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ABSTRACT

Aims. We study the possible role of magnetohydrodynamic (MHD) waves in the heating of solar corona and magnetic coronal loops.
Methods. Taking into account viscosity and thermal conductivity, we obtained a general fifth order dispersion relation for MHD waves
propagating in a homogeneous, magnetically structured, compressible low-β plasma. The general fifth order dispersion relation has
been solved numerically, and we discuss its application to magnetic coronal loops with the help of data provided by the NIXT mission.
Results. The dispersion relation results in three modes, namely slow, fast, and thermal. The damping of both slow- and fast-mode
waves depends upon the plasma density, the temperature, the magnetic field strength, and the angle of propagation relative to the
background magnetic field. Slow-mode waves contribute to the heating of the solar corona, if one considers that they are generated in
the corona by turbulent motions at magnetic reconnection sites. Calculations of wave damping rates determined from the dispersion
relation indicate that slow-mode waves with periods of less than 60 s damp suﬃciently rapidly and dissipate enough energy to balance
the radiative losses, whereas the fast-mode waves with periods of less than 3 s may damp at rates great enough to balance the radiative
losses in active regions. In the case of magnetic coronal loops, it is observed that slow-mode waves with frequencies greater than
0.003 Hz and fast mode waves with frequencies greater than 0.28 Hz (high frequency) are needed for coronal heating and to balance
the radiative losses in active regions.
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1. Introduction
The temperature of solar corona within 1–2 R is of the order of 106 K (Hassler et al. 1990; Saba & Strong 1991; Young
et al. 1999). Plasma at the above-quoted temperature is bound
to lose energy through optically thin emission and thermal conduction to the transition region. There must be a steady heat
source to balance energy losses and to maintain the coronal temperatures. Except for transient heating mechanisms like nano-,
micro-, or large flares, we can make a rough classification of
steady heating mechanisms, such as hydrodynamic and magnetic ones, which are responsible for heating the corona to such
a high temperature. Recent review articles on coronal heating
(Narain & Ulmschneider 1990, 1996; Gomez 1990; Zirker 1993)
explore the various theoretical models in detail. Most of the current theories of coronal heating deal with diﬀerent mechanisms
to speed up dissipation (Parker 1972, 1983; Heyvaerts & Priest
1983). It is accepted that Joule dissipation is a natural candidate for the energy dissipation in the solar atmosphere. Parker
(1972) indicated that a large-scale magnetic field develops tangential discontinuities (current sheets) between regions of dissimilar twisting, and suggested that the Joule heating and magnetic reconnection occur at these sheets. Giovanelli (1946, 1947)
first recognized the importance of magnetic reconnection processes in cosmic plasma, such as in the Sun, and Dungey (1958)
indicated its importance in the magnetosphere. There has been
a great deal of work on magnetic reconnection in astrophysical plasma (Sweet 1958; Parker 1963, 1979, 1988; Petschek
1964; Priest 1985; Forbes & Priest 1987). In particular, Parker
(1988) pointed out that the corona is heated by small flarelike events called “nano-flares”. Parker noted that photospheric

motions result in currents in the magnetic field, and the dissipation of these currents leads to Joule heating of the plasma.
The reconnection of these current sheets could result in nanoflares that heat the corona. Sturrock (1999) suggested that when
two diﬀerent bipoles (current elements) of opposite magnetic
polarity are brought together in a network region, reconnection
can occur. This reconnection event in the chromosphere leads
to the generation of high frequency waves that propagate into
the corona causing chromospheric and coronal heating. Based
on the Doppler shift observations of UV emission lines, Bruner
(1978) and Athay & White (1978) ruled out the possibility that
the corona is heated by a flux of waves generated below it. It
seems that magnetic reconnection events occurring within the
corona are likely to develop MHD turbulence, which may be
expected to generate both slow- and fast-mode waves. In the numerical simulation of line-tied magnetic reconnection, Forbes &
Priest (1982) and Priest (1986) suggested that when the central
current sheet in an “impulsive bursty regime” grows too long, it
becomes unstable and begins to tear and coalesce. The impulsive
bursty regime exhibits a more rapid energy release in a series of
bursts as the islands coalesce; it may be one possible mechanism
of wave generation at reconnection sites.
One can not rule out the possibility that the above-mentioned
heating mechanisms are all at work simultaneously in the solar corona. The problem of MHD wave dissipation in the solar
corona has been widely explored under various assumptions in
diﬀerent regimes of the solar corona. It is necessary to study
the accumulating evidence for the presence of MHD waves
in the corona. One possible way of transferring energy, apart
from macroscopic mechanisms, is through microscopic mechanisms called dissipation via viscosity, resistivity, and thermal
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conduction. Dissipative processes cause the damping of
MHD waves (e.g., Braginskii 1965). Osterbrock (1961) studied the heating of the solar chromosphere and corona by
MHD waves in detail and pointed out that the upper chromosphere is mainly heated by slow-mode shocks, while the corona
is probably heated by Alfvén waves. Without making any assumptions on damping, Field (1965) derived a general dispersion
relation for MHD waves in the absence of viscosity. Gordon &
Hollweg (1983) investigated the damping of surface waves and
trapped body waves by calculating the wave properties in the
absence of dissipation. They then estimated the damping lengths
from these ideal MHD wave quantities. They pointed out that
the surface waves are linearly compressive and dissipated by ion
viscosity and electron heat conduction, so they are able to heat
the corona. Ruderman (1991) investigated the viscous damping
of surface waves at a magnetic interface without taking thermal conduction into account, and using a small damping approximation. Roberts (1991) showed that slow and fast magnetoacoustic surface waves propagating in a region with a sharp
magnetic field gradient readily dissipate their energies by resonant absorption. Davila (1991) described the resonant absorption
theory for a plasma with a turbulent magnetic field, shear viscosity, resistive dissipation, compressive viscosity, and nonlinear wave-wave interaction. Steinolfson & Davila (1993) studied
the heating of a compressible, low-β, and resistive plasma that
is trapped in active region coronal loops by the resonant absorption of MHD waves. They concluded that the dissipation occurs
primarily in a thin resonance layer, and the thickness of the layer
varies with the loop density ratio. Thus, MHD waves play an important role in heating the solar corona. Braginskii (1965) estimated the damping rates of MHD waves in the weak-damping
approximation and obtained the rate of energy dissipation due to
Joule heating, viscosity, and thermal conduction.
We concentrate only on the damping of magnetoacoustic
waves and ignore the Alfvén waves because Alfvén waves
are incompressible and can only be damped ohmically or by
shear viscosity, which in corona, are much less eﬃcient damping mechanisms than ion-compressive viscosity and electronthermal conduction. Moreover, Alfvén waves are described as
notoriously diﬃcult to dissipate (Hollweg 1991). Porter et al.
(1994) have considered magnetoacoustic wave damping in a homogeneous plasma permeated by a uniform magnetic field. They
made no assumptions about the strength of the damping. They
claimed that if magnetoacoustic waves generate in the solar
corona by turbulent motions at magnetic reconnection sites, the
slow-mode waves can contribute to heating in active regions.
Porter et al. pointed out that the fast-mode waves are also potential agents for heating the solor corona. Pekünlü et al. (2001)
studied magnetoacoustic wave damping in an inhomogeneous
plasma permeated by dipole-like magnetic loops. They found
that if a fast magnetoacoustic wave generated from the coronal
base propagates upwards into the corona, it dissipates its mechanical energy as heat. They further indicated that slow-mode
waves cannot propagate in the solar corona.
Our main objective in the present study is to see the exact behaviour of dissipative MHD waves in the solar atmosphere and
to examine their role in the heating of the solar corona, taking
the homogeneous background magnetic field into account. We
shall also examine the role of MHD waves in coronal loop heating, with the help of data provided by the NIXT mission. The
assumption about a homogeneous magnetic field may be reasonable for the large region of the quiet Sun, but the active corona
contains many bright loop inhomogeneous structures. Therefore,
the assumption of a homogeneous magnetic field in the solar

