughlin et al.
(2011); Sabrietal. (2018); Sabrietal. (2019); Sabri et al. (2020a); Sabrietal. (2020b);
Karampelas et al. (2022a); Sabri et al. (2021); Sabri and Ebadi (2021); Sabri et al. (2023);
Sabrietal. (2022). Longcope and Priest (2007) found that fast magnetoacoustic waves
propagate at the Alfvén speed independent of the resistivity, at least in the linear regime.
Furthermore, it has been suggested that turbulent activities take place within the current
sheet in the nonlinear regime, potentially resulting in an impact comparable to resistivity.

The impact of turbulence on small scales was investigated by Jacobson and Moses (1984)
through the manipulation of ohmic resistivity. This would have a negligible impact on
the Sweet-Parker rate. In a similar manner, the two-dimensional simulations conducted
by Matthaeus and Lamkin (1985); Matthaeus and Lamkin (1986) were not able to give
a comprehensive understanding of the actual three-dimensional processes involved in
magnetic reconnection. The Alfvenic mode is responsible for the movement of the magnetic
field. This particular characteristic is not present in 2D simulations. It is crucial to note that
we employed the 2.5D method, which successfully solved the problem.

Researchers have explored a methodology for numerically simulating the complete
nonlinear progression of the field and flow’s shapes in reaction to a disturbance in a
closed system. This system allows for a finite amount of energy supplied to participate
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Craig and McClymont (1993); Hassam (1992); Craig and
Watson (1992); McClymont and Craig (1996); Priest and
Forbes (2000); Kowal et al. (2020). Such simulations have indicated
that the collapse is eventually restricted by either resistive diffusion
or the build up of an opposing pressure by the associated
converging flow. This can occur through plasma compression or
the compression of a guide field component perpendicular to
the plane. Null collapse is still of interest as it can create current
sheets in different scenarios, even though it may not lead to energy
release right away due to the plasma parameters. In addition,
there has been minimal analytical or computational research
conducted on the behavior that occurs following the implosion.
Afterwards, we made the decision to thoroughly examine this
procedure, specifically focusing on its correlation with resistivity,
and explore the developments of flows and current density following
an implosion.

Similar to null collapse, there are analytical solutions available
for cold, ideal plasmas that forecast singularity in finite time (Forbes,
1982). Although analytical forecasts expect singularity in a finite
amount of time, in reality, the implosions are also constrained by
their eventual transition to small diffusive scales. The limitations of
1D similarity solution were discussed by Forbes (1982). The study
conducted numerical simulations of the process without taking into
account resistivity and found that the numerical and analytical
solutions matched well during the initial collapse phase under
specific assumptions. Recently, Takeshige etal. (2015) revisited
the problem under adiabatic limitations, considering ideal MHD
and the presence of finite ambient gas pressure. The researchers
confirmed the presence of a shock and the existence of a thin
current sheet that remains in a static state of force balance. This
balance occurs between the magnetic pressure directed inwardly and
the gas pressure gradient directed outwardly. They discovered that
when dissipation is not present, the total amount of current remains
constant, along with the magnitudes of related factors like current
density and the force that causes the flow, known as the Lorentz
force. In other words, the collapse of a magnetic X-point into an
O-point is a type of MHD implosion where the null point acts as
the center for the converging magnetic flux. The compression and
refraction of plasma occur as a result of the converging and diverging
flows caused by the Lorentz force. The collapsing process continues
until certain events, such as the plasma pressure increasing, occur
and are able to halt this concentration.

The collapses of X-points are explained by a model that considers
the reconnection process to be dependent on time. The central
concept is that disturbances should be more likely to concentrate
around the null points due to the refraction effect (Thurgood and
McLaughlin, 2012). The phenomenon of refraction could cause the
accumulation of high current density on a small scale, leading to
effective dissipation (Dungey, 1953). The production of thin layers
of strong electric current, referred to as current sheets, is essential
for quick reconnection (Thurgood etal., 2018b). Thurgood et al.
(2018b) introduced initial background magnetic field perturbations
or different initial current density in 1D and 2D. They examined
the characteristics of a nonlinear oscillation in the vicinity of the
null point and investigated how resistivity and perturbation energy
influenced the oscillation’s duration. They discovered that for linear
disturbances, the period of oscillation is determined by the inverse
Lundquist number.
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In the past few years, several research studies have examined
the mechanism of oscillatory reconnection to gain a better
understanding of how it is influenced by different parameter
(Talbot et al., 2024; 2022a;
Karampelas et al., 2022b). The researchers investigated the process

modifications Karampelas et al.,
of oscillatory reconnection by conducting a study on a cold
plasma with a homogeneous density. The study included adjusting
the resistivity parameter over a wide range of eight orders of
magnitude Talbot et al. (2024). They investigated the evolution of
the oscillating current density at the null point and its associated
periodicity. They performed calculations of the resistive nonlinear
magnetohydrodynamic (MHD) equations in 2.5 dimensions,
considering different degrees of resistivity. It was found that there
was no connection between the level of background resistivity
and the frequency of the oscillatory reconnection mechanism.
However, they showed that the resistivity is essential in determining
both the maximum level of electric current and the rate at
which it diminishes. Additionally, Karampelasetal. (2022a);
Karampelas et al. (2022b); Karampelas etal. (2023) aimed to
examine the influence of various environmental factors, including
temperature, density, and the strength of the background magnetic
field, on the duration of the oscillatory reconnection mechanism.
These studies result in the derivation of an empirical formula
for the period of the oscillatory reconnection in the electric
current density.

