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Abstract

The mawntenance of the million degree solar corona continues to be a challenging
and an mspiring problem There are basteally 1wo different mechanisms of heating depend
ing upon the domnance or otherwise of the magnetic field The nonmagnetic or mechani
cal heating processes operate when mechanical energy in the form of acoustic waves s
avarlable for dissipation The magnetic heating mechanisms consist of dissipation of
hydromagnetic waves, anomalous dissipatton of currents and magnetie reconnection The
role of bright points wn providing large scale heating through numerous small scale
magnetic reconnections 18 emerging m a foreeful manner The motion of footpomnts
of lhese bmght points perhaps gives clues to the periods of waves which may also be
contributing to the heating

Heating of the solar corona 18 & million degree question, the answer to which
remains elusive inspite of the concerled efforts of many for many decades (Kupcrus
et al 1981, Wentzel 1987, Hollweg 1981, Pneuman and orratl 1986) The corona 18 conti
nuously losing energy and momentum through radiative, conductive and convective
pracesses The replent hmont 1in the form of mechanical and magnetic energy has o
come from within Lhe conveclion zone Since solar corona 18 highly structured due Lo
the pre ¢cnce of open and  closed magnetic field iines, the aner‘gy requirements
vary accordingly The cotona in its quiet phase needs ~3 x 10° ergs/em* sec, the coronal
holes need ~ 8 x 10° erg /em? sec and the actlve reglons as much as 107 ergs/fem® ec
In this review, the varlous proposals for coronal heating are discussed with a view
to find out 1f oul of a host of mechaniams one ar more stand out as more appropriate [t
is nlso pointed oul that dissipation of hydromagnetic waves, the anomalous dissipation
of current and magnotic reconnection hsted as difforent mechanisms are n fact Lhe
different manifestations, of a complex magnetic field configuration on varied spatial
and temporal scales

Mechanical Heating

Acouslic waves ere generated as a result of the turbulent motlons in the convec
tion zone via Lighthill mechamsm (Steln and Lelbacher 1980) The radlated power is
approximately equal Lo the energy density in the turbulent motions divided by Lhe time
scale of turbulent motions muttiplied by the efficiency factor Thus, the radiated power p
18 given by

p = (puz)%(k2)2n+1 (1)

where % 18 eddy size u 1s velocity and (&/u} s turnover time, (kﬁ,)zn” 18 the efflelency
factor and k 1s the wave factor of the acoustic waves Here n= 0 for a mass source, n= 1
for momentum source and n= 2 for quadiupole source of ermssion which corresponds to
Reynold's stresses and 19 the dominant process in the convection zone For acoustic waves
K= w/Cq and ufl = 1 ' ooy, so that k& = u/Cas = M, where w is the frequency, Cs 18 sound
speed and M s the mach number of turbulent motlons Using these relations, one finds
that the radiated power
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Since u 1s mode!l dependent the emission Is very uncertain For crude estimates one can
take p ~ 10 © gms/ec, Cs = 10% em/sec, (U/Cg) ~ -, and flux F = Pl~107ergs/cm?sec Thus
the flux seems to meet the requirement for coronal heating These waves travel upward
In the gravitationally stratified atmosphere 1n which fimite scale heights introduce cutoffs
in frequency and lLimit the propagation to large heights For conditions typical of the
temperature rminimum region of the solar atmosphere waves must have periods = 200 300

secs The upper corona does not receive sufficient acoustic flux
The energy flux carried by upward propagating waves of amplitude 8V 1s given by

F = plév)’Cq (3)
1

For constant gas temperature, the constancy of wave flux requires that §v « p 2 and
therefore the wave amplitude increases as It propagates upwards 1n a medium of decroas
ing density As the phase velocity 1s greater 1n compression than in rarefaction an
imitially sinusoidal wave steepens into a sawtooth form and develops into a shock (Kupcrus
1969) The wave mechanical energy 1s dissipated at a rate M/l where L, the dis ipation
length depends upon the period Short period waves dissipate low in the atmospherc and
long period waves dissipate higher 1n the corona 1f they can reach there Therefore 1cous
tic waves may be useful for heating the lower parl. of tht almosphere outside L
magnetic regions

Magnetic Heating

Recent high resolution studies of the outer solar atmosphere revealed that thy
corana 18 highly structured oonsisting of loop like slructures outhining the magne Ly
flield geometry The rest of the corona hag coronal holes wilh open magnetic Tield lines
Observations 1mply that coronal loops are the main sources of radiative losses and
therefare magnetic fields must be actively responsible for Lhe energy balance Magneti
fields can provide heating in several ways In addition magnetic field also play an
important role by confining the plasma and by inhiblting the transpoit proces es

