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HEATING OF SOLAR. CORONAL LOOPS BY PHASE-I\1IXING
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This paper present an analytical method for the heating of solar coronal loops by phase-mixing. We also discuss
herewith the non-linear mode of phase mixing by Alfven waves. Under typical coronal heating conditions by ohmic
dissipation clue to phase-mixing can provide magnetic energy on a time scale comparable with the coronal radiative
time. For large Lundquist number, it is possible that phase-mixing can attain a hot coronal loop. We introduce two
model of loops; i.e., flat symmetric loop model and cylindrical symmetric loop model. The magnetic field assumed to
be static and associated with only in inhomogeneities plasma density. The solution under initial boundary condition
and the ohmic dissipation have been discussed.
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1. Introduction

In a magnetized medium shear Alfven waves propagate
independentally on each magnetic field line when the
dissipative agents such as resistivity and viscosity are
absent (Browning 1991; Davila 1987, Nakariakov et al,
1997). When the medium possesses resistivity and vis-
cosity, the waves propagating on neighbouring field line
get coupled with medium agents. If there is Alfven gra-
dient (inhomogeneity in density etc.) the field line come
closer at points where the density is smaller and so the
larger Alfven wave speed. Some structures may not be
allow to propagate up to infinity. Thus the wave prop-
agating on neighbouring field surfaces becomes more
and more out of phase as they propagate onwards due
to momentum exchange caused by viscosity and energy
dissipation due to resistivity. This process is known
as phase-mixing in space and it requires several wave-
lengths to develop. The waves most likely to dissipate
by this mechanisms are the short period waves v-- 108
propagating in magnetic fields rv lOG in a medium
having number density r,J 101lcm-.3 . As a result of
such dissipation the turbulence in the medium increase
and the effective transport coefficients (resistivity and
viscosity) get enhanced. This help in more existing
of phase-mixing and the number of wavelengths over
which phase-mixing becomes effective depends upon
the value of the dissipative coefficients. However, some
of the structure do not allow propagation to infinity
(or longer extent), such as coronal loops (or open mag-
netic field lines) with 1110re stratification so that re-
flection is produced in such cases phase-mixing occurs
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in time. This phenomena has been intensively stud-
ied by Tsiklauri et al, 2003, Botha et al, 2000, Of-
man and Aschwanden (2002) analytically. The waves
may suffer multiple reflection in such a structure. The
time of a phase-mixing state in which the rate of dis-
sipation balances exactly the rate at which the waves
are excited which depends upon the values of dissipa-
tive coefficients (Hood, et a1. 1997a, Heyvaerts and
Priest 1983, Priest 1993). The concept of non-zero
gyro-radius of the ions were introduced by Voitenko
and Goosens (2000) with the creation of short trans-
verse length scales in Alfven waves. The Alfven waves
become essential in the sense that they have long wave-
lengths and low energetic along the magnetic field how-
ever short-wavelengths across high energy. In this sit-
uation the ion polarization drift in the perpendicular
direction creates a charge seperation across equilibrium
magnetic field Bo, while field aligned electron flows
tend to cancel this charge seperation and thus the mo-
tions of the ions and electrons decouple from each other.
A shear Alfven wave propagating in a laterally inho-
mogeneous structure develops strong velocity gradients
due to phase-mixing. The strong gradients are subject
to ohmic and viscous dissipation so that phase-mixing
may greatly enhance the damping of Alfven waves and
thus provide a viable mechanism for coronal heating
(Narain and Ulmschneider 1990, Narain et al. 2001).

2. Basic MHD equations

We are expressing the foot-point motion excite linear
Alfven waves in the cavity of coronal loop and we as-
sume to be inhomogeneous only in the x-direction. For
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the low value of fJ( = PthM'mal/ Pmaqneiic) linearized re-
sistive MHD equations are

by considering equilibrium state so that the equlllbriurn
p Bv = _\IP1+.!.. [(\7 xB1) xBo+(\1 xBo) XB1]+Pu\72v(i~locity is zero. We adopt the cylindrical coordinatesat /1, r , () and z and we assume that p and Bo depend on
as . 7' and. Eo is i11 the z"~il'eGtlon. Thus,. the phase-mixir.lg
~ "= V x (v x Bo) + 77Y'2Ih (2) eq~at:o.n Can be obtt\l~led from equations (1) and (2) 111

vt cylindrically symmetric model.
fJPl -7ft + p'V.v :: O.