In this study, we build upon the findings of the research
conducted by Sabri et al. (2020a) to explore the effects of resistivity
on the properties of magnetoacoustic waves. Furthermore, we also
examine the impact of plasma parameters and plasma flows. Due
to not utilizing the cold plasma approximation, there exists a
slow magnetoacoustic wave in addition to the fast mode. This
introduces complexity as their coupling and interactions are also
present. In this statement, varying levels of resistivity have been
added to the experimental configurations while keeping all other
factors the same.

2 Numerical setup

The focus of this study is is based on the MHD theory. It
emphasizes the overall movement of MHD waves near a magnetic
null-point. This study does not take into account the impacts of solar
gravity and plasma viscosity. This is because their importance in the
solar corona is lower compared to the lower solar atmosphere. This
declaration is backed up by the extremely low plasma density in the
solar corona (Aschwanden, 2005). Therefore, the sole factor that is
taken into account as a dissipative term in the MHD equations is the
magnetic diffusivity. It is important to mention that the topological
dissipation discussed by Parker (1979) is a way of explaining the
heating of the corona. This occurs because magnetic fields in ideal
plasmas naturally form tangential discontinuities, which are seen as
electric current singularities. Even though the magnetic diffusivity
might be low in the solar corona, the presence of strong current
sheets plays a significant role in the dissipation of energy. This led to
a desire to study the impacts associated with the magnetic diffusivity
and the magnetic topological dissipation in current sheets.
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Here, the resistive MHD set of equations is considered by taking
in to account a constant scalar magnetic diffusivity (1) as

v (1 )

p §+(V-V)V]—<MV><B>><B VP, (1)
a—B:Vx(VxB)+11V2B, (2)
ot

op B
opP 2
= +(V-V)P=—yPV-V+ (y= )/ (4) (V xB)’, (4)
V-B=0, (5)

where p, V, B, and P represent the plasma density, plasma velocity,
magnetic field, and thermal plasma pressure, respectively. The
constants g, #, and y = 5/3 denote the magnetic permeability, the
magnetic diffusivity, and the ratio of specific heats at constant
pressure and volume, respectively. We consider the permeability of
vacuum, i.e., 4 = 47 x 1077 Hm™'. Note that the magnetic diffusivity
is considered constant in the whole domain. Besides, initial plasma
temperature and plasma beta have the value T, = 6 x 10° K and 8 =
0.01, respectively.

For the initial configuration, we consider a static (V,=0)
background plasma in Cartesian coordinates with a magnetic field
given by the Equation 6.

B, . B, .
B= fxlx - Tyly,

(6)
The symbol B, = 107 T represents a specific magnetic field strength,
while the variable L = 10® cm represents the scale at which magnetic
field changes occur. The magnetic equilibrium considered in the
present study is curl-free and includes a single null-point located
at the origin. It is important to mention that this magnetic
configuration is invalid at relatively far distances from the null point
because the magnetic field strength becomes infinite as it moves
away from the null point. The vector potential can also be used to
represent the magnetic field (in according to the Equation 7).
B, -

A= Txylz. (7)

In the present study, the PLUTO code is used which is perfect

for simulating nonlinear time-dependent dynamics of waves in
magnetized plasmas (Mignone et al., 2007). The resistive MHD set
of Equations 1-5 are solved with the Godunov method (approximate
Riemann solver). The key dimensionless parameters used in the
simulations are represented by p, = 107'° g cm™, L, = 10° cm, and
Vy =4 =108 cm s7!. These values correspond to the characteristic
density, length, and velocity, respectively. Given the expression for
the magnetic Reynolds number R, = L% the range of this number

can be calculated by considering the upper and lower limits of
resistivity. With considering magnetic diffusivity values 7 = 107 and
10 cm? 57!, the range of magnetic Reynolds number is estimated to
be between 10'* and 102, The Cartesian coordinate system is used
with components denoted as x,x,,X; = x,), 2.

Our initial assumption takes into account the parameters in both
the x and y directions. However, when the fast magnetoacoustic
wave propagates near the null point, it causes changes in the
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magnetic field in the z direction and also disrupts Alfven waves.
Put simply, when there are variations in the pulse shape compared
to the background magnetic field, it leads to the formation of
longitudinal and transverse daughter disturbances (Thurgood and
McLaughlin, 2013).

