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HEATING OF SOLAR CORONAL LOOPS BY PHASE-MIXING

N.K. Lohani and Lalan Prasad

Department of Physics, M.B. Gouvt. P.G. College, Haldwani, Nainital - 268141, India

Received June 13, 2004

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 Alfvén waves. Under typical coronal heating conditions by ohmic
dissipation due 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 Alfvén 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 Alfvén gra-
dient (inhomogeneity in density etc.) the field line come
closer at points where the density is smaller and so the
larger Alfvén 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 ~ 10s
propagating in magnetic fields ~ 10G in a medium
having number density ~ 10*'em™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 more 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 al. 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 Alfvén waves. The Alfvén 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 Bg, 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 Alfvén 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 Alfvén 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
Alfvén 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 B(= Piper mal/Rnaqnetw) linearized re-
sistive MHD equations are

OV
67‘

0B,y
ot

dp1
ot

Here p and Bg are the equilibrium density and mag-
netic field, p;, p1, v and By are the perturbation of
the density, pressure, Alfvén 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 Alfvén velocity and wave
number

=V x (v x Bg) + VB, (2)

+pV.v =0 (3)

w(z) = va(x)k (4)

where k = ?T", and L is the loop length. For non dissi-
pative plasma the velocity gradient becomes
v

5 = vt (2). (5)

The linear Alfvén wave having its velocity
v = expliw(z)t — ikz]. (6)

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
(flat)

p = p(z) (7)

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

v =v(z, t)sinkzé, (8)
B, = B(z, t)coskze,. 9)

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 6
direction and we get

v = v(r, t)sinkzéy (10)

B1 = B(r, t)eoskzéy

(11)

by considering equilibriuin state so that the equilibrium

P = —VP1+ [(VXB1)XBo+(VXBo ><B1]+/JVV2v(‘I€)l°CIW is zero. We adopt the cylindrical coordinates

0 and z and we assume that p and By depend on
r and By is in the z-direction. Thus, the phase-mixing
equation can be obtained from equations (1) and (2) in
cylindrically symmetric model.
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However, for flat symmetric model the phase mixing
equation can be written as

0’B 0% 0B

ot 9z* Ot
from equations (12) and (13) it is clear that the two
different geometries can be studied by any one of the
above equation (12 or 13) is exactly the same by re-
placing x by r or vice-versa. Both term on right hand
side of equation(12) or (13) are responsible for phase-
mixing. The second term is of less importance for large
horizontal gradient.

= ~k2v,%(r)B + nV? (12)

= —k%v4%(x)B +n (13)

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
L. 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 =
This leads to the two boundary condition for amplitude
function of magnetic field '

B(z, 0) =1 (14)

B(0,t)=0 and B(oo, t)=1. (15)

In equation (13) v4? is the square of Alfvén speed can
be expressed in the form of

va(z) = vo’f(x)

where vy is a typical Alfvén 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=1 1 and x = ZTa

where a is the typical length-scale for variation of
Alfvén speed; 7, = (kvo)~! is the time for the Alfvén
wave to propagate along the loop. For the sake of con-
venience bars are dropped and we get,

(92B 9% OB

(16)

(17)
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where ¢ is the ratio of the Alfvén travel time (7 )to
diffusion time (74). We are not taking into the account
of viscosity for our further treatment. However, Hey-
vaerts and Priest (1983) and Ruderman (1999) included
a kinematic viscosity of the form p v V2 v since the
flow is incompressible for the Alfvén waves. The dissi-
pation coefficient changed from 71 to n + v 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 coeffi-
cient is parallel to equilibrium magnetic field. However,
for the incompressible Alfvén waves with no veloeity
component parallel to equilibrium magnetic field does
not contribute for 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 Dissipation

The presence of resistance in the medium by which the
energy of the wave is transfered into heat through ohmic
dissipation. The associated current, ewr] B = 4% J
suffer dissipation through the resistivity of the medium,
where J is the current density. The reflection of wave
propagating along field lines also causes momentum ex-
change between electrons and ions. The time taken to
reach a phase-mixed 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 coef-
ficients. Under initial condition =z = 0, H = Z/s the
ohmic dissipation become analytically obtained as by
using the formulism (Hood et al. 1997b).

P _ (& +1)s*B]

P §9,411/2

1+ 8254

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

(19)

[ v]

I '7}526”553/3. (20)
o

For maximum ohmic dissipation

Smaz ™ (2/8)"/? (21)
and
j? 2 .2/3

Above approximation is must valid for ds?,,, <<1.
Under usual condition fig(1) represent the ohmic dis-
sipation as a function of height for § = 1074 and n as

unity. However Hood et al 1999(b) having similar result
far 6 = 1078. However, there is also the magnitude of
the wave amplitude still to be ineluded. The maximum
ohmic dissipation scales H, under the consideration of
§ =n/(a*w) as

H, = 771/3“)2/%4/3 (23)

where a is the length-scale of the plasma. This equa-
tion represents that the amount of corenal heating
by phase-mixing are depends on the frequency, phase-
mixing length and resistivity. By integrating equation
(20), we get the total amount of ohmic heating under
considerable limits

P
Lods e i gl .
/\adzﬂwé aw. (24)

Thus, under the approximation the total ehmie dis-
sipation is depends on frequency and independent of
resistivity. This technique physically represents that
the ohmic dissipation. Fig(2) shows that the height of
the maximum ohmic heating as a funetion of 4.

