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Abstract. Chromosphere is the second layer of the Sun with high variability. The
increase of the temperature and the decrease of the density are observed in this layer.
This unusual behavior is one of the most important problems in the solar corona.
Between the solar chromosphere and the corona, there is a thin transition zone in
which the temperature rises very rapidly. Magnetohydrodynamic waves are thought
to play an important role in this heating. The dissipation of Alfven waves has been
investigated due to phase mixing in the presence of steady flow and sheared magnetic
field in a solar stratified flux tube. The temperature variations with height (T0(z))
in the flux tube has been considered. The numerical calculations showed that the
amplitude of the tube oscillations decreases with time. Hence, the wave damping takes
place in the flux tubes. The temperature and the density variations enhances the wave
damping rate compared to the case without temperature effect.
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1 Introduction
The sudden rapid increase in the temperature from the photosphere to the corona (in the
order of one million Kelvin) is one of the unsolved problems in the field of solar physics.
Since the mechanical movements of the photosphere layers are somehow transferred to the
atmosphere above the Sun, they heat the corona by giving energy to the environment. One
of the possible scenarios in this field is the convective motions of the photosphere layer and
the general fluctuations of the Sun, which can cause magnetohydrodynamic (MHD) waves in
the photosphere. These waves can propagate in the chromosphere and transfer the necessary
energy to the solar corona [1,2].

Alfven waves are one of the important candidates which can probably transfer the nec-
essary energy from the chromosphere to the solar corona [3,4]. For such a mechanism, the
following two conditions must be met for Alfvén waves: first that these waves have enough
energy in their flux, and second that they can be effectively damped and give their energy
to the environment. The solar coronal magnetic field is inhomogeneous and it has many
open and closed structures. This inhomogeneity improves the propagation of Alfvén waves
to some extent, which means that it enables the creation of a phenomenon such as phase
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mixing. This phenomenon is presented by Heyvaerts and Priest (1983) based on the differ-
ence in Alfvén speed in the environment, it can provide effective damping of these waves
because simple Alfvén waves cannot be damped fast enough [5].

There are some other types of waves which are damped at the sharp density and temper-
ature gradients of the solar atmosphere. For example, acoustic, slow-mode and fast-mode
oscillations have been studied in different methods. Slow mode oscillations also has been
studied as a candidate for the solar coronal heating. Abedini et al (2012) have investigated
the damping of these oscillations in the solar coronal loops [6]. They have applied the effect
of the temperature inhomogeneity, the compressive viscosity, the thermal conduction and
radiation on their calculations. They have concluded that in a gravitationally stratified loop,
the wave properties are sensitive to the temperature variations and the viscosity can change
the damping times significantly. Kink oscillations are one of the magnetohydrodynamic
waves in the solar flux tubes which can be used as a seismological tool [7]. Ebrahimi and
Javaherian (2023) have studied the effect of the resistivity and the density inhomogeneity on
the kink waves of solar magnetic flux tubes [8]. They showed that resistivity is less efficient
than the density variations (viscosity) in converting the wave energy to the heat.

In this article, the theoretical modeling equations, the results of our numerical calcula-
tions and the conclusion are represented, respectively.

2 Theoretical model
In the presented model to investigate the propagation of waves in the magnetic flux tubes and
how they are attenuated when they reach the solar corona, we considered the stratification
effects due to gravity [9] with the presence of a uniform flow and the sheared magnetic field
in two dimensions (x − z). The study of phase mixing and damping of Alfvén waves are
carried out in a region with non-uniform Alfvén velocity. The basic equations of the problem
are [10]

ρ
dV
dt

= −∇p+ ρg +
1

µ0
(∇× B)× B + ρν∇2V, (1)

∂B
∂t

= ∇× (V × B) + η∇2B, (2)

where V is velocity, B is the magnetic field, ρ is the density and µ0 is the vacuum permeabil-
ity. Here, ν and η are viscosity and resistivity coefficients, which in the solar chromosphere
and corona for fully ionized hydrogen plasma are 2.2 × 10−17T

5
2 kg/ms and (8 × 108 −

109)T
3
2m2/s, respectively [10]. Velocity and magnetic fields are defined as [11]

V = v0k+ vy(x, z, t)j. (3)

B = B0e
−kbz[cos kb(x− a)i− sin kb(x− a)k] + by(x, z, t)j. (4)

Because the magnetic field is force-free, the balance between gravitational force (g = gk),
and pressure gradient force is established

−∇p0(x, z) + ρ0(x, z)g = 0.