In this line, a steady magnetic null point is targeted by an
incident circular fast magnetoacoustic wave. As the center of the
magnetoacoustic pulse is located at the magnetic null-point its
presence is formulated as the Equation 8 (Gruszeckietal., 2011;
Sabri et al., 2019; Sabri et al., 2020a)

V=24, sin[ﬂ(\lx2+y2—rl)],

()

with 5<r=14/x2+y><6 and r, =5 with initial amplitude
(Ay) equal to unity which accompanies with the

nonlinear dynamic (McLaughlin et al., 2009).

The magnetic field B is defined on the cell faces in a way that
throughout the simulations the equation V- B = 0 is complied with.
The simulation domain has been considered as (~10,10) x (~10, 10) x
(-5,5) Mm? with open boundaries and with 1600 x 1600 x 1000 grid
points. Open or outflow boundaries mean that all of the quantities
have zero gradient at the boundaries of the computational domain.
This prevents reflection from the boundaries that is in contrast to
the case where the presence of reflective boundary conditions is
considered. Nonetheless, the boundaries are placed at a far distance
from the null point. As for the simulations carried out by Sabri et al.
(2020a) a stretched grid has been implemented to see the majority
of the grid points near the magnetic null-point. Therefore, we set
1200 x 1200 grid points in the numerical domain (-6, 6) x (=6,6) Mm
with an effective resolution of §x = §y =~ 1/100 Mm. It must be noted
that the stretched grid is applied near the null point which results
in high resolution around there. Because in the present study, the
aim is to focus on the fast and slow magnetoacoustic waves as they
approach a magnetic null-point together with their effects on the
physical parameters and quantities that constitute and characterize
the magnetic null-point neighborhood.

3 Numerical results and discussion
3.1 Fast magnetoacoustic wave

The perpendicular velocity of the simulations represents
the fast magnetoacoustic wave profile which is
[(VxBO)-z]/ﬂb,zﬁbﬁ=(vxby—vybx)/\lb,2¢+b§. The initial fast

magnetoacoustic pulse is circular, with the center at the origin, and

VL:

completely surrounds the null as illustrated in Figure 1 corresponds
to the initial pulse of (Sabrietal., 2020a). Magnetic null point is
located at the origin and separatrices, which separate four areas
with different magnetic conductivity, are paced along x and y axis.
In the present study, the aim is to highlight the effects connected
with the magnetic diffusivity in the context of magnetoacoustic
wave interaction with the magnetic null point. The first row of the
Figure 2 includes snapshots of a fast magnetoacoustic wave around a
magnetic null-point at three time scales respectively equal to 2, 17.6,
and t=20.4 s where the magnetic diffusivity is very low equal to
107 cm? s71. The second row of Figure 2 corresponds to a domain

with a higher magnetic diffusivity equal to 10 cm? s7.
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FIGURE 1

Indicative lines of the equilibrium magnetic field structure and
contours of the initial fast pulse at t = 0. Separatrices are located along
x and y axis and magnetic X-point is placed at the origin.

Compare the snapshots of Figure 2 at the same timescales to
observe how the magnetic diffusivity affects the behavior of the
magnetoacoustic fast wave during its interaction with the null-point.
Panels (a) and (d) of Figure 2 depict the characteristics of the fast
magnetoacoustic wave when it reaches the null point. It is evident that
their behavior is identical. Thence, in both scenarios where resistivity
is high or low, the fast magnetoacoustic wave wraps around the null
point and focuses at the null, which is referred to as the refraction
effect. Hence, it is demonstrated that the refraction phenomenon
is observed even in high resistivity conditions and causes the fast
wave to concentrate around the null point. Because of the refraction
phenomenon that concentrates the magnetoacoustic waves in alimited
region, we infer that it might result in intriguing outcomes like the
buildup of high current density and subsequent consequences.

In addition, since the null point has a sound speed greater than
zero, fast waves can pass through it. The fact that higher magnetic
diffusivities result in larger spreading domains is intriguing, as
shown by panels (b) and (e). In simpler terms, when comparing
panel (b) and panel (e), it can be seen that panel (e), which represents
the highest resistivity (7 = 10 cm” s™'), has a greater spreading.

When the fast magnetoacoustic wave passes through the
null point, it also exhibits a comparable shape but in a
distinct orientation. Alternatively, for small resistivity, the fast
magnetoacoustic wave moves away from the null point at
a perpendicular direction compared to situations with high
resistivity. It could be associated to the oscillatory reconnection
phenomena see also Thurgood etal. (2018). Additionally, it was
illustrated by Tarr et al. (2017) that a magnetic null point collapses
to shape a current sheet originally directed at 45° to the seperatrices.
They found that the current sheet which forms at the null oscillates
between + ~ 45°, indicating evidence of oscillatory reconnection.
As a result, this orientation could be associated to the variation of
the plasma resistivity. It must be noted that there is no distinction
in the behavior of the fast magnetoacoustic wave for high and low
resistivity until it reaches the null point.
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3.2 Slow magnetoacoustic wave

