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1. Introduction

The solar atmosphets, from the photosphere to the corona, is strongly structured by magnetic field
and stretified by gravity. In such a medium the propagation of magnetohydrodynamic (MHD) waves
is extremely complicated, with the well known results of a uniform medium providing only a limited
guidance as well as to the bebavicur of the modes in the inhomogeneous atmosphere of the Sun. As
an illustration of solar stratification, it is curious to observe that in a region extending upwards from
the photosphere to tho low chromosphere, over which the temperature decreases from a photospheric
value of about 6000 K to about 4000 K in the chromosphere, the plasma density declines by two
orders of magnitude.

Magnetic fields introduce structuring into the atmosphere. At the photospheric level, the field
is found to occur in magnetic clumps or flux tubes, which are isolated from their neighbours. the
field strengths are high, generating a hierarchy ranging from 1.5 kG in intense flux tubes to 3 kG
in sunspots. Intense flux tubes are the ‘building blocks’ of the photospheric field; they are found
to reside preferentially in the down-droughts of supergranules and have a radius of about 10? km.
Posscssing such a small scale, they are below the resolution limit of ground based telescopes and are
consequently to be the subject of several space missions.

Sunspots reprcsents the largest spatial scale of photospheric structuring, possessing diameters
typically in tho 4 x 10® - 10* km range. Between the extremcs of the intense tube and sunspot, knots
and pores occur; field strengths are in the range of 1.5 - 2 kG and diameters of the order of 10 km.

Above the photospheric layers, in the low chromosphere, the isolated flux tubes rapidly expand
to merge with their neighbours, completely filling the chromosphere and corona with magnetic field.
The photosphere may be viewed as comprising of two media; a magnetic region where the plasma 8
is of the order of unity, and & weak field where S is very high. In the chromosphere, S is everywhere
of order unity or less; in the corona, the magnetic field is generally dominant with § << 1. Magnetic
structuring is also present in the corona. Whereas both structuring and stratification are significant
in the photosphers, stratification is less importent in the corona because many coronal structures
(such as loops) have scalos less than or at most comparable with the local pressure scale-height.
Thus, tho coromnal plasma is in some ways easier to treat analytically than the flux tubes of the
photosphere. Nonetheless, each region has its own set of problems. In the corona demsity and tem-
perature inhomogeneities are common.

2. Waves In flux tubes

The evidence for the occurrence of magnetic Qux tubes in astrophysical phenomena is increasing
all the time. Flux tubes (or Aux ropes) are believed to occur in extragalactic jets, in the magneto-
spheres of somo planets, and in the Sun. Indeed in the case of the Sun almost all of the magnetic
flux emerging through the photospheric surface is found to occur in concentrated forms, ranging in
scale from the visible sunspot to the sub arcscc intense flux tubes. Thus, the source of coronal or
solar wind magnetism is to be found in concentrated roots of magnetic ficld emerging from the decp
interior. Firstly, we note that a tube is a wave gmde. It permits waves to propagate without spatial
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attenuation. Thus a tube is likely to be a good communication channe! perhaps providing a connec~
tion botween an cnergy sourco and an cnergy sink. For example, photospheric flux tubes connect the
convection zone - an ample source of energy, especially in granules - with the chromosphere and the
corona. Secondly, we obscrve that a magnctic flux tubes is an clastic object (and so an eleatic, not
rigid, wgve guide) and as such is likely to respond to sudden changes by guiding waves. Sunspots are
known to support a wide variety of wave phenomena [1-8]. From an observational point of viow tho
clcarest evidence for flux tubes as magnetically distinct structures exists in the solar photosphere.
An cxcelient review on the dynamics of flux tubes in the solar atmosphere is presented in [9]. In
addition to this review, there have been other works on the observations of dynamics related to flux
tubes [10-19] and from theoretical pont of view [20-30].