Here p and Bo are the equilibrium density and mag-
netic field, PI, PI, v and Bl are the perturbation of
the density, pressure, Alfven wave velocity and corre-
sponding magnetic field respectively. Here the equilib-
rium velocity is zero. By expressing the wave frequency
space dependent in terms of Alfven velocity and wave
number

where k::::: 2{; and L is the loop length. For non dissi-
pative plasma the velocity gradient becomes

8v I( )::;- = v.t.w x .
vX

The linear Alfven wave having its velocity

v = exp[iw(x)t - ikz].

The velocity gradient corresponding to x-direction equa-
tion (5) which increases with time and it represents that
the wave are phase-mixed with respect to time (Hood
et al, 1997a). Thus the different frequency on each
field line means that initially in phase but when wave
motion move becomes out of phase with respect to each
other which provide phase-mixing.

Here we consider two symmetries for the coronal
loops: (i) Flat symmetric loop model (ii) Cylindrically
symmetric loop model.

For the flat symmetric loop model, we assume that
the density is only a function of the horizontal distance
(fiat)

p=p(x) (7)

and the plasma only moves in the y-direction, the ve-
locity and magnetic field becomes

v = v(x, t)sinkze'y

Bl = B(x, t)coskzey.

Flat symmetry loop model represent that the line tied
disturbances that vanish at the photospheric ends of
the coronal loops (Hood et al., 1997a). In the cylin-
drically symmetric model, we assume that the plasma
is cylindrically symmetric and it only moves in the e
direction and we get

V :::: v( r, t)sinkzif} (10)

Bl = Btr, t)coskziii (11)

(3) (12)

However, for fiat symmetric model the phase mixing
equation can be written as

(13)

(4)

from equations (12) and (13) it is clear that the two
different geometries can be studied by anyone of the
above equation (12 or 13) is exactly the same by re-
placing x by r or vice-versa. Both term 011 right hand
side of equation(12) or (13) are responsible for phase-
mixing. The second term is of less importance for large
horizontal gradient.

(5)

(6)

3. The solution under the initial
boundary conditions

Let us consider the equilibrium configurations in the
form of a magnetic cylinder with coronal loop of length
1. At the foot points of the loop determined by Z = 0
and Z = L, the magnetic field line are anchored in
the highly dense electrically conducting photospheric
plasma. It is assume to be the plasma at rest at z = L,
while it moves in the azimuthal direction at Z = O.
This leads to the two boundary condition for amplitude
function of magnetic field

B(x, 0) = 1

B(O, t) = 0 and B(oo, t) = 1.

(14)

(15)

In equation (13) VA 2 is the square of Alfven speed can
be expressed in the form of

(16)

(8)

(9)

where Va is a typical Alfven speed in the corona and
f(x) is a dimensionless function in the transverse direc-
tion equation (16) can be expressed in terms of single
parameter equation under the consideration of dimen-
sionless variables (Hood et al. 1997a)

t = l 'T't and x = xa
where a is the typical length-scale for variation of

Alfven speed; 'T't = (kva)-I is the time for the Alfven
wave to propagate along the loop. For the sake of con-
venience bars are dropped and we get,

(17)
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and

(18)

where 0 is the ratio of the Alfven travel time (1't )to
diffusioDtime (Td)· We are not taking into the account
of viscosity for our further treatment. However, Hey-
vaerts and Priest (1983) and Ruderman (HI99) included
a kinematic viscosity of the form p l/ \72 v since the
flow is incompressible for the A.lfvenW(;1NB§. The dissi-
pation coefficient changed from "7 to rJ + l/ in equation
(12) by the effect of kinematic viscosity. We found that
there is no change in the solution of equation (13). Here
we also discussed, that the dominant viscosity oQem·
dent is parallel to equilibrium magnetic field. However,
for the incompressible Alfv~n waves with no velocity
component parallel to equilibrium magnetic field does
not contribute fer the heating of solar corona. There-
fore, the remaining terms are small and not taken into
the account. Also, viscosity can easily be included by
simply changing the dissipation coefficient.