The generatipon of waves from convective turbulence 1= modified by the presence of
magrietic field (Wentzel 1981, and references therein) New wave modes are exeilid,
the propagation and dissipation characteristics are changed Specific hydromagnellc
waves that are related to heating are slow and fast inagnetosonic waves and Alfven waves
Hydromagnetic waves sare gpecially sujtable for coronal loops 1ncc the latter can oct
as waveguides These waves can also transfer momentum to the solar wind The hydra
magnetic waves must have energy flux ~ 10° 107 ergs/em? sec in order to hest Uhe
corana The energy flux 1n a uniform medum is given by

F o= (pVVy
VA= BiVaTp

The amplitude b corresponding to the velocity V 18 found as [V/Va= b/B] [or F ~ 10%
ergs/em? sec, B = 10% Gauss and p ~10 ‘Sgma/ce the velocity amplitude V ~ 10° em/sec
This is uncomfortably close to the upper hmits placed on velocities derived from observed
line width Therefore simple energy considerations make wave heating marginally possible
The ather requirement 18 the right damping length It should not be s¢ short that the
waves never reach the corona and 1t should not be too long that they overshoot the
corona and act In the solar wind This constrains the perlod of waves for chromosphere,
corona and the solar wind The three different wavelength regimes are (Wentzel 1981)

1 Waves with periods of hours may be ceused by the slowest motions in or below the
photosphere The wavelengths are too large for the coronsl loops They can certainly
heat the largest coronal streamers and accelerate sclar wind
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pa Weves with periods of a few minutes certainly dorminate the photospheric motions

Their wavelengths sre comparabls to itoop radn These are surface waves and
travel along surfaces where the Alfven speed changes discontinuously In loops, a
large difference in gas density on adjacent magnetic flux tubes, provides a surface
of discontinuity Ionson (1978) proposed coronal heating by Alfvenie surface waves
which have several attractive features Waves with periods of a few minutes are
efficient carriers of energy over a cross section larger then that of the loop Due
to the resonance between the locsl Alfven frequency and the source frequency,
most of the energy s deposited in a thin reglton This provides a testable feature
of the theory The waves propagate with a speed which lies hetween the Alfven
speeds on the two sides of discontinuity The eassential form of dissipation oceurs
when the change in the field strength or density occurs over a thin but finite
transition zone The velocity amplitude becomes singular where the wave speed 1s
aqual to the local Alfven speed In this region, the MHED approximation breaks down,
1on gyroradius effects, slectron inertia become important and Alfven wave couples
to kinetic Alfven wave which suffers collisional damping Intense heating over a few
kilometers destroys the resonance between surface and kinetle Alfven wave

More self consistent treatment is expected to widen the sheaths Coronal loops
are believed to hava force free magnetic fields, hesating by Alfvenic surface
waves in such a field geometry has been considered by Krishan (1981)

3 Alfven waves with periods of & second or less may be exclted by the motion
of foot points of coronal leops These waves travel along the loop langth and
collide at the top which gets heated preferentially Gokhale (1974) and recently
Paiker (1987) has emphasized the role of X ray bright points 1n heating the corona
These are nothing but sites of nenoflares which being numerous in number can heat
most of the corang The study of motion of the foot points within the X ray bright
points can glve clue to the excitation of extremely short period waves These
waves cannot be observed directly The corresponding motions manifeat themselves
through Doppler widths However, 1s there a unique way of deriving waves from
Doppler width ?

Heating of Small Loops by Clectrc Currents

Alfven waves are good heating candidates for large loops They do not meet
the requirements of small, dense and Intensely emltting loops Dussipation of magnetic
energy I8 invoked in several astrophysical situations If reststance provides the heating,
then MHD must break down and in such clrcumstances 1t is more appropriate to lalk
of currents than magnetic flelds Solsr flares are be 1eved to be caused by currenl dissi
pation Its scaled down version may be adequate for general coronal heating The sources
of current lie in the convection zone If extrapolation of polential photospheric magnetic
fleld traces out loops in the corona then the current in the loops must be weak sgo
as to avoid large changes in the shape of the loops The stabllity of loops and the motions
near the foot points of loops suggest the continual generation and dissipetion of electric
currents (Tucker 1973, Nolte et st 1979, Rosner et sl 1978 a,b) | arge varation observod
in loop sizes and brightnesses hes led to two ways of current dissipalion Far very compact
loops the pressure balance 18 given by