2.1. Wave equations

The starting point for our discussion is the linear magnetohydrodynamic waves equations in a mag-
netically structured atmosphcre. In this discussion we ghall ignore & number of complications such
as nonlinearity, non-adiabaticity, curvature, parametric wave coupling, gravitational stratification,
and flows. All these cffects are likely to prove important in various circumstances, but a full as-
seasment of their significance is not yet available, though a number of aspects have been examined.
For axample, flows and nonlinearity have recently been discussed in a general form by Ballai and
Erdolyi {31], Ballai et al {32], and parametric mode coupling has been discussed in Zaqarashvili [33]
and Zaqarshvili and Roberts [34]. Our aim is to bring out the simplest form of the general features
of wave propagation in structured medium as they apply directly to oscillations, and this is most
conveniently done in terms of the lincar equations of wave motion.

Accordingly, we consider the linear equations of motion v = (v,, s, v;), written in tho form (sce
for example Roberts [35]),

3
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where the total pressure variations pr , given by
pr=p+Bo-B, @)
are related to the fiow v through
P — oy 32— polch + A)dswv. @

Here we have taken & non-uniform equilibrium magnetic field By = Bo2 which is aligned with the

z-axis of our coordinate system. The field strength By is such as to balance plasma pressure py,
through

v + §_§_ =0 (5)

P+3,)=0

The flow is v = v;Z + v., for component v, along the applied magnetic figld and flow v,

in the plane perpendicular to the applied magnetic field. Written in this way, Eqs (1)-(5) may be

applicd both to flux tubes, described by a cylindrical coordinate system (r, 8, z), and magnetic slabs,
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described by Cartesian coordinates (x, y, 2). Threo basic specds immediatoly arise in Eqs (1)-(4): the
sound speed ¢, = (Ypo/po)!/?, the Alfvén spoed ca = (B0?/upg)/?, and the slow magnetoacoustic
speed cr defined through

T (@ £ @

Each of thoso spceds is in general e function of the coordinate perpendicular to the appliod magnetic
field, be it tho radius r in cylindrical coordinates or x in the Cartcsian coordinates. Eqs (1)-(4)
are the basic cquations describing MHD wave propagation in a magnetically structurod medium,
with radial structuring in cylindrical geomotry and structuring in x in a slab geometry (Roberts
[35]). There is a rich structure in the equations, and this structure is important for oscillations. The
corona in particular, is gencrally considered to be a low 8 plasma, so that ¢, << c4; consequently,
the ordering of specds is typically cr < ¢, << c4. When applied to a discrete flux tube with
Alfvén speed ¢4 1nside the tube and an environment with Alfvén speed c4q, 8 further spoed becomes
important; it is the mean Alfvén, or kink spced, cx, defined through

= mcaA"'pﬂc?le
ex = ( Po + pe ) (1)

where pp denotes the plasma density within the tube and p. is the density in the tube’s magnetic
environment.

The speed cx is intermediate between c4 and c4.. In the extreme of a magnetic field Bp
being everywhere uniform with the tube deflned simply by virtue of a strong density cnhancement
(Po >> pe), then cx = V2ca.

The speeds ¢r and cx have beon recognized as important in a number of early studies in
connection with photospheric flux tubes (Defouw [36], Roberts and Webb [37], Spruit and Roberts
[38]) and coronal tubes (Wilson [39], Spruit [3], Edwin and Roberts [22]). The speed cx also arises
in the description of waves and instabilities on magnetic interfaces (Miles and Roberts [40]).

One solution of the above system of Eqs (1)-(4) is pr = 0 with v, = v; =0 and 8/86 = 0; this
describes a torsional Alfvén wave v = (0, vg, 0) which satisfies the wave equation with Alfvén speed
ca(r). More generally, when pr # 0, it is usual to describo pressure variations (and the associated
motion) in terms of a Fourier representation, writing

pr(r,0,z,t) = pr(r)ezpfi(wt + nd — ky2)], ®)

for frequency w, azimuthal number n = 0, 1, 2, ..., and longitudinal wavenumber k,. The resulting
equations may then bo simplified to yield the ordinary differential equation (Edwin and Roberts
[22])
33 1y )19 1 ar\ _ (2 + T
po(r)(k,c:(r) w )rdr m(r)(kgé(r) _wg)r ar [~ m*(r) + 73 pr, (9)

with m?2 given by,
(kic] — w)(kich —w?)