The slow magnetoacoustic wave, which is a longitudinal wave,
is a wave that aligns with and travels parallel to the magnetic field
described as v = (V- BO)/ﬂbe + bf =(vb, + vyb),)/ b+ bf. The
panels of Figure 3 depict the behaviour of the parallel component
of the velocity corresponding to the slow magnetoacoustic wave for
two values of magnetic diffusivity respectively equal to 107 cm? s7!
(at the first row) and 10 cm? s7! (at the second row) at time scales
t=2, 17.6, and 20.4 s. By comparing the panels corresponding to
the same time scales of Figures 2, 3 it could be deduced that the
fast magnetoacoustic wave arrives at the null point earlier than the
slow magnetoacoustic wave. In according to the same time scales of
the panels in Figure 3, like the fast mode, the slow magnetoacoustic
wave possesses a similar shape regardless of the magnetic diffusivity
value. Additionally, similar to the fast wave, with considering panels
((b) and (e)), slow magnetoacoustic wave extends over a larger
region on the middle panel, which is related to a higher resistivity
value (7 = 10).

Actually, magnetic field is zero at the magnetic null point. Due
to the magnetic diffusivity being the primary factor in compensating
for the lack of a magnetic field at the magnetic-null point, it is
expected to play a promising role against the significant gradient
of the magnetic field. Therefore, the study includes examining
the changes in different physical parameters at different resistivity
levels near the null point. As seen in Figures 2, 3, in contrast to
the fast magnetoacoustic wave, the slow magnetoacoustic wave
velocity behaves differently from the fast magnetoacoustic wave,
exhibiting both positive and negative values. It must be noted that
anti-phase property means that the slow magnetoacoustic wave has
both positive and negative velocities. This characteristic is visible in
every panel of Figure 3.

In addition, the impact of magnetic diffusivity on the amplitude
of the slow magnetoacoustic wave is not significant. The question
that arises in this stage is that why does the amplitude of the
waves increase after going through the magnetic null point? The
answer lies in the induction of a strong current density together
with the creation of magnetic islands or plasmoids (in accordance
to the Figure 8) which is dealt with in the proceeding section. The
exact cause of this wave formation during the reconnection is still
unknown. It has been noted that due to amplification of the slow
magnetoacoustic modes, the damping of the slow modes could be
important. Interestingly, the excitation of mass-transporting slow
modes that happens due to the magnetic reconnection may explain
the reason of propagating intensity disturbances observed in the
open-field corona (DeForest and Gurman, 1998; Banerjee et al.,
2011). As a matter of fact, slow magnetoacoustic mode becomes
dominate and moves away from the current sheet.

3.3 The properties of the current sheet

According to the classical standard model of solar flares, the
conversion of magnetic energy into thermal and kinetic energies of
plasmas occurs quickly as a result of magnetic reconnection (Shibata
and Magara, 2011). Rapid reconnection necessitates a significantly
narrower current sheet width compared to its length (Yamada et al.,
2010). Recent studies have shown that the non-adiabatic effects
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(&)

Numerical simulations of the perpendicular speed v, = v, (normalized by vq = 108 cm s7%) which corresponds to the dynamics of the fast
magnetoacoustic wave at three time scales of t=2's, t =17.6 s, and t = 20.4 s, for the second row (1) has been considered equal to 10 cm? s™X. X and Y
coordinates are between [-10, 10] Mm, but to see the exact behavior of the waves, they were zoomed in [-2, 2] Mm.

(©)

of thermal conduction, radiative cooling, background heat also
play role in the instability growth rate for explosive reconnection
events in a current layer (Ledentsov, 2021; Sen and Keppens, 2022).
Therefore, a key concern in comprehending the cause of explosive
events is to determine the mechanism behind the creation of
narrow current layers. There is ample evidence from observations
that supports the activation and development of a current sheet
between a flaring loop with a cusp shape and a flux rope that
is erupting (Liu et al., 2010).

Maron and Goldreich (2001) utilized a pseudospectral code
to model turbulence in incompressible Magnetohydrodynamics
(MHD). They showed that there is typically a strong level of
turbulence in MHD (magnetohydrodynamic) systems, indicating
that the waves within it undergo considerable distortions of the
same scale as their durations within a similar time frame. They
further mentioned that wave packets undergo alterations in their
form while moving along magnetic field lines that have been
disrupted by waves moving in opposing directions. Moreover,
they discovered that the decay of MHD turbulence becomes
more unstable when there is a greater imbalance between the
fluxes of waves that are moving in opposite directions along
the magnetic field. In addition, the dynamic variables’ gradients
are concentrated in sheets that are parallel to the magnetic
field. These layers have a thickness that is comparable to the
dissipation scale.
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McClymont and Craig (1996) examined how the resistivity
affects the physical properties and reconnection rate in MHD
simulations. They discovered that the influence of gas pressure does
not greatly alter the relationship between current sheet thickness and
resistivity. Takeshige et al. (2015) suggested conducting 2D MHD
simulations to study the merging of plasmoids and examining the
current sheet formation between these plasmoids in detail, similar
to what we have done in 2.5D.

In this line, we further examine how resistivity affects
magnetoacoustic waves by analyzing the current density patterns
shown in Figure 4. The nature of the current sheet in the current
research is influenced by both the kind of wave that generates
it (as seen in Figures2-4) and the magnitude of magnetic
diffusivity.