corona does not imply appropriate results in coronal heating.
However, this assumption of a homogeneous magnetic field provides us with a relatively simple mathematical model with which
to study the facts involved in coronal heating and the variation of the damping rate of MHD waves. Several authors (see,
e.g., Zweibel 1979; Ibanez et al. 1993; Laing & Edwin 1995;
Nakariakov et al. 2000; Zaqarashvili et al. 2004; Carbonell et al.
2004) used homogeneous magnetic field to study MHD waves
in diﬀerent regions of the solar atmosphere. The coronal heating
by MHD waves with an inhomogeneous magnetic field is still
an unsolved problem on which work is currently in progress.
In Sect. 2, we describe ion-compressive viscosity and
electron-thermal conduction as possible damping mechanisms
for MHD waves. The basic equations governing plasma motion
are given in Sect. 3, and a general dispersion relation for the
complex frequency as a function of the real wavenumber is also
derived in this section. The solution of the dispersion relation
yields wave damping rates and is presented in diﬀerent approximations in Sect. 4. In Sect. 5, the dispersion relation is solved numerically and discussed to examine how wave damping depends
upon plasma density, temperature, and magnetic field strength.
Section 6 deals with the application of results to three types of
magentic coronal loops. In Sect. 7, we briefly discuss all the
results obtained.

2. Ion-compressive viscosity and electron-thermal
conduction
Studies of solar coronal dynamics usually assume scalar pressure
and ignore viscosity and thermal conductivity. However, there
are many studies on coronal heating in which coronal viscosity
and thermal conductivity play significant roles in heating. Thus,
neglect of these dissipative processes may lead to misleading
results. It is, therefore, important to take into account viscosity
and thermal conductivity dissipative mechanisms.
Piddington (1955) calculated the Joule loss of hydromagnetic waves from the conductivity transport equation and found
that it is negligible in the solar atmosphere. The eﬀect of viscosity, which causes absorption and hence heating, has been considered by Van de Hulst (1949). The ratio of viscosity loss to Joule
loss calculated by Van de Hulst is 4πσµ, which is greater than
unity for solar coronal plasma, where σ is electrical conductivity
and µ is the kinematic viscosity. He also indicated that viscous
heating alone is not suﬃcient to maintain the coronal plasma at
such a high temperature.
Gorden & Hollweg (1983) and Steinolfson et al. (1986) concluded that the viscous damping of coronal surface waves can
heat the corona only if the magnetic field strength is of the
order of a few Gauss. Steinolfson et al. (1986) also examined
the viscous damping of Alfvén waves both analytically and numerically using incompressible MHD, and they determined that
the viscous decay rate is always about two orders of magnitude larger than the resistive decay rate. Finally, they concluded
that the viscous damping of surface waves might be capable
of causing coronal heating, particularly at higher frequencies.
Ruderman (1991) studied the viscous damping of MHD surface
waves on a magnetic interface in a cold plasma and showed that
the waves with periods less than a few tens of seconds can damp
in the corona if magnetic field strength is not larger than 10 G.
De Azevedo et al. (1991) calculated the coronal loop heating
rate for various possible processes and compared their results
with the observed value reported by Hollweg (1985), which is of
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the order 10−4 J m−3 s−1 . For the discrete Alfvén wave (DAW),
the energy density rate is given by
 2
0 cS
Uk =
|δEr |2 ,
(1)
2 vA
and the power dissipation density rate in a steady-state situation
is given by
Pk = 2Im [ωk ]Uk ,

(2)

where Im [ωk ] is the damping rate for the DAW due to any collisional or collisionless mechanism. The damping coeﬃcients calculated for various possible dissipation processes, namely Joule,
magnetic field diﬀusion, two ion species friction, cyclotron, and
Chernkov eﬀects are small since ω  ωci and vA  cS , where ωci
is the cyclotron frequency. To obtain the numerical value for Pk ,
they used the active coronal loop parameters and estimated the
wave damping and the quality factor due to the viscosity:
1 −1 Im (ω)V
Q =
|ions  2.42 × 10−1 .
2
ω

(3)

Assuming that δvrms = 30 km s−1 (Hollweg 1985), where δvrms is
related to the wave magnetic field by the expression
δvrms