(S + A (kg —w)
Equation (9) possesses singularities at w? = k2c4 and w? = k3c}; these singularities generate the
Alfvén and slow continua, respectively. The presence of these singularities is an indication of a

number of interesting effects comnected with the phenomenon of resonant absorption (Goossens
[41]), of particular interest in coronal heating.

mi(r) =
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We consider the specific case of & flux tube of radius & (Figure 1), field strength By and plasma
density po embedded in a magnetic environment with field strength B, and plasma density p, :

Bo(r)=Bn, r<a, (10)

Bo(r) =Bm, r>a, (11)

and e similer expression for the density. The Alfvén, sound and tube speeds with the tube are ca;,
¢,1 and ¢, with corresponding values in the external medium. The equation is solved in terms of
Bessel function for pr as J.(ner) in r < g and K,(m,r) in r ; a, with the result,

po1(k3cd; — w?) Tn(noa) ~ poa(k3ch, — w?) Kn(mea)’

where (47 - K3k, - Biedy)

a _
"™ + k)W - ki)

m3 = (kich — w?)(kich; — w?)
¢ (Gt cha)lkich —wT)

Equation (12) is the dispersion relation describing waves in a magnetic flux tube that is embedded
in a magnetic environment; it applies when m. > 0, corresponding to waves that are confined to
the tube. The integer n that arises in the description of tube waves defines the geometry of the
vibrating tube, the case n = 0 corresponds to the sausage wave { a symmetric pulsation of the
tube, with the central axis of the tube remaining undisturbed ). The case n = 1 describes & kink
mode (involving lateral displacements of the tube, maintaining a circular croes-section, with the
axis of the tube resembling a wriggling snake). A sketch of the above modes is given in Figure 2.
Finally, there are fluting modes (n > 2), which ripple the boundary of the tube. Only the kink
mode displaces the central axis of the vibrating mode. The restriction m, > 0 imposed on the fux
tube dispersion relation means that the amplitude of a wave declines with radius r (> a) so that
far from the tubo there is no appreciable disturbance. Inside the tube (for r < a), the disturbance
is oecillatory if n3 > 0, or non-oscillatory (evanescent) if n§ < 0. Modes that inside the tube are
oecillatory in r are called body waves. In the strongly magnetized coronal plasma, the modes are
body waves. The waves aro dispersive, the phaso speed ¢ (= w/k,) of a tube wave depending upon
its wavelength 2x/k,, through the combination k,a. The dispersion relation (12) possesses two sets
of modos, namely fast and slow body waves. There are no surface (n3 < 0) waves. The fast waves
are strongly dispersive, and arise only if c4g > c41; if c42 < c43, then the fast waves are leaky and
propegate energy away from the region of high Alfvén speed. Fast body waves, then, are trapped
in rogions of low Alfvén speed, typically corresponding to regions of high plasma density. Regions
of low Alfvén speed in a strongly magnetized plasma provide wave guides for fast magnetoacoustic
waves (Uchida [42], Roberts et al [43]).

2.2. Than fluz tube waves

The region of the solar atmosphere lying between the photosphere and the coronsa is highly com-
plicated. It contains an obvious energy source for wave motions in the granules and supergranules
that reside in the convection zone, and it is a region of the Sun where stratification effects are most
pronounced. Added to this is the complex architecture of the magnstic field, wkich tends to occur in
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Figure 1: A simple model of a flux rube

concentrated structures (ranging from small-scale intense flux tubes through to porcs and sunspots)
in the photosphere but has spread out to fill the available plasma in the uppcr chromosphere and the
corona. This complex magnetic architecture, forming throe dimensional structures overlying regions
that are largely field-free, is difficult to model and the description of MHD waves especially complex.
One area whore dotailed theoretical studies are available is that of thin Aiux tubes. By assuming that
magnetism is confined to thin tubes which expand outwards with height, it is possible to describe in
detail the various modcs of oscillation of the tube. The applicability of such thoorics to oscillations
high above the photosphere, where the field has expanded out, is difficult to assess, but it secms
reasonable to supposc that the features predicted for thin tubes are approximate guides to what
might actually occur in this complex zone. The occurrence of Klein- Gordon oquation, describing
waves in flux tubes as well as sound waves offers some support that these descriptions aro useful.
The Klein-Gordon equation is given by

29 _aZ9  wg=o. (13)
Here Q = Q(zr t) is given by,
_ [po(2)An(z)A(2)]*?
=t = Po(Z)Ao(Z)C’(O)]

A(z,t) the tube area is related to the pressure p(z,t). (2, the cut-off frequency is a complicated
expression involving the density, tubo area, sound speed and the gravity.