In other words, when the magnetic diffusivity is relatively low
(suchas 107 cm? s7"), the current density is oriented at a 90° angle in
the x-y planes compared to when the magnetic diffusivity is relatively
high (like 10 cm? s7!). However, the magnetic diffusivity causes a
reversal in the direction of the current density. This reversal can be
seen by comparing the two panels in Figure 4, which demonstrates
the oscillatory behavior of the magnetic null-point as a result of its
interaction with magnetoacoustic waves, see also Thurgood et al.
(2018). To find the approximate range of the numerical resistivity,
we applied different resistivities and investigate their effect on the
plasma parameters. It was found that # =1 is the critical value of
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(10) (11) (12)

FIGURE 3

Numerical simulations of the parallel speed v, = v; (normalized by vq = 108 cm s7%) which corresponds to the dynamics of the slow magnetoacoustic
wave at three time scales of t =2, t =17.6 and t = 20.4 s for two different resistivity as mentioned in previous figure. X and Y coordinates are between
[-10, 10] Mm, but to see the exact behavior of the waves, they were zoomed in [-2, 2] Mm.

(13) (14)

FIGURE 4
Numerical simulations of the current density at t = 18.0 s. The first and second panels respectively correspond to magnetic diffusivity values equal to
10° cm? st and 10 cm? s,

the resistivity. In addition, Tarretal. (2017) demonstrated that 45°, providing evidence of reconnection that occurs in an
a magnetic null point undergoes a collapse to form a current  oscillatory manner.

sheet that initially points at an angle of approximately 45° relative Reversal of current-sheet polarity was associated with the
to the separatrix lines. They discovered that the current layer  oscillatory reconnection happens near the X-point in 2.5D
generated at the null point undergoes oscillations of approximately ~ and 3D structures (Thurgood etal.,, 2017; Forbes, 1986). It was
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Time evolution of current density and plasma density around the initial time for 5 = 107 cm? s at first row and 5 = 10 cm? s7* for the second row.

stated that local force imbalance resulted in the establishment
of standing oscillations of the field. They also concluded that
increasing resistivity leads to comparatively weak decrease in
the main reversal period (relative to the linear case), and an
increasingly smooth time-variation. Besides, Thurgood etal.
(2017) explained that nonlinear fast wave collapses in a quasi-
1D fashion, altering the magnetic field in the vicinity of the null
point. They also associated the reversals with the back-pressure-
driven overshoots and this reverses the sign of current at the null,
and thus reverses the sense of the reconnection. They concluded
that the oscillatory reconnection mechanisms may play a role in
explaining periodicity in astrophysical phenomena associated with
magnetic reconnection, such as the observed quasi-periodicity of
solar and stellar flare emission.

Frontiers in Astronomy and Space Sciences

It can be said that the build-up of current density occurs in
bigger regions with greater intensities in the relatively high resistivity
(=10 cm? s7!). In simpler terms, when the magnetic diffusivities
are lower, the amplitude of the current density is smaller compared
to when the magnetic diffusivities are higher. This is because the
concept of non potential flux arises, where free energy is stimulated
in the form of current sheets. The reason for this is that when there
is a uniform resistivity, a current layer similar to the “Sweet-Parker”
phenomenon is formed. This current layer grows continuously due
to the enduring force acting on it.

Regarding Figure 4, it can be observed that there are differences
not only in the direction of the current density accumulation, but
also in its magnitude around the null point. The current density
value is positive at the null point when using high resistivity setups,
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Time evolution of current density and plasma density at the whole simulation time for 5 = 107 cm? s7* at first row and n=10 cm? 57! for the second row.

but it is negative with small resistivity values. This indicates that the
direction of current density is opposite for high and low resistivities.
These excitations of current sheets with opposite polarity may
explain why the null point collapse occurs in the opposite direction.
It is important to mention that this could also be linked to the
number of reconnections observed. The oscillatory reconnection
occurs due to the competition between the forces. To provide
additional information, soon after the initial collapse is halted,
powerful plasma pressure differences emerge at the ends of the jet,
which leads to a force opposing the outflow.

In McClymont and Craig (1996), it was stated that in the linear
theory, taking into account zero plasma beta, the speed at which
energy is released at an X-type null point only shows a logarithmic
dependence on the plasma resistivity. They investigated how the
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X-point reacts to disturbances of a certain size under conditions
that are closer to reality. The complexity of the evolution dynamics
means that it is still uncertain what specific conditions are needed for
fast reconnection to occur. The density variations were disregarded
in order to establish an approximate connection between current
density and plasma resistivity. Moreover, they investigated the issue
in both the linear and nonlinear states. However, they discovered
that the linear analysis produced an asymptotic outcome that is only
valid for =107 cm?
there is a plasma of reasonable gas pressure, such as in the solar
corona, the initial collapse onto the X-point does not lead to rapid
reconnection. The plasma that is pushed into the current sheet stops

s”!. However, they determined that when

the collapse from occurring and prevents any significant dissipation
from happening. However, when the disruption is considerable, the
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Contours of the temperature for t =16.0 s and t = 18.0 s with = 10"® cm? s7* (first and second panels), and at t = 18.0 s for n=10 cm? s7! (last panel).

magnetic pressure of the collapsing wave forces the confined gas
to be expelled from the edges of the existing current sheet at the
speed of sound in that area. As a result, the sheet becomes thinner
and reconnection happens more quickly. The intricacies of wave
interactions are captivating and intricate, and are still not completely
comprehended. In this study, it was decided to continue with the
pursuit of the topic.