δB
= √ ,
ρ

(4)

and where δB = (kcs δEr )/ω, De Azevedo et al. obtained the
spectral energy density Uk = 4.4 × 10−3 J m−3 and the heating
density rate Pk = 3.0 × 10−5 J m−3 s−1 . When they compared the
heating density rate with the power density rate 10−4 J m−3 s−1
obtained by Hollweg (1985), needed to keep the coronal plasma
hot, they concluded that the viscosity could be responsible for at
least 30% of the required coronal energy density rate.
The relative importance of viscosity and thermal conductivity can be characterised by the relation β−1 Pr , where β =
ne T e /(B2 /2µ0 ) measures the relative importance of plasma pressure and magnetic pressure, and where Pr = ν/κ is the Prandtl
number and ν and κ are the viscosity and thermal coeﬃcients
(Melrose 1989; Ruderman et al. 1996). In the coronal active region, β = 0.016 and Pr = 13 (me /mp )1/2 = 10−2 , so that β−1 Pr = 1.
This implies that viscosity and thermal conductivity are of the
same importance. The magnetic Prandtl number Pm can characterise the relative importance of the viscosity and resistivity.
By substituting the parameter values for an active region of the
corona into Pm = ν/η, Ruderman (1996) obtained Pm = 1010 ,
where η is the coeﬃcient of resistivity. This estimate shows that
dissipation caused by resistivity can be neglected in comparison to dissipation caused by viscosity. Ruderman et al. (2000)
studied the damping of slow surface waves in plasma with
anisotropic viscosity and thermal conductivity. They found that
for typical conditions in the upper chromosphere, the damping
is mainly due to resonant absorption, whereas the corresponding estimates in solar corona are quite diﬀerent. They pointed
out that the structure of the dissipation and damping for realistic
wave properties can be determined by compressional viscosity
and parallel thermal conductivity. Moreover, Nakariakov et al.
(1999) observed that loop oscillations will favour coronal heating by viscous dissipation, if the classical value of viscosity is
enhanced.
We present some estimations to substantiate the model for
describing the wave propagation in the active region of the
corona. We take the values of solar coronal parameters to be
as follows: n = 1010 −1011 cm−3 , T = 2−3 × 106 K, and
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B = 100−150 G (Thomas 1993; Schmelz et al. 1992),
where n, T , and B are the electron concentration, the temperature, and the magnetic field strength respectively. The scale
height in the corona is of the order of 1010 cm. Plasma can be
considered to be homogeneous only if the characteristic wave
length is much smaller than the scale height. The wave period in
the corona is equal to its wave length divided by the phase velocity. The phase velocity of MHD disturbances is approximately of
the order of Alfvén velocity vA . For vA ≈ 7 × 107 cm/s, we obtain the charateristic periods of disturbances smaller than 150 s.
Therefore, we consider waves with periods up to 100 s.
Since we have β = 8πp/B2 ≈ 0.138, where p is the pressure,
the plasma may be considered low-β plasma or cold plasma.
The ratio of energy losses due to Joule dissipation to energy
losses due to viscosity is of the order of νm /νi , where νm and νi
are the coeﬃcients of magnetic and ion viscosity respectively.
Estimations give νm /νi ≈ 10−11 , so the Joule dissipation can be
neglected in comparision to the ion viscosity.
The volumetric heating rate due to viscosity is given by
(Braginskii 1965):
Qvis =

η0
η0 V 2
(∇ · u)2 ≈
,
3
3 L2

(5)

where L is the characteristic length scale, V is the plasma velocity, and η0 is the ion compressive viscosity coeﬃcient.
The volumetric heating rate due to Joule dissipation is
Qjoule =

j2
,
σ

(6)

where j is current density and σ is resistivity. To estimate Qjoule ,
we take


c ∆B
j≈
,
4π L
which, when substituted into Eq. (6) gives:
Qjoule ≈

(∆B)2
χ,
4πL2

(7)

where χ = c2 /4πσ is the magnetic diﬀusivity and ∆B is the
magnetic field change over the distance L.
From Eqs. (5) and (6), we obtain
Qvis
4πη0 V 2
·
≈
Qjoule
(∆B)2 χ

(8)

Numerically, χ ≈ 2 × 1013 T −3/2 cm2 s−1 (Priest 1982), where T
is the temperature. Thus we have, from Eq. (8)
Qvis
≈ 6.3 × 107 T 4 V 2 (∆B)−2 .
Qjoule

(9)

For typical coronal values V ≈ 10−30 km s−1 , T ≈ 1−3 × 106 K,
vis
and ∆B ≈ 1−100 G, we find QQjoule
≈ 1011 , that is, Qvis ≫ Qjoule .
Thus, for coronal conditions, Joule dissipation is not significant
in comparision to viscous dissipation. However, viscous heating
is comparable to heating by electron heat conduction. The ratio
of energy losses due to electron thermal conduction to the energy
losses due to viscosity is of the order of βk/νi ∼ 1.
The volumetric heating rate due to electron thermal conduction is
 2
∂T
Qth = κ
T −1 ,
(10)
∂z
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where κ = 8.4 × 10−7 T 5/2 is the heat conductivity along the
magnetic field B. The temperature gradient ∂T/∂z is, in general,
diﬃcult to estimate. For linear long-period waves, the temperature fluctuations can be approximately adiabatic. So,
∆T
≈ (γ − 1)V/Vph,
T

(11)

where Vph is the wave phase velocity and γ is the ratio of specific
heats. Thus, we finally have
Qvis
2 −1
≈ 1.2(γ − 1)−2 Vph
T .
Qth

(12)

included in the equation of motion. Qvis denotes the rate of viscous heating per unit volume, while Qrad stands for the radiative
 

∂vα
loss rate per unit volume. More precisely, Qvis = −Πα,β ∂x
β
(Braginskii 1965) and Qrad = ne nH Q(T ) (Bray et al. 1991).
Ohmic dissipation has not been taken into account, as it is insignificant for coronal conditions.
Assuming a uniform background magnetic field and homogeneous background plasma, we consider small deviations of
the physical quantities of the medium from their equilibrium
values as

ρ = ρ0 + ρ1 ,

If Vph is the Alfvén speed, Qvis ≈ Qth in the corona.
Furthermore, ion viscosity is dominated by electron viscosity by a factor of (mi /me )1/2 , while electron thermal conduction is dominated by ion thermal conduction by the same factor
(Braginskii 1965). Since Ωi τi  1 in the corona, the viscous
stress tensor is highly anisotropic, and compressive viscosity
dominates shear viscosity by a factor of (Ωi τi )2 or 10 to 12 orders
of magnitude. The terms associated with the four other viscosity
coeﬃcients in the viscous stress tensor will be ignored because
two of them, η1 and η2 , are smaller than η0 and are reduced by
factors of the order of (Ωi τi )−2 (where Ωi is the ion cycltron frequency and τi is the ion-collision time); the remaining terms η3
and η4 , are reduced from η0 by factors of (Ωi τi )−1 . Similarly,
the coeﬃcient of thermal conduction along the magnetic field
dominates over the perpendicular heat conduction by a factor
of (Ωe τe )2 , where Ωe is the electron cyclotron frequency and τe
is the electron collision time. Hence, we only consider the thermal conduction parallel to the field.