The Klein-Gordon equation holds for a wide variety of thin elastic tubes. In addition to the
modes described above, we have other types of MHD waves such as shear Alfvén Waves, Magneto
Acoustic Waves, Internal Gravity Waves, Inertial Waves. These modes arise depending on the effects
of compressibility, gravity, rotation taken into account. More details on these waves can be had from
Priest [44].

3. Coronal waves

The high resolution observations of the solar corona by the instruments on board SOHO and TRACE
missions have brought us a breakthrough in the axperimental study of coronal wave activity [45]. The
majority of the coronal wave phcnomena discovered by these missions is associated with variations
of the EUV emissions produced by coronal plasmas. The characteristic spceds of the variations are
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Figurc 2: Different modos in a flux tube

found to be about scveral minutes. Obscrvationally determined properties of various coronal waves
and oscillations arc quitc different, allowing us to distinguish between scveral kinds of phenomena. In
particular, kink and longitudinal modes aro confidently interpreted in the data. The modes of other
types, in particular sausage and torsional, predicted by theory, havo not been identified in EUV data.
Howover, the sausago modes are believed to be routinely observed in the redio band. Unresolved
torsional waves can be responsible for the modulation of non-thermal broadening of coronal emission
lines. The observational discovery of coronal waves rcinforced wave-based theories of coronal heating
and led to tho creation of a new branch of coronal physics: MHD coronal seismology, first proposed
as a theoretical possibility by Uchida [46] and Roberts et al [43]. Measuring the properties of
MHD waves and oecillations (periods, wavelengths, amplitudes, temporal and spatial signaturcs,
charactenstic sconarios of the wave cvolution), combined with thcoretical modeling of the wave
phcnomena (dispersion relations, evolutionary equations ctc.), we can determino values of the mean
parameters of the corona, such as the magnetic field strength and transport coefficients. The first
practical implementation of this method was made by Nakariakov ct al [47] and Nakariakov and
Ofman [48]

Theorctical aspects of MHD waves in the solar coronal plasma have been investigated for decades.
Therc have been also several reports on the existence of MHD phenomenon in the solar corona [49-54].
With the spatial detection of oscillations by tho Transition Region and Coronal Explorer (TRACE)
spacccraft rocently, theoriecs on MHD waves tako on a8 new vigour. It has now proved possiblo to
systematically study coronal loop oscillations and their decay [55,56]. Oscillations in hot loops have
also been very recently detected by SUMER (Solar Ultraviolet Measurements of Emitted Radiation)
spectrometor on the Solar and Heliospheric Observatory (SoHO) [57,58]. The theory of coronal
loop oscillations has recently been reviewed in [59-63]. However, it is evidont that the subject is
devcloping apace, led by the recent observational discovenes which have prompted a re-examination
of theoretical aspects.

3.1. Acoustic waves wn coronal loops

Slow magnetosonic waves (acoustic waves) are an abundant feature of tho coronal wave activity,
known from observations such as SOHO/EIT, UVCS, SUMER and TRACE. Theso modes are lon-
gitudinal in nature, perturbing the density of the plasma and the parallel componcent of the velocity.
Both propagating and standing waves are observed.
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3.2. Propagating longtudinal waves

With imaging tclescopes, propagating longitudinal waves arc obscrved in both open and closed
coronal magnetic structurcs. The standard obscrvational techniquo is the usc of the stroboscopic
method : tho cmission intensities along a chosen path, taken in differcnt instants of time are laid
side-by-side to form a time-distance map. Diagonal stripes of these maps exhibit disturbances which
change their position in time and, consequontly, propagatc along the path. This method allows the
determination of periods (or wavelengths), rclative amplitudes and projected propagation speeds.
The first obscrvational detection of longitudinal waves came from analyzing the polarized brightness
(density) fluctuations The fluctuations with periods of about 9 min were detected in coronal holes
at 8 height of about 1.9 Rg by Ofman ct al [64,65] using the white light channcl of the SOHO/UVCS.
Theorctical models of the propagation of longitudinal waves in stratified coronal structures (Ofman
et al [66], Ofman et al [67], Nakariakov et al {68]), describe the cvolution of the wavo shape and
amplitude with the distance along the structurc s in terms of the extended Burgers equation,