To provide additional information, we graphed the changes
in current density and plasma density over two separate time
series. These time series include the entire simulation time, as
well as a specific period around the initial time when the plasma
density remains relatively constant (Figures 5, 6). According to
Forbes (1982), the discussion on the connection between current
density and resistivity involved an analysis of the relationship.
The researchers relied on the assumption of low plasma density,
indicating that their findings are applicable when considering small
plasma density. During the entire duration of the simulation, it
was discovered that as plasma density increases, the current density
also becomes high when the resistivity is high, specifically at
a value of #=10 cm? s7'. It must be noted when the current
density falls down, it means that magnetic reconnection happens
and decreasing the plasma density is because of the reconnection
that results in acceleration of the plasma or plasma flows. And
the second increasing of the current density in the second row
of Figure 6 is because of the next reconnection and it can be
considered as oscillatory magnetic reconnection that is a kind
of plasmoid mediated magnetic reconnection (in according to
Figure 8). Propagation of fast magnetoacoustic wave around the
null point results in plasmoids or magnetic islands generation.
Then plasma trapped through the plasmoids and turbulence would
be important. High resistivity could result in an increase in
microinstabilities, which may be accompanied by higher plasma
density, current density, and temperature. During the early stages of
the simulation, plasma density remains relatively low, however, the
accumulation of current density is significant when the resistivity

2§71 Therefore,

is low, specifically at a value of #=10"° cm
it can be inferred that the correlation between current density
and resistivity holds for situations with low plasma density, as

explained in Forbes (1982).
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Furthermore, when examining the characteristics of fast and
slow magnetoacoustic waves in relation to the profiles of current
density, it becomes evident that there is a similarity between
the current density profile and the fast magnetoacoustic wave.
Therefore, it could be stated that fast magnetoacoustic waves align
better with the variations in current density. However, it should be
observed that the fluctuations of the fast magnetoacoustic wave and
current density exhibit opposite behaviors. This statement is made
because the regions where the fast magnetoacoustic wave shows
significant strength align with the regions where the current density
is minimal. So, the fast magnetoacoustic wave and the strength of
electric current would follow a comparable trend, however, in an
opposite way. It is noteworthy to see the references mentioned in
Nickeler et al. (2013); Zhou et al. (2015); Zhou et al. (2016).

3.4 Temperature distribution

In course of interaction between MHD waves and magnetic
null-points, a significant amount of magnetic energy is converted
into heating due to various physical mechanisms which contributes
towards coronal heating (Van Doorsselaere et al., 2020). In fact,
the presence of heating occurs at magnetic reconnection sites.
Certainly, the heating of the plasma is caused by the resistivity
of the plasma itself, which is due to the strong gradients in the
magnetic field structure near the magnetic null point (Thurgood
et al., 2018). Now, what effects does the magnetic diffusivity have on
the heating process when magnetoacoustic waves interact with null
points? To address this, changes in temperature for various magnetic
diffusivity values are depicted and examined thoroughly in the
snapshots presented in Figure 7. At firstlook, it is interesting that the
temperature distribution evolves in a different manner with respect
to the current density. This means that the temperature distribution
initially has a pattern similar to that of a butterfly, with many areas
of localized heating. Figure 7 provides evidence for the existence of
specific heating points in the suns corona. It should be pointed out
that the heating process in this butterfly structure occurs prior to
the excitement of plasmoids. The presence of plasmoids and high-
current density excitations that occur during microinstabilities leads
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to elevated plasma temperature within a confined region, similar to
the shape of the current density distribution.

It can be inferred from the snapshots shown in Figure 7 that
when the magnetic diffusivity is relatively high (5 =10 cm? s7'),
the heating is an order of magnitude greater. Additionally, given
that the amplitudes of the waves are roughly equal for various
resistivity values, it can be concluded that the observed heating
arises from the transfer of momentum directly from the MHD
waves to the plasma via the Lorentz force. It is important to
remember that the buildup of high current density occurs at
relatively high levels of magnetic diffusivity. This can be observed
in Figure 4.

One could infer that apart from the current density and
resulted ohmic heating, there exist other factors that play a role
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in coronal heating. This is because the solar corona has a complex
structure that allows for many different heating processes to occur.
As mentioned earlier, the presence of magnetic islands or O-
points leads to the creation of turbulence. Magnetohydrodynamic
turbulence plays a role in the rapid release of energy and the creation
of intricate thermal structures. Additionally, the accumulation of
current density observed in this study is also a result of the
turbulence. In addition, according to Lazarian and Vishniac (1999),
turbulent motions can lead to swirling and mixing of the field.