ρ0

∂u1
(∇ × B1 ) × B0
= −∇p1 +
− ∇ · Π1 ,
∂t
4π

(20)

3. Basic equations and general dispersion relation

∂p1 γp0 ∂ρ1
−
= (γ − 1) [Qth + Qvis − Qrad ] ,
∂t
ρ0 ∂t

(21)

We consider the propagation of MHD disturbances in a homogeneous, magnetically structured, compressible, and lowβ plasma. We describe the plasma dynamics by an equation
of continuity (13), an equation of momentum (14), an energy
Eq. (15), an equation of state (16), and an induction Eq. (17)
as follows:

∂B1
= ∇ × (u1 × B0 ), and
∂t

(22)

p1 ρ1 T 1
=
+ ,
p0 ρ0 T 0

(23)

∂ρ
+ ∇ · (ρu) = 0,
∂t

(13)

where κ = 10−6 T 05/2 . We then, consider the perturbations that
are proportional to exp(ik · r − iωt) which, when inseted into
Eqs. (19)–(23), gives:

(14)

ωρ1 − ρ0 (k x v x + kz vz ) = 0,

(15)

ωρ0 v1x −k x p1 −

ρ

∂u
(∇ × B) × B
+ ρ(u · ∇)u = −∇p +
− ∇ · Π,
∂t
4π

Dp γp Dρ
−
= (γ − 1) [Qth + Qvis − Qrad ] ,
Dt
ρ Dt
∂B
= ∇ × (u × B), and
∂t
2ρkB T
p = 2nkB T =
·
mp

(16)
(17)

Here, ρ, n, u, p, B, γ, and T are the total mass density, the electron number density, the velocity, the total pressure, the magnetic field vector, the ratio of specific heats and the temperature,
D
respectively. Dt
≡ ∂t∂ +(u·∇) represents the material derivative for
time variations. Π is the viscosity tensor, kB is the Boltzman constant, and mp is the proton mass. In the present analysis, the effects of the coriolis force and the gravitational force on wave
propagation are assumed to be negligible, and therefore are not

p = p0 + p1 ,
T = T0 + T1,

(18)

u = v1 , and
B = B0 + B1 ,
where the subscripts “0” and “1” refer to the equilibrium and
perturbed quantities. The equilibrium magnetic field is considered along the z-axis, i.e. B0 = B0 ẑ, and the y-axis is considered
to be perpendicular to both B0 and the wave vector k = k x x̂+kz ẑ.
Linearizing Eqs. (13)–(17), we get
∂ρ1
+ ρ0 (∇ · u1 ) = 0,
∂t

ωρ0 v1y +

(19)

(24)

B0
iη0
(k x B1z −kz B1x)+ (k2x v1x −2k x kz v1z ) = 0, (25)
4π
3

B0
kz B1y = 0,
4π

ωρ0 v1z − kz p1 +

iη0 2
(4kz v1z − 2k x kz v1x ) = 0,
3

(26)
(27)

ωB1x + kz B0 v1x = 0,

(28)

ωB1y + kz B0 v1y = 0,

(29)

ωB1z − k x B0 v1x = 0,

(30)

iω(p1 − c2s ρ1 ) − (γ − 1)κ kz2 T 1 = 0, and

(31)

p1 ρ1 T 1
−
−
= 0.
p0 ρ0 T 0

(32)
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Equations (26) and (29), for variables v1y and B1y , are decoupled
from the rest and describe Alfvén waves. The rest of the equations, for variables p1 , ρ1 , T 1 , B1x , B1z , v1x , and v1z , describe
damped magnetoacoustic waves. Then, setting the determinant
of the coeﬃcients of the system of algebraic equations equal to
zero yields the dispersion relation
ω5 + iAω4 − Bω3 − iCω2 + Dω + iE = 0,

(33)

where
A = c0 + c1 , B = (v2A + c2s )k2 + c0 c1 , C = (c0 c2 + c4 + c3 c2s ),


p0
p0
2
D = c0 c4 + c5 cs + c0 c3
, E = c5 c0 , η0 = 10−16 T 05/2 ,
ρ0
ρ0
κ = 10−6 T 05/2 , c2s =
c0 = (γ − 1)κ kz2
c3 =

3η0 2 2
k k ,
ρ0 x z

γp0
,
ρ0

v2A =

B20
,
4πρ0

T0
η0
p0 k 2
, c1 =
(4kz2 + k2x ), c2 = k2 v2A +
,
p0
3ρ0
ρ0
c4 =

4η0 2 2 2
k k v ,
3ρ0 z A

c5 = k2 kz2 v2A .

Here, all units are considered in cgs. It should be noted that our
dispersion relation (33) diﬀers from the dispersion relations (3.6)
obtained by Porter et al. (1994) and (6) obtained by Dwivedi
& Pandey (2003). The calculations by Porter et al. (1994) and
by Dwivedi & Pandey (2003) seem to be in error as sixth order
polynomials in ω. The dispersion relations should be fifth order
polynomials in ω instead of sixth order polynomials, as has been
shown in previous studies under certain limiting conditions (see,
e.g., Carbonell et al. 2004). This fact is in agreement with the
works of Carbonell et al. (2004), De Moortel et al. (2003), and
Field (1965).
Carbonell et al. (2004) found a fifth order dispersion relation
for ω in optically thin plasma in which only thermal conduction is taken into account as a dissipative process. They found
that the dispersion relation results in three wave modes, namely
slow, fast, and thermal. They obtained one purely imaginary root
corresponding to the thermal or condensational mode, whereas
Porter et al. (1994) obtained two thermal modes. De Moortel
et al. (2003) studied the damping of slow MHD waves in the solar corona with two diﬀerent damping mechanisms, namely thermal conduction and compressive viscosity, and obtained a dispersion relation that is cubic in the frequency ω. Their dispersion
relation gives three roots in which one purely imaginary root implies a thermal mode, whereas the other roots represent the slowmode waves. In the study of thermal instabilities, Field (1965)
has shown that there is only one thermal or condensational mode
corresponding to thermal conduction, whereas the other roots
represents two wave modes: slow- and fast-mode waves.
Thus, it can be concluded that there is only one thermal mode
in the solar atmosphere, and that it is purely imaginary when viscosity and thermal conductivity are taken into account. This implies that the dispersion relation giving slow (ω1 , ω2 ) modes, fast
(ω3 , ω4 ) modes, and one purely imaginary thermal (ω5 ) mode
should be a fifth order polynomial in ω, even in the presence of
viscosity and thermal conductivity. Hence, the sixth order dispersion relation in ω obtained by Porter et al. and implying two thermal modes seems to be in error. Moreover, the agreement of our
results with the results obtained by Williams et al. (2001) justifies the accuracy of our dispersion relation (33). Equation (33)
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gives one purely imaginary root corresponding to the thermal
or condensation mode, while the rest of the roots correspond to
two modes, of which one represents the slow wave, whereas the
other represents the fast wave. For each wave mode, the damping rate is given by the imaginary part of ω and the period of
the wave is τ = 2π/ωR . Since the thermal mode does not represent a propagating wave and since thermal instabilities due to
this mode were already extensively studied by Field (1965), we
have decided not to study this mode.