4.0.1. Figures

5. Discussion and conelusions

The Lundquist number 8 followed by Hoed et al.
(1997b). In terms of the size of the coronal leep re-
gion A

A

-
Numerically by taking the loop length L ranging from
10° to 10® m, L/a ~ 10 and vao = 2 x 10° m/s

(Karpen et al. 1994, Ofman et al. 1995) then the time
of maximum ohmic dissipation is obtained as

S (25)

tmar = 83 x 1072 (26)

in seconds. For high Lundquist number § = 10'%,
we get 10% to 10* seconds of maximum phase-mixing
ohmic dissipation (Woo, 1996 and Malara et al. 2001).
Phase-mixing is the main mechanism whieh is respon-
sible for keeping hot coronal loops, provided that the
disturbances (pulses) are repeated severally, Aceording
to Narain et al. (2001) a shear Alfvén wave propagating
in a laterally inhomogeneous structure develops strong
velocity gradients due to phase-mixing. From fig(1)
it is clear that the location of ehmic dissipation and
their corresponding maximum value can be estimated.
However fig(2) represents that the hight of maximum
dissipation depends on the value of 4 and therefore on
the value of @ , n and w. The dissipation height de-
creases as d inereases. A highly appreciable work has
been done by Hood et al. in this field. The strong gra-
dients are subjected to ochmic and viscous dissipation so
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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 § for maximum dissipation.

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

Acknowledgements

It is a pleasure to acknowledge the kind hospitality of
Prof. N, K. Dadhich, (Director) Inter University Cen-
ter for Astronomy and Astrophysics (JUCAA), Pune.
This work is supported by IUCAA and we acknowledge
the co-operation of M.B.Govt. P.G. College authority.
Thankfully acknowledge UGC, New Delhi for partial
support through minor research project 2002 No. F6 -
117/2002 (MRP/NRC).

References

(1] Botha, G.J.J., Arber, T.D,, Nakariakov, V.M. and
Keenan, E.P. 2000, Astron. Astrophys., 363, 1186.

(2] Browning, P.K. 1991, Plasma Physics, 33, 539.
3] Davila, J.M. 1987, ApJ., 317, 524,

[4] Hood, A.W. Gongalez-Delgado and Ireland, J. 1997,
Astron. Astrophys., 324, 11.

[5] Hood, A.W., Ireland, J. and Priest, E.R. 1997b,
Astron. Astrephys., 318, 957.

(6] Heyvaerts, J. and Priest, E.R. 1983, Astron. Astro-
phys., 117, 220.

(7] Karpen, J.T., Dahlburg, R.B., Danla, J.M. 1994,
Apl., 421, 372.

[8] Malara, F., Primavera, L., and Veltri, P. 1996, ApJ.,
459, 347.



TITLE

(9] Malara, F., Petkaki, P. and Veltri, P. 2001,
Mem.S.A. It., T2, 574.

[10] Nakariakov, V.M., Roberts, B. and Murawski, K.
1997, Sol. Phys., 175, 93.

[11] Narain, U., Agrawal, P., Sharma, R., Prasad, L.
and Dwivedi, B.N. 2001, Solar Phys., 199, 307.

[12] Narain, U. and Ulmschneider,P. 1990, Space Sci-
ence Rev., 54, 377,

(13] Ofman, L. and Devila, J.M. 1995, J. Geophys.
Res., 100 A12 23413.

[14] Ofman, L. and Aschwanden, M.J. 2002, ApJ., 576,
1.153.

[15] Priest, E.R. 1993, Physics of solar and stellar
corona, Eds. J.F. Linsky, S. Serio, Kluwer, Dor-
drecht, p. 515.

[16] Rudenko, G.V. 2001, Solar Phys., 198, 5.
[17] Ruderman, M.S. 1999, ApJ. 521, 851.

(18] Tsiklauri,D., Nakariakov, V.M. and Rowlands, G.
2003, Astron. Astrophys., 400, 1051.

[19] Voitenko, y. and Goossens, M. 2000, Astron. As-
trophys., 387, 1073,

[20] Woo, R. 1996, Nature 379, 321.

[21] Yang, W.H., Sturrock, P.A. and Antiochos, S.K.
1986, ApJ., 309, 383.