In this line, it is instructive to study the magnetic field structure
! and another with 107

s7!, as shown in Figure 8, in relation to the stimulation

for two cases: one with 7 =10 cm? s~
cm?
of plasmoids. Prior to the present study, the propagation of

magnetoacoustic waves in the vicinity of a magnetic null-point
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has been studied that resulted in magnetic reconnection and
magnetic islands or plasmoids provoking turbulence in the plasma
(Sabrietal., 2020a). Nevertheless, in our current investigation,
we examine the identical experimental arrangement in order
to explore the impact of magnetic diffusivity on the nature
of magnetoacoustic waves near the magnetic null point. It is
clear that the propagation of the fast wave around the null
point results in the O-point magnetic field structure generation.
The last panel of Figure 8 illustrates that when the magnetic
diffusivity value is relatively high (=10 cm? s7!), plasmoids
or magnetic islands are bigger compared to situations with low
magnetic diffusivity.

3.5 Plasma flows

As mentioned earlier, magnetic reconnection leads to the
acceleration of particles and the movement of plasma. In this section,
Figures 9, 10 present the progress of the plasma flows x and y
components. The snapshots in Figures 9, 10 clearly demonstrate that
the extent to which the induced flow spreads is greatly influenced
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by the magnetic diffusivity, as seen in the comparison of two last
panels. This statement has various aspects. First of all, we can
observe both incoming (represented by red profiles) and outgoing
(represented by blue profiles) flows in the context of high magnetic
diffusivity cases with 7 =10 cm? s™' (shown in the last panel).
It is noteworthy that in comparison to the first two panels that
depict low magnetic diffusivity cases with 77 = 107, direction of the
flows is reversed.

Additionally, the changes in flow speeds induced in the y
direction exhibit a similar pattern and magnitude as those in
the x direction, but in a direction perpendicular to it. To put it
differently, the plasma flow’s x component corresponds to the fast
magnetoacoustic wave. This shows that the fast magnetoacoustic
wave creates boundaries for the path that the stimulated flows have
to follow. This points out that the magnitude of the excited plasma
flows near the magnetic null point, caused by the propagation
of magnetoacoustic waves, is similar to the amplitude of the
magnetoacoustic waves themselves. This is the reason why, in certain
instances, it is difficult to differentiate waves from flows.

Due to the similarity between profiles of the current density
and plasma flows, it can be inferred that magnetic reconnection
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is highly likely to be responsible for the formation of jets and
plasma flows. Please be aware that the current sheet excitation and
the resulting flows occur at very similar time intervals. Therefore,
the production of the present density may occur as a result of
the eruptions, just like the notion proposed by Dungey (1953);
Dungey (1958) when discussing the mechanisms responsible for
acceleration in astrophysical systems. Furthermore, Forbes (1982)
mentioned that as the density increases, the X-type magnetic field
undergoes a collapse and transforms into a sheet-like structure.
This is accompanied by the observation of plasma flows in one
dimension, which aligns with the findings of our current study.

In addition to impacting the extent to which the plasma
flow is transmitted, magnetic diffusivity also plays a role in
determining the intensity of the flow. Moreover, in addition to the
perpendicular characteristic of the flows at low and high levels of
magnetic diffusivity, when there is an outward flow in the high
diffusivity scenario, there are inward flows in the low diffusivity
scenario. As a result, both the collapse of magnetic field lines and
the reverse direction of flows occur due to the high magnetic
diffusivity value.

4 Conclusion

We have investigated the characteristics of magnetoacoustic
waves around a 2.5D magnetic null point using the resistive
MHD set of equations. The focus has been on studying
the influence of low moderate and high magnetic diffusivity
conditions appropriate for solar coronal conditions. The study of
magnetic diffusivity was motivated by the presence of turbulent
processes occurring around current sheets in nonlinear regimes.
Thus, in this study the effect of magnetic diffusivity regarding
magnetoacoustic wave interaction with a magnetic null point
taken under consideration in the nonlinear regime. By taking
advantage of a parallel code, we have introduced different
small and large values for the magnetic diffusivity to highlight
its effect on the behaviour of MHD waves and the plasma
parameters.

Cemeljicetal. (2014) investigated the differences between
outflow in a highly resistive accretion disc corona # = 10,100 and
the results with smaller or vanishing resistivity n = 107,107°. Since
we have been trying to find the behavior of the MHD waves
around the magnetic null point, numerical resistivity is inevitable.
To find the approximate range of the numerical resistivity, we
applied different resistivities and investigate their effect on the
plasma parameters. It was found that # =1 is the critical value of
the resistivity. In the case of diffusion term that is typically very
small 7 = 107 for solar coronal condition, but it always dominates
in the presence of the magnetic null points Craig and McClymont
(1991). Moreover, Thurgood et al. (2019) considered p, = 10710 kg
m~ and =1 m? s™! as reasonably representative of solar coronal
plasma. They found that in nonlinear regime perturbation energy
are only weakly-dependent on the resistivity. Since we applied cgs

units, then 7=10* cm? 57!

would be also correct for the solar
coronal plasma.