4. Weak damping approximation
We first discuss approximate analytical expressions for the wave
damping rates of slow and fast mode waves in the limit of
weak damping. The expressions obtained by Braginskii (1965)
are useful for explaining the dependence of the damping on
the physical parameters. For the coronal condition c2s  v2A ,
where cs is the speed of sound and vA is the Alfvén speed, the
slow wave represents the acoustic wave distorted by a magnetic
field, and it propagates with the frequency ω ≈ kz cs , where v1z is
very much larger than v1x . The fast-mode wave propagates with
frequency ω approximately equal to kvA , where v1x  v1z .
If the damping is small, the mean volumetric heating rate
due to both ion viscosity and electron thermal conduction can
be expressed in terms of wave quantities obtained from ideal
MHD theory and can be set to be equal to the product of the
mean energy density of the wave ρ0 v21 and the wave energy
damping rate νE . This yields the expression for the damping rate.
Since the energy of the wave (integrated over volume) is proportional to the square of the perturbed velocity amplitude, νE will
be twice as large as the amplitude damping rate (νE = 2 Im (ω)).
For coronal active regions, the ideal MHD expressions for
the damping rate of slow- and fast-mode waves, in terms
of wavenumber and frequency, were calculated by Braginskii
(1965) and Porter et al. (1994). These calculations will be explained in the folowing sections.
4.1. Slow-mode wave

According to have (Braginskii 1965), if the wave is dissipated
only by ion viscous damping, the damping rate obtained will be
7.3 5/2 −1 2
2
νslow
vis (k) = 10 T 0 n0 k cos θ,

(34)

or, in terms of frequency, it can be rewritten as
−0.54 3/2 −1 2
νslow
T 0 n0 ω .
vis (ω) = 10

(35)

The damping rate of slow-mode waves is given by Porter et al.
(1994) as
7.3 5/2 −1 2
νslow
vis (k) ≈ 10 T 0 n0 k


 
 2
4 cos2 θ − 4 vv1x1z sin θ cos θ + vv1x1z sin2 θ
×

,
 2 
1 + vv1x1z

(36)

or as a function of frequency,
0.54 3/2 −1 2
νslow
T 0 n0 ω
vis (ω) ≈ 10


 
 2
4 cos2 θ−4 vv1x1z sin θ cos θ+ vv1x1z sin2 θ
  2  ·
×
(1 + β)− (1 + β)2 −4β cos2 θ 1+ vv1x1z

(37)
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Fig. 1. Damping rate as a function of wavenumber for a) slow-mode
waves and b) fast-mode waves, for n0 = 1.0 × 1010 cm−3 , B0 = 100 G,
and T 0 = 2.0 × 106 K.

c2s /v2A

νslow
vis (k)

It can be shown that, for values of
less than 0.9,
given by Eq. (36) diﬀers slightly from that given by Eq. (34).
slow
However, νvis
(ω) given by Eq. (37) should be replaced by
Eq. (35) for values of c2s /v2A less than 0.18.

The damping rate of the fast-mode wave, according to Porter
et al. (1994), is

(38)

or as a function of frequency,
−15.1 5/2 −2 2
νfast
T 0 B0 ω
vis (ω) ≈ 10


 
 2
sin2 θ − 4 vv1x1z sin θ cos θ + 4 vv1x1z cos2 θ

×
 2  , (39)
(1 + β) + (1 + β)2 − 4β cos2 θ 1 + vv1x1z

whereas, the viscous damping rate of fast-mode waves given by
Braginskii (1965) is
7.3 5/2 −1 2
2
νfast
vis (k) ≈ 10 T 0 n0 k sin θ,

−8

10

−7

10
Wavenumber (cm−1)
(b)

−6

10

−5

10

Fig. 2. Damping rate as a function of wavenumber for a) slow-mode
waves and b) fast-mode waves, for n0 = 1.0 × 109 cm−3 , B0 = 100 G,
and T 0 = 2.0 × 106 K.

or in terms of frequency,
−15.4 5/2 −2 2
νfast
T 0 B0 ω sin2 θ.
vis (ω) ≈ 10

(41)

Equations (38) and (39) should be used in place of Eqs. (40)
and (41) when c2s /v2A exceeds the value of about 0.02.

5. Calculation of damping rates
and their dependence on physical quantities

4.2. Fast-mode wave

7.3 5/2 −1 2
νfast
vis (k) ≈ 10 T 0 n0 k


 
 2
sin2 θ − 4 vv1x1z sin θ cos θ + 4 vv1x1z cos2 θ
×

,
 2 
1 + vv1x1z

−1

cm , τ = 0⋅20 sec.

k = 3⋅17×19−8 cm−1, τ = 0⋅28 sec.
k = 2⋅6×10−8 cm−1, τ = 0⋅35 sec.
k = 2⋅27×10−8 cm−1, τ = 0⋅40 sec.

(40)

Since the corona loses energy through optically thin emission
and thermal conduction to the transition region, the minimum
required damping rates for slow- and fast-mode waves to heat
the corona can be determined by equating the volumetric wave
heating rate to the optically thin radiative cooling rate as
νE U ∼ Qrad  10−18.66 n2 /T 1/2 ,

(42)

where νE is the energy decay rate and U is the mean energy density of the wave. The wave energy damping rate νE is twice the
wave-amplitude damping rate, Im (ω). The mean energy density of the waves can be calculated as the product of the equilibrium mass density ρ0 and the square of the rms velocity amplitude. We assume a rms velocity amplitude of 40 km s−1 , well
within the range of 25–60 km s−1 reported from coronal linebroadening observations (Saba & Strong 1991). Taking n0 = 1 ×
1010 cm−3 , B0 = 100 G, and T 0 = 2 × 106 K, we find that the
required damping rate is 2.89 × 10−2 s−1 , which is shown by the
horizontal line in Figs. 1 to 6 and is labeled as the “Required
Rate Line”.
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Fig. 3. Damping rate as a function of wavenumber with n0 = 1.0 × 10 cm and B0 = 100 G for a) slow-mode waves, b) fast-mode waves for
T 0 = 3.0 × 106 K, c) slow-mode waves with diﬀerent background temperatures, and d) fast-mode waves with diﬀerent background temperatures.
10

We first study the solutions obtained from the dispersion relation (33) for slow- and fast-mode waves by examining diﬀerent physical parameters, i.e. plasma density, temperature, magnetic field strength, and angle of propagation relative to the
magnetic field. For the coronal conditions, we take n0 = 1 ×
1010 cm−3 , B0 = 100 G, and T 0 = 2 × 106 K. For each wave
mode, we assign four diﬀerent values to the angle of propagation relative to the magnetic field. Furthermore, to see the influence of diﬀerent parameters on the damping rate of the slow
and fast waves, the values of the density, the magnetic field, and
the temperature are modified within a range of typical coronal
conditions. The eﬀect of viscosity and thermal conductivity are
shown in Fig. 6.
The dependence of the damping rate of slow- and fast-mode
waves on diﬀerent physical parameters is discussed below.