%é - A-—- azgz—g;g + asA% =
where the coefficients @), a2, as are in general functions of s and describe a; - the cffects of
stratification, radiative losses and heating, a3 - dissipation by thermal conductivity and viscosity
and ag - nonhnearity; and the § = s — C,t is the running coordinate.

Solutions of the above equation are in satisfactory agreement with the obscrved evolution of
the wave amplitude. Also, full MHD 2D numcrical modeling of these waves gives similar results.
The energy carried and deposited by the observed wavces is cortainly insufficient for heating of the
loop. Howcver, Tsiklauri and Nakariakov [69] has shown that wide spectrum slow magnetoacoustic
waves, consistent with currently available obscrvations in the low frequency part of the spectrum,
can provide the rate of heat dissipation sufficicnt to hoat the loop.

0, (14)

8.8. Kwk oscdlations

Movies created with the use of coronal imaging data show fast-decaying quasi-periodic displacemont
of loops, often responding to an cnergy release nearby, in a form of a flare or cruption (flare generated
oscillations). Analyris of 26 oscillating loops with lengths of 74-582 Mm, observod in EUV with
TRACE [56] yiclded periods 2.3 - 10.8 min, which is different for different loops. It is known that
coronal loops are anchored in tho densc plasme of tho photosphere, so0 it is reasonable to assume
that any motions in the corona are effectively zero at the base of a loop. The obscrved propertics
of these oscillations can be interpreted in terms of a kink fast magnetosonic mode [22]. The first
observation of kink oscillations was aftcr the flare on the 14th July 1998 at 12.55 UT. The oscillation
was identified as a global mode, with the maximum displacement situated ncar the loop apex and
the nodcs near the foot points. Using the above thoory Nakariakov and Ofman [48] estimated the
magnetic field m an oscillating loop as 13 + 9 G. The effect of uniform flows on kink oscillations
was studied by Satya Narayanan et al [27]. Wc briefly describe their results : Assumo the plasma
B << 1. The pressure balanco condition is given by,
By B;

po+—2;—p,+-27. (15)

For @ = pa/po, € = Up/ca1, = w/kca; and low-f plasma, it can be shown that

mo = k[1 — (z — €}/ = m;, (18)
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me = k[l —az?’? =m?. 17

The dispersion relation for low-g plasma with flow can be written as,

[(z - &) - 1](1 - az®)*? + a(z® - 1)[1 - (z - €)*|/*F(m, m},a) =0, (18)
« .« \_ Km(mia)I},(m3a)
Flms,mes®) = ke (mzo)m(m3a) 19

The above relation (Eq. 18) is highly transcendental and will have to be solved numerically. However,
for ka << 1, ono can show that F(m},m3,a) = 1, so that the dispersion relation would reduce to,

[z €)? - 1](1 — az?)? + a(z? - DL - (z — €*¥2 = 0. (20)

For long wavolengths, the phase speed of the kink mode is about equal to the so-called kink speed
cx which, in the low-# plasma is,

2 1/2
1+ n,/no] CAL (21)
where ng and n, are the plasma concentrations inside and outside the loop, respoctively, and c4; is
the Alfvén speed inside the loop.

It was shown by Nakariakov and Ofman [48] that the formula for the kink speed can be utilized
to detcrmine the magnetic field as follows :

cxz[

/
By = () s = YL (1 + puf ). @)

3.4. Sausage oscillations

Modulated coronal radio emission which have periodicities in the range 0.5 - 5 8 have been interpreted
in terms of a fast magnetoacoustic mode, the sausage modo, associated with the perturbations of
the loop cross-section and plasma concentration by Nakariakov et al [70]. Quasi periodic pulsations
of shorter periods (0.5 - 10 s) may be associated with sausage modes of higher spatial harmonics
[43,48]. Thero have been quasi periodic pulsations in the periods 14 - 17 s, which oscillate in phase
at a loop apex and ite foot points which have been observed at redio wavelengths. These modes
have a maximum magnetic feld perturbation at loop apex and nodes and at the foot points.