In this line, an initial fast magnetoacoustic wave has been
introduced at a specific distance from a 2.5D magnetic null point.

Due to the non-zero plasma-f conditions, both fast and slow
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magnetoacoustic waves have featured themselves. One important
characteristic of magnetoacoustic waves is their tendency to collapse
toward the magnetic null point, due the spatially varying Alfvén
speed around the magnetic null. This results in high current
density accumulation at small scales around the magnetic null
points that themselves host events such as magnetic reconnection,
collapsing of the X-magnetic null point to an O-point or plasmoids
and turbulence (Sabri et al., 2020a). However, the coalescence of
plasmoids enables shock formation that accelerates particles which
is a feature that motivates further study especially regarding the
induction of plasma flows during plasmoids Takeshige et al. (2015).
The key results of this paper may be summarized as follows

1. The impact of magnetic diffusivity on the amplitude of the
magnetoacoustic waves was determined to be insignificant.

2. ITtis demonstrated that the refraction phenomenon is observed
even in high resistivity conditions and causes the waves to
concentrate around the null point.

3. It was depicted that fast magnetoacoustic waves are more
consistent with the current density fluctuations in comparison
to the slow magnetoacoustic wave.

. It was observed that increased magnetic diffusivity causes
magnetic fields to collapse and results in a reversal of induced
flows. This confirms the occurrence of oscillatory behavior
in the magnetic null-point as a result of its interaction with
magnetoacoustic waves.

5. It was illustrated that high magnetic diffusivity value leads to
larger plasmoids or magnetic islands in comparison to small
magnetic diffusivity conditions.

6. The amplitude of the current density is smaller for small values
of the magnetic diffusivities compared to higher values roots in
the concept of non potential flux where free energy is excited
in the form of current sheets. This lies in the fact that when
uniform resistivity is present, a “Sweet-Parker” type current
layer is generated, and it undergoes a continuous growth due
to the continues force.

7. During the entire duration of the simulation, it was discovered
that plasma density gets significant due to the plasmoid and
current density is high for high resistivity.

8. It was revealed that the temperature distribution initially
appears in a pattern resembling a butterfly, with several local
heating points that verify the presence of localized heating in
the solar corona. This butterfly heating structure occurs prior
to the excitement of plasmoids.

9. Finally, it was depicted that fast magnetoacoustic wave plays
main role in the behaviour of plasma flows. Furthermore,
the amplitude of the plasma flows that are generated by
the magnetoacoustic wave propagation near the magnetic
null point is comparable with the magnetoacoustic waves
amplitude. This is why in some cases the distinction between
waves and flows is non-trivial.

This research has provided insights into how resistivity affects
the flow of magnetoacoustic waves and subsequently impacts the
surrounding plasma in the solar atmosphere, as explained by solar
atmospheric seismology. It was illustrated that the waves behave
similarly before reaching the null point regardless of resistivity.
However, after passing through the null point, the direction of
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wave accumulation varies depending on the resistivity, whether it is
low or high.

The variation of current density accumulation direction was
reported by different reference that investigated the behavior of
the MHD waves around the null point Thurgood etal. (2017);
Forbes (1986). The main reason of this variation was considered
to be the magnetic reconnection and collapsing of the magnetic
structure that considered as oscillation. Collapsing of the null is
a class of MHD implosions with the null being the center of
converting magnetic flux and of plasma compression and rarefaction
because of the converging and diverging flow driven by the Lorentz
force Thurgood etal. (2018). They reported that the implosions
continues until some confined process such as resistive dissipation
and heating, a growth of plasma back-pressure inside the current
concentration due to the adiabatic heating can develop sufficiently to
oppose this focusing. Thurgood et al. (2017) considered the reversals
with the back-pressure-driven overshoots and their reverses the
sign of the current at the null, and then reverses the sense of the
reconnection. They concluded the current density accumulation was
instead directed along the dominant direction of the Lorentz force.
Besides, Thurgood et al. (2018) found that the halting of implosions
happens rapidly after reaching the diffusion scale by sudden Ohmic
heating of the dense plasma within the current sheet, which
provides a pressure gradient sufficient to oppose further collapse
and decelerate the converging flow. They suggested that ohmic
heating after reaching the diffusion scale plays a main role in the full
halting process.

Moreover, it was discovered that the occurrence of plasmoid
generations, along with their magnitude and subsequent turbulence,
significantly influence the behavior of plasma. Since profiles of
the current density and plasma flows coincide with each other,
it could be concluded that magnetic reconnection is one of the
most probable creators of jets and plasma flows. This scenario itself
contributes to a sustainable acceleration process for fueling the
solar wind, as well as the sustainable process of heating it. The
interaction of magnetoacoustic waves with magnetic null-points
could play a main role in the widespread events occurring in the solar
corona, including eruptions, plasma heating, flares, and particle
acceleration.
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