Figures 1a and 1b show slow and fast mode damping rates for
the density n0 = 1 × 10−10 cm−3 , the magnetic field strength of
B0 = 100 G, and the temperature of T 0 = 2 × 106 K. These figure
indicate that the damping rate increases with wavenumber, as is
to be expected from the analytical expressions (34) and (40).

modes at a fixed wavenumber decreases with the increase in density, as observed from the analytical expressions (34) and (40).
Furthermore, the slow mode damping rate increases with density, depending upon the angle of propagation for wavenumbers
lying in the range 6 × 10−9 to 3 × 10−8 cm−1 , whereas the damping rate of fast waves at a fixed wavenumber is expected to vary
as n−1
0 and always decreases with the increase in density.
To explain this diﬀerence, we examine how the density influences the damping rates at a fixed wavenumber when ion viscosity and electron thermal conduction are taken together and
separately. Analytical theory suggests that the damping of both
slow- and fast-mode waves due to ion viscosity varies inversely
with density for all wavenumbers. Figures 6a and 6b show the
plots of damping rate versus wavenumber for thermal conduction and viscosity, separately. It can also be observed from the
Eqs. (34) and (40) that the viscous damping for slow and fast
modes exhibits k2 dependence. Similarly, the thermal conduction damping for slow and fast modes also exhibits k2 dependence. However, it is interesting to note that the damping rate
for slow-mode waves goes on decreasing after the wavenumber
k = 1.145 × 10−8 cm−1 . This indicates that the slow-mode waves
with lower density (coronal condition) are capable of heating
the corona.

5.2. Dependence on density

5.3. Dependence on temperature

The damping rates for slow and fast modes are shown as a function of wavenumber in Figs. 2a and 2b by taking n0 = 1 ×
109 cm−3 , B0 = 100 G, and T 0 = 2 × 106 K. It can be
seen from Figs. 1 and 2 that the damping rate of slow and fast

Figures 3a and 3b show the variation of damping rate
wavenumber for slow and fast mode waves with n0 =
1010 cm−3 , B0 = 100 G, and T 0 = 3 × 106 K. For
waves, the damping rate always increases very rapidly

5.1. Dependence on wavenumber

with
1 ×
both
with
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Fig. 4. Damping rate as a function of wavenumber with n0 = 1.0 ×
1010 cm−3 and T 0 = 2.0 × 106 K for a) fast-mode waves for B0 = 150 G
and b) fast-mode waves with diﬀerent background magnetic fields.

temperature, which is fully consistent with the analytical theory.
It is worth mentioning that for a fixed wavenumber, as the temperature increases by a factor of 5, the damping rate increases by
a factor of about 50–60.
5.4. Dependence on magnetic field

Figure 4a represents the fast mode damping rate for n0 = 1.0 ×
1010 cm−3 , B0 = 150 G, and T 0 = 2.0 × 106 K. Figures 4a
and 1b show that the damping of fast mode decreases with the
increase in magnetic field strength. This fact may be justified
by analytical expressions (35) and (41), which suggest that the
damping of fast-mode waves varies inversely with the square
of the magnetic field strength, whereas the damping of slowmode waves does not depend upon the magnetic field. Figure 4b
represents the variation of the damping rate of fast waves with
wavenumbers for diﬀerent background magnetic field strengths.
It can be seen from Fig. 4b that the damping rate increases linearly with the wavenumber up to k = 10−7 cm−1 , and thereafter,
the damping rate corresponding to a strong magnetic field goes
on increasing in comparison to the damping rate corresponding
to a weak magnetic field. For wavenumber k = 5 × 10−5 cm−1 ,
the damping rates for diﬀerent field strength (50 G, 100 G, and

Fig. 5. Damping rate as a function of wavenumber with modern viscosity and thermal conductivity for a) slow-mode waves and b) fast-mode
waves for n0 = 1.0 × 1010 cm−3 , B0 = 100 G, and T 0 = 2.0 × 106 K.

200 G) are almost same, and thereafter, the damping rate corresponding to a strong magnetic field increases more rapidly with
the wavenumber than with the weak magnetic field. It may also
be observed from analytical expression (41) that the damping
of fast-mode waves increases with frequency. Since wave frequency is proportional to wavenumber, the term ω2 in Eq. (41)
must dominate over B−2
0 for a large wavenumber. It can be seen
from the Figs. that for a fixed wavenumber, the damping rate of
fast-mode waves decreases by a factor of 1.2 as the field strength
increases by a factor of 5 to 10.
5.5. Dependence on propagation angle

For slow-mode waves, we find that the damping rate at a fixed
wavenumber always decreases with an increase in the angle of
propagation. This fact is fully justified by analytical theory because of cos2 θ dependence in both viscous and thermal conduction damping. For fast-mode waves, the damping rate at fixed
wavenumbers always increases with the angle of propagation, as
is to be expected from analytical theory, due to sin2 θ dependence
in viscous damping.
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Table 1. Parameter values for the coronal loop taken bY NIXT in cgs units.

Parameter

XBP
(X-ray Bright Point)

X-ray features
AR
(Active Region)

LSS
(Large Scale Structure)

0.2
0.8
0.04
1.8
3
1.5
30–60

0.1–1
0.4–4
0.04
2–3.5
2–8
1–7
30–200

1.2
1.2
0.01
2
0.5
0.3
20

L(×1010 cm)
a(×108 cm)
a/L
T (×106 K)
ne (×109 cm−3 )
p(dyn cm−2 )
Be (G)
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polarity. In general, small compact loops have a higher temperature and a higher magnetic field strength than large compact
loops. The recent pictures of the corona taken by the NIXT telescope in the soft X-ray range oﬀer very high spatial resolution
and reveal that coronal loops are thinner than was previously
thought. Data taken by NIXT is shown in Table 1. Here, we
consider a coronal loop to be a static, straight plasma slab, with
half-length L and thickness “a”. The coronal loop dimension is
measured from a number of X-ray pictures and lies in the ranges
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Fig. 6. Damping rate as a function of wavenumber with viscosity and
thermal conductivity for a) slow-mode waves and b) fast-mode waves
for n0 = 1.0 × 1010 cm−3 , B0 = 100 G, and T 0 = 2.0 × 106 K.