The disporsion relation for magnetoacoustic waves in cylindrical magnetic flux tubes has many types
of long wavelength solutions in the fast mode branch (n = 0, 1, 2, ...) with the lowest ones called
the sausage (n = 0) and kink mode (n = 1). Kink mode solutions extends all the way to the long
wavclength limit (ka — 0) while the sausage mode has a cut-off at a phase speed,

Uph = VA2, (23)

which has no solutions for wavenumbers ka < k.a.
The cut-off wavenumber k. is given by,

oo [ G R0 - () (24)

- (‘"}z - 41)(”.242 -c) a
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Under coronal conditions the sound speed ¢, =5 150 — 260 km/s and Alfvén speed is v4 = 1000 km/s.
Thercfore,
Cs << Va. (25)

Here tubc speed is similar to sound speed,
CT 5 . (26)

Tho cxpression for tho cut-off wavenumber reduces to,

J 1
e m (_42) [(vaz/var)? — 1J1/2 (27)

For a typical density ratio in the solar corona (0.1 - 0.5), the cut-off wavenumber k.a falls in
the range 0.8 < kc.a < 2.4. Therefore, the long wavelength sausage mode oscillation is completely
suppressed for the slender loops. The occurrence of global sausage modes thercfore requires special
conditions : (i) very high density contrast pg/p., (ii) relative thick loops to satisfy k > k.. The
high density ratio pg/pe >> 1 or vaz/va1 >> 1 yiclds the following simple cxpression for the cut-off
wavenumber k.,

kca = 30(vA1/vaz) = J0(pe/ po)*/?. (28)

The cut-off wavoenumber condition & > k. implics a constraint between the loop geomctry ratio
€2a/L) and tho density contrast ratio (p./po) Which turns out to be,

L
5o ™ 0.65v/po/ pe. (29)
Also it can be shown that tho period of the sausage modo satisfies the condition,
Paous < 2ra ~ 2.62a. (30)

JoVA1 vA1

Obscrvations of radio burst emission from the ‘disturbed’ Sun at meter wavelength to
provide the bulk of available evidenco for coronal oscillations [71]. One of the important reasons
for this is the high temporal resolution with which data can be obtained. Also, according to As-
chwandon [51], the favourable conditions for MHD oscillations occur mainly in the upper part of
the corona. Since the radio cmission observed in the meter wavelength range originate mainly at
hecights > 0.2 Rg above the solar photosphero, they play an useful role in this connection. We
recently analyzed the data obtained with the Gauribidanur radioheliograph [72] and Mauritius radio
telescope [73] for quasi-periodic emission from the solar corona. Tho theory of MHD oscillations
was used to detormine the Alfvén speed and magnetic field. Tho cstimated values arc in the rangoe
800-1200 km/s and 3-30 G, respectively [74-76).

4. Summary

In summary, the observational and theoretical investigations of solar coronal waves is a rapidly de-
veloping branch of solar physics. Kink and longitudinal MHD waves with periods 2 - 16 min are
observed in the EUV. There is also strong cvidenco for the prescence of shorter periodicities in radio
and X-ray bands. High resolution obscrvations of solar coronal wave activity provide us with a ncw
powerful method for the investigation of the coronal plasma (coronal seismology). One of tho most
important missions to study the Sun is underway and is being developed in Japan. This is the
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Solar-B spacecraft, which is scheduled to be launched in the year 2008 [77]. The detection of MHD
oscillations is one of its main objectives. With thc advancement of technology which will enable
us to get more information of the Sun through observations with good resolution (both spatial and
temporal), more theoretical fmprovements nced to be carried out to interpret tho observations in
the years to come.

Acknowledgment: Thanks arc due to Dr. Swapan K Seha for his invitation to write this review.
We also thank the referoe for the critical comments/ suggestions to improve the manuseript.
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