The density function is obtained as follows

ρ0(x, z) =
ρ0(x)T0

T0(z)
exp

(
−
∫ z

zr

dz′

H(z′)

)
. (5)
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The function ρ0(x) is obtained from the Alfvén velocity for a stratified and phase mixed at-
mosphere [12]. We have for the pressure scale height, H(z) = RT0(z)

µg (µ, the mean molecular
weight) and for the temperature

T0(z) = T0

[
1 +

Tch

Tc
+ (1− Tch

Tc
) tanh (

z − zt
zω

)
]
, (6)

where, Tch = 20×103K and Tc = 2×106K are the chromospheric and coronal temperatures.
Also zω = 200km is the width of the transition zone for zt = 2000km. The dimensionless
linearized MHD equations are obtained as

∂vy
∂t

=
1

ρ0(x, z)

[
B0(x, z)

∂by
∂x

+B0(x, z)
∂by
∂z

]
− v0

∂vy
∂z

− ν∇2vy, (7)

∂by
∂t

=
[
B0(x, z)

∂vy
∂x

+B0(x, z)
∂vy
∂z

]
− v0

∂by
∂z

− η∇2by. (8)

The considered initial perturbation in velocity is

vy(x, z, t = 0) = VA0 exp
[
−1

2
(
x− 1

d
)2
]
, (9)

where d is the Gaussian packet. For the initial magnetic field we have considered it as zero.

3 Results
Numerically solving of the equations (8) and (9), Figures 1 and 2 show the temporal changes
of the perturbed velocity field and the perturbed magnetic field in the situation: x = 500km
and z = 5000km, values of the radius and height of a typical flux tube respectively. Notice
that in these diagrams, the perturbed velocity and magnetic field are normalized to VA0 and
B0, respectively. We have investigated these variations for different heights and we have
seen that at the beginning height of the tube, the amplitude of the oscillations have values
close to their initial values. But as height increases, the oscillation amplitudes decrease.
From each of the figures, one can see the damping of the oscillations with time. The Figure
3 shows the temporal variation of the total normalized energy for d = 0.6a. In this figure,
we can see at t = 50τ(sec) the energy decreases to zero.

4 Conclusion
We considered a magnetic flux tube at the solar chromosphere. A steady flow and a sheared
magnetic field have been considered in this structure. Also, the plasma inside the tube
is under the influence of the gravity force and some inhomogeneity such as viscosity and
resistivity. According to the results from the above-mentioned figures, the amplitudes of the
perturbed velocity field and the magnetic field decreased with time and height. The effect
of density variations along with the temperature variations with height appeared more for
the damping of Alfvén waves with respect to time than space. Depending on the type and
lifetime of the considered magnetic flux tube in the solar atmosphere, a rapid dissipation
mechanism will be needed to transfer energy to the solar corona. The calculations show that
considering the above factors enhances the wave-damping rate. We also obtained that the
total energy (sum of the kinetic and magnetic energy) decreases with time.
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Figure 1: Variation of the perturbed velocity field with time in situation: x = 500km and
z = 5000km.
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Figure 2: Variation of the perturbed magnetic field with time in situation: x = 500km and
z = 5000km.



Dissipation of Magnetohydrodynamic Waves 325

0 10 20 30 40 50
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t(*τ) sec

E
to

t(t
)/

E
to

t(0
)

Figure 3: Temporal variation of the normalized total energy.
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