6. Application to coronal loops
The recent observations from the Skylab show that the emission of X-ray wavelengths from the solar corona tends to be
concentrated in certain loop-like structures. It is widely believed that these coronal loop structures correspond to magnetic flux tubes with ends rooted in the photosphere (Bray et al.
1991). A high resolution image from the NIXT rocket (Golub
et al. 1990) shows that these magnetic loops are a widespread
feature of the X-ray corona. The coronal portion of an active
region is formed by an arcade of loops of diﬀerent sizes and
height, with footpoints anchored in regions of opposite magnetic

Based on the loop parameters, we can derive the minimum required damping rates for slow and fast modes to sustain the coronal loops at such high temperature and density. This can be done
by equating the volumetric wave-heating rate with the optically
thin radiative-cooling rate given by Eq. (42).
In accordance with Beaüfume et al. (1992), coronal loops
may be divided into three types: short dense, intermediate, and
long rarefied loops. The typical parameters for each type of
loop is given in Table 2. The wave periods are calculated using the formula τ = 2π/ωR , and the damping rate is calculated
from Eq. (42). Columns (2)–(5) give the typical parameters for
three types of coronal magnetic loops. Column (6) gives the resonant wave periods. Column (7) represents the radiative losses
in coronal loops. Column (8) gives the minimum values of the
required damping rate.
We examine the results obtained in Sects. 3 and 4 for the
three types of magnetic loops observed by NIXT (Golub et al.
1990) and calculate the wave periods and damping rates for these
loops. To calculate the wave periods and damping rates, we make
Eq. (33) dimensionless by the following transformations:
f = k∗ = kL,

ζ=

v2A
c2s

,

η∗0 =

η0
η0 τ
1
=
=
,
R ρ0 cs L ρ0 L2

κ∗ =

(γ − 1)κ T 0
,
p 0 cs L

p∗0 =

ω∗ =

ωL
,
cs

4πρ0 c2s
4πp0
∗
,
and
ρ
=
.
0
B20
γB20

Here, L is the typical coronal loop length from the coronal base,
and R is the Reynolds number. Using the transformations described above, Eq. (33) can be written as:
ω∗5 + ia1 ω∗4 − a2 ω∗3 − ia3 ω∗2 + a4 ω∗ + ia5 = 0,

(43)
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Table 2. Physical parameters for three diﬀerent coronal loops (the short dense loop, the intermediate loop, and the long rarefied loop).
Loop type

L
(cm)
2 × 109
6 × 109
2 × 1010

Short dense loop
Intermediate loop
Long rarefied loop

B
(G)
300
150
50

T
(K)
3.5 × 106
3 × 106
2.5 × 106

ne
(cm−3 )
1 × 109
3 × 109
1 × 1010

Qrad
(erg cm−3 s−1 )
1.2 × 10−2
1.1 × 10−3
1.4 × 10−4

Im(ω)
(s−1 )
2.18 × 10−2
7.09 × 10−3
2.58 × 10−3
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Fig. 7. Variation of damping rate with parameter f for a) slow-mode
waves and b) fast-mode waves for n0 = 1.0 × 1010 cm−3 , B0 =
300 G, T 0 = 3.5 × 106 K, and L = 1.0 × 109 cm.

where
a1 = d0 + d1 ,

a2 = (ζ + 1)k∗2 + d0 d1 ,

a3 = d0 d2 + 3η∗0 k∗x 2 kz∗ 2 + d3 ,
a4 = ζk∗2 kz∗ 2 + d0 d4 + d0 d3 ,
a5 =

d0 p∗0 ζk∗2 kz∗ 2
,
γρ∗

d1 =

η∗0 ∗ 2
(k + 4kz∗ 2 ),
3 x

d3 =

3η∗ p∗ k∗x 2 kz∗ 2
4 ∗ ∗2 ∗ 2
η0 ζk kz , and d4 = 0 0 ∗
·
3
γρ

d0 = κ∗ kz∗ 2 ,

d2 =


p∗ k∗2
∗2
+
ζk
,
γp∗
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Fig. 8. Variation of damping rate with parameter f for a) slow-mode
waves and b) fast-mode waves for n0 = 3.0 × 109 cm−3 , B0 =
150 G, T 0 = 3.0 × 106 K, and L = 3.0 × 109 cm.

We have numerically computed all the roots of the fifth degree
polynomial in ω∗ (Eq. (43)) for diﬀerent values of parameter f ,
taking θ = 0◦ , 30◦ , 45◦, 60◦ , and 90◦ . In Figs. 7–9, we have plotted damping rate (Im(ω∗ )) versus parameter f for slow- and fastmode waves. These figure show the same pattern of variation for
damping rates with f for three diﬀerent loops. Figures 7a–9a
show that the damping rate for slow-mode waves increases linearly with f up to a value of 5. Thereafter, it increases slowly
for large values of f , whereas Figs. 7b–9b indicate that the the
damping of fast-mode waves increases linearly with f , and the
increasing pattern remains same for large values of f . It is also
observed from all the figures that the damping of slow-mode
waves is larger than the damping of fast-mode waves for any
fixed value of f . It can be seen from figures that the damping
of slow-mode waves decreases with the angle of propagation,
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k = 1.614 × 10−8 cm−1 for θ = 45◦ , k = 1.333 × 10−8 cm−1 for
θ = 60◦ , and k = 1.17 × 10−8 cm−1 for θ = 90◦ . The frequencies
of slow- and fast-mode waves that can provide adequate coronal heating are 0.0076 Hz for slow-mode waves and 2.15 Hz
for θ = 30◦ , 1.53 Hz for θ = 45◦ , 1.26 Hz for θ = 60◦ , and
1.11 Hz for θ = 90◦ for fast-mode waves. From Figs. 7–8 it is
also observed that the damping and wave periods for slow- and
fast-mode waves in an intermediate loop are larger than those in
a short dense loop.
For long rarefied loops, the minimum required damping
rate (0.9866 in units of cs /L or 2.59 × 10−3 s−1 ) is obtained
for slow-mode waves at wavenumbers k = 7.74 × 10−10 cm−1
for θ = 0◦ , k = 8.95 × 10−10 cm−1 for θ = 30◦ , k = 1.095 ×
10−9 cm−1 for θ = 45◦ , and k = 1.55 × 10−9 cm−1 for θ = 60◦ ,
whereas for fast-mode waves the minimum required damping
rate is obtained at wavenumbers k = 9.53 × 10−9 cm−1 for
θ = 30◦ , k = 6.84 × 10−9 cm−1 for θ = 45◦ , k = 5.737 ×
10−9 cm−1 for θ = 60◦ , and k = 9.53 × 10−9 cm−1 for θ = 90◦ .
The frequency of slow-mode waves is 0.003 Hz; for fast-mode
waves the frequencies are 0.52 Hz for θ = 30◦ , 0.375 Hz for
θ = 45◦ , 0.315 Hz for θ = 60◦ , and 0.28 Hz for θ = 90◦ .
Figures 7–9 indicate that the damping and wave periods for
slow- and fast-mode waves in long rarefied loops are much larger
than those in short dense and intermediate loops.
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Fig. 9. Variation of damping rate with parameter f for a) slow-mode
waves and b) fast-mode waves for n0 = 1.0 × 109 cm−3 , B0 = 50 G, T 0 =
2.5 × 106 K, and L = 1.0 × 1010 cm.