Vp=JxB ()

Then one can consider the current dissipation as the consumptien of magnetic field, the
process ending with ita weekening due to diffuston For more extended loops, higher
in the corona, it is useful to consider basically current free configurations (the extrapola
ted photospheric fields) along which weak currents are driven from below the photosphere
The currents lead to a twisted geometry of magnetic field The energy assoclated with
these fields must be replenished In # few days If current dissipation is to match the
observed radiation losses The heat balance of a coronal loop Is described by
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where G 1s the internal energy the first and second Lerm on the right side describe con
duction and radiation losses respectively A typical temperature of 10®% K along a length
10'%cm 1s reduced signtficantly n an hour or so unless replemshment occurs that fast
Current dissipation 1s more efficient 1n narrow surfaces or filaments The joule heating
18 given by

EH = ng (6)

where resistivity n= a!m"n,'el/m2 s Ye: 18 the electron ton collision frequency and wyis the
electron plasma frequency 'lphe current density 3= neVpy when nis the electran density
and Vpyts the relative velocity between electron and lons Since conduction only redistri
butes cnergy the real reguirement is that heaking rate must be egual or gieater than
the radiation loss or

2
ey 2 (D n
where f(T) 1s the temperature dependent radiation loss factor Eq(7) gives
2 f(T)
Vo 2 oy {8)

Now the magnetic fleld 8B produced by the current J 18 given by

&ar ceB
Vx 88 = gdh o Vp = e T

where d&& 15 the width of the current channel

Therefore the condition on the width of current channel 1s found to be

cCéB /
5% < Zan /R ®

8% ~ 10% em for typical coronal perameters Larger Vpycan give higher currents which
can admit larger width of the current channef, but thi. brings 1n other offeects If the
drift velocity Vpyis larger than the 1on sound speed, ion acoustic instability 1s excited
which 1ncreases the resistivity nby several orders of magnitude (Krishan 1978) The
joule dissipation rate increases tremendously theieby easily satisfying Eq (7)

Magnetiec Reconnection in L.oops

Current sheaths are efficient siies for anomalous joule dissipation of current, but
due to the presence of tntense currcnt, they are alse susceptible te tearing tnstabllities
{(Spicer 1976 1377 Colgate 1978) A eangle current sheath can thus break up into a
multitude of current sheaths thereby providing right conditions for magnetic reconnection
It 15 proposed that coronal magnetic regions are heated with the dissipation oceuring via
minireconnections of current sheaths of thickness 01 1 km distmbuted throughout the
loops But how are current sheaths generated and maintained ? Now, cutrent sheaths are
essenttally sheared magnetic flelds One can slso look at them as Alfven or fast modes in
the inhomogeneous medium  In that case, perhaps Alfven wave dissipation and magnetic
reconnection are two languages for describing the same phenomena

Cireuit Approach

Plasma structures have been looked at as open or closed transmission lines
Attempts have been made to define circuit parameters such as impedence @ values,
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inductance, capacitance and resistance for coronal structures (Jonson 1982) This s
another language used te describe Lhe electradynamic coupling of photosphere, chromo
sphere and corona The circuit equations reduce to more conventional plasma heating
equations 1IN somc hmiting cases [or example for quality factor @ >> 1, the cireuit
equation describe an oscillator which 19 nothing but the hydromagnetic waves 1n case of
pla ma Power absorplion 18 maximum at the oscillator period This may correspond to
5 minute photospheric osctllattons which feed the corona The case G <1 corresponds
to current ch sipalion  Although, the circuit approach deals with coronal hcating at
a global scale, one has to fall bael on the microphysics 1n order to get any quantitative
estimates of the circuit parameters

Wrapping of Magnetic Freld Lines

Gold (1964) ugge ted Lhat coronal heating may be due to the continuous dissipa
tion of mall scale wrapping and twisting of coronal magnetic field lLines caused by
the convecllv motitons Parker (1983) has nadvanced this idea to show that the complex
twisted field geometry, re ulting from the motion of foot points, 18 prone to dissipation,
thereby tran ferring the mechancal energy associated with convection 1nto heat 1n
the corana The ob eivible features of this scenario are the X ray bright points The
amalysis of their motion may provide cilues Lo the possible existence of extremely short
period waves and therefore of small current shealhs
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