4. Ohmic Dtssipaeion

The presence of l'es!fJ]tanee in the medium by which the
energy of the wave is t!'ansf!:ll'ecllnto heatehreugh ohmic
dissipation. The assoeiated current, curl 13 ~ ¥- J
suffer dissipation through the resistivlby of the medium,
where J is the current density. The refleetion of wave
nropaga.ting along fleld linss also causes momentum ex-
change between elsetrons and ions. The time taken to
reach a phase-mlxed stage, in which the rate of dissipa-
tion balances exactly the rate at which the waves are
excited depends upon the value of the dissipative eoef-
ficients. Under initial eonditien x = 0, H = Z/ s the
ohmic dissipation become analytically obtained as by
using the formulism (Hood et al, 199'lb).

p (~+1)821131
- = rJ . . (19)
a [1+15284]114

By using approximation s >> 1 , the magnetic field
may be estimated then we have

For maximum ohmic dissipation

8max ;:;:,(2/0)li3

and
-') 2

(r )max ~ ry("£ )'N3,
CI o e

Above approximation is must valid for OS~a(l: << 1.
Under usual condition fig(l) represent the ohrnie dis-
sipation as a function of height for 8 = 10- 4 and 'fJ as

unity. However Wood et al Hl9!\l(b) h!lcV!Hgsimil(;tl' HlS\llt
for 0 :=;;: 10- 8. HQwever, there is also the J.."A&rmltu@e of
the wave amplitude still to be includl;!.!d.The maxiUUH11

ehmie dissipation scales Hs under th.e cr:ll'lsicitll.'ation of
0= 'IJ/(a2w) as

(~3)

where a. is the length-scale of the plasma. This equa-
tion represents that the amount 0f a~rQn!ll heatif\g
by phase. mixing are depends on the fr-&qUl!lflCY, phase:
mixing length and resistivity. By integra.ting €(lutttion
(20), we get the total amount of ohmic h!'H1.ting under
eonsiderable limits

J j'~ n
~dz:;:,: - = a~w.

CJ . [)

Thus, under the approximaeien the tQtal ohmic dis-
sipation is depends on frequency and independent ef
resistivity. This technique physically represents that
the ohmic dissipation. Fig(2) shows that the height of
the maximum ohmic heating as a funetien of a.

4.0.1. Fig\\'l'e$

5. Discussion andeoneluaions

The Lundquist number S followed by HQl.'ld at I\l.
(HI91b). In terms of the ~i~e ofthe e(:ll.'(maJ leep re-
giQI1 A

A~w
8 =~. (21))

'fJ

Numerically by taking the loop length L l'l'u'lgin~ from.
106 to 101' m, L]« R:: 10 and 1)AO ~ 2 ~ lOll mfa
(Karpen et al. 1994, Ofman et al. 1995) then the time
of maximum ohmic dissipation is obtained iMp

(26)

(20)

in seconds. For high Lundquist number $ "" Wl';l,
we get 102 to 10il seeends of mexlrnura f)Hase.mining
ohmic dissipation (Woo, 1996 and Malara at a1. 2001).
Phase-mixing is the main meehanism which is respon-
sible for keeping hot coronal loops, provided that the
disturbances (pulses) are repeated severally, According
to Naraln et al, (2001) a shear Alfven wave prol'lagattng
in a laterally Inhomegeneeus structure develops strong
velocity gradients clue to phase-mlxing. From fig(l)
it is clear that the location of ohmic dissipatit)l'l and
their corresponding maximum value can he tl!itimat€ld.
However fig(2) represents that the hight of IHalidmum
dissipation depends on the value of 6 and thtl1'flfere on
the value of a , "7 and u, The clitolsi!}atloDheight de.
creases as 8 increases. A. highly ~ppl'eQifib~e work has
been done by Hood et <)'1. in this field. Th{;l ~tl'ong~ra·
clients are subjected to ohmic and ViiiOOUS dia~ipa.tiCln @0

(21)

(22)
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Figure 1: The ohmic dissipation as a function of height.
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Figure 2: The variation of heIght with respect to 6 for maximum dissipation.

that phase-mixing may greatly enhanced the damping
of Alfven waves and this provide mechanism for coronal
heating. It is concluded that the solar coronal heating
by Phase-mixing is the dominant process.
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