whereas the damping of fast-mode waves increases with the angle of propagation.
For short dense coronal loops, slow-mode waves attain the
minimum required damping rate (0.7047 in units of cs /L or
2.188 × 10−2 s−1 ) at wavenumbers k = 4.93 × 10−9 cm−1 for
θ = 0◦ , k = 5.69 × 10−9 cm−1 for θ = 30◦ , k = 6.988 × 10−9 cm−1
for θ = 45◦ , and k = 9.98 × 10−9 cm−1 for θ = 60◦ , whereas the
fast-mode waves attain the minimum required damping rate at
wavenumbers k = 5.99 × 10−8 cm−1 for θ = 30◦ , k = 4.27 ×
10−8 cm−1 for θ = 45◦ , k = 3.527 × 10−8 cm−1 for θ = 60◦ ,
and k = 3.093 × 10−8 cm−1 for θ = 90◦ . The frequencies of
the slow- and fast-mode waves propagating in a short dense loop
are calculated numerically. For slow-mode waves, the frequency
is 0.022 Hz for all angles of propagation. For fast-mode waves,
the frequencies are 6.24 Hz for θ = 30◦ , 4.45 Hz for θ = 45◦ ,
3.67 Hz for θ = 60◦ , and 3.3 Hz for θ = 90◦ .
For intermediate coronal loops, the slow-mode waves attain
the minimum required damping rate (0.74 in units of cs /L or
7.09 × 10−3 s−1 ) at wavenumbers k = 1.81 × 10−9 cm−1 for
θ = 0◦ , k = 2.09 × 10−9 cm−1 for θ = 30◦ , k = 2.56 ×
10−9 cm−1 for θ = 45◦ , and k = 3.6258 × 10−9 cm−1 for θ = 60◦ ,
whereas fast-mode waves attain the minimum required damping rate at wavenumbers k = 2.262 × 10−8 cm−1 for θ = 30◦ ,

In this paper, we have analyzed the time damping of linear magnetoacoustic waves by the joint eﬀect of viscosity and thermal
conduction. We have also examined whether the damping of
slow- and fast-mode waves can contribute significantly to the
heating of the solar corona. To this end, we have numerically
solved the dispersion relation for MHD waves in uniform magnetised plasma and studied the behaviour of the damping rate of
slow- and fast-mode waves for diﬀerent physical parameters.
The main conclusions that can be drawn from our study are
as follows:
1. Our results indicate that the slow-mode waves with periods
less than 40 s damp to dissipate enough energy to balance
radiative losses in active regions, if one considers classical
viscosity and thermal conductivity. On the other hand, if we
consider modern values for viscosity and thermal conductivity, the slow-mode waves with periods of about 55 s dissipate enough energy to balance the radiative losses in active
regions (Figs. 1a and 5a).
2. Fast-mode waves with very small periods of less than 0.40 s
damp suﬃciently to balance radiative losses, if we consider
classical values for viscosity and thermal conductivity. Fastmode waves with periods of about 3 s are enough to balance
the radiative losses in active regions, if we consider the modern values for viscosity and thermal conductivity (Figs. 1b
and 5b). The fast-mode waves with periods less than 0.77 s
are needed in the strong field regions of the active corona to
balance the raditive losses (Fig. 4).
3. We have also studied the behaviour of damping rates, wave
periods, and frequencies of slow- and fast-mode waves propagating in three diﬀerent loops, i.e. short dense, intermediate, and long rarefied. For short dense loops, it is observed
that the slow-mode waves with periods of less than 45 s and
fast-mode waves with periods of less than 0.3 s are needed
to balance the radiative losses. In the cases of intermediate
and long rarefied loops, the periods of slow-mode waves are
130 s and 330 s, and for fast-mode waves, the periods are less
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than 0.9 s and 3.5 s, respectively. Our results are nearly in
agreement with Williams et al. (2001), but diﬀer from those
of Porter et al. (1994). We have shown that slow-mode waves
with frequencies greater than 0.003 Hz and fast-mode waves
with frequencies in excess of 0.28 Hz are needed for coronal
loop heating, whereas Williams et al. have reported coronal
loop oscillations with frequencies greater than 0.16 Hz.
Thus, slow- and fast-mode waves generated by MHD turbulence
through magnetic reconnection events within the corona are capable of heating the solar corona. Slow-mode waves generated
at such reconnection sites would damp rapidly, causing localized
heating, which would lead to the evaporation of material from
the chromosphere, resulting in a density enhancement along the
magnetic field lines. This may be the origin of coronal loops.
Since the damping of fast-mode waves increases more rapidly
than that of slow-mode waves as temperature increases, it is possible that the dissipation of fast-mode waves contributes to heating of the loop, provided that the wavenumbers are low enough
to damp in the presence of the magnetic field in active regions.
Finally, the sixth order dispersion relations (3.6) and (6) obtained
by Porter et al. (1994) and Dwivedi & Pandey (2003), respectively, are in error and should be replaced by our fifth order
dispersion relation (33). This discrepancy can be quantified by
solving Eqs. (13)–(32), and it leads to a modification of the results obtained by Porter et al. (1994) concerning coronal heating
by MHD waves. In the case of coronal loop heating, our results
nearly match those obtained by Williams et al. (2001).
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