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Abstract

Many of the osctllations observed at the solar surface have been identifted with
resonant normal modes of the entire solar body Accwrate measurements of frequencies
of these modes enable us to study the wnternal structure and dynamucs of the Sun
Ilelioseismology has prowided a handle to measw e the depth of the convection zone and

the primordial helium abundance, as well as the sound speed and the rotation velocity
throughott much of the solar inlerior

1 Introduction

Soon afler the discovery of solar oscillations when the solar physicists were
debating over the nature of observed oscillations, Lhere was an interesting paper by Mark
Kae (1966) on 'Can we hear Lhe shape of a drum " This question sounds absurd at first
sight since one normally assoclates a shapk with seeing rather Lhan hearing However, it
18 well known that the sounds of drum makes when 1l 13 struck are delermined by its
physical characleristies 1 e the material used, 1ts tautness and the size and shape

Drum vibrale at ccrtain distinet frequencies called normal modes The problem which
Kac posed is as follows

Suppose a drum 18 being played 10 one room end a peison with perfect mteh (e
one who ean identify exaclly all the normal modes of vibration) hears but cannol see the
drum Is 1t possibla for her to deduce the precise shape of the drum just from hearing
the normal modes of vibralions ?

Though this question still remains unanswered 1n the rigorous mathematical sense
it 18 found that a lot can be learnt rom the frequency spectrum This Is essantially
similar Lo the guestion the hehoselsmologists face today What can be learnt about the

internal structure and dynamics from the Trequencieas of the normal modes excited in
the Sun?

As a re ult of the inlerplanetary medtism it 18 nol possible to 'hear" the Sun
directly Bul intersslingly enough 1t 1s possible to "see' the sound waves This was
achieved by Leightan (1960) and Loighton et al (1962) by observing the Doppler shift
in the soler spectral lines It 13 well known thal for small veloclties the hift in wave
length 18 proportional to the line of sight velocily of emitting medium Thus 1f we
find the pectral ling to oscillate back and forth, then we can conclude Lhal the solar
surface is oscillating Imtial stucdies revealed a roughly oscillatory pattern with velocity
amplitudes of about 1 km/s and a period of roughly five minutes These were therefore
roferrad to as five minute oscillations Mow we know thet the pattern 15 actually a super
position of some 107 different modes, each having a amplitude of the order of 10 cm/s
tMore Informalion can be obluned if one takes a fourier transform of the velocily,
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Al) = Jvlt) explint) dt,

in order to get the power or amplitude A as a function of frequency w This showed that
most of the power 1s concentlrated around a frequency of 3 mHz although the individual
modes could not be resolved properly

As soon as this discovery was announced about & dozen theories were put forward
to explain the oseillations Each of these theories managed to get the period correct in
such a simple manner that it was embarassing for the theorists to explain why these

oscillations were not predicted earlier These early theories have been reviewed by
Stein and Leibacher (1974)

Ulrich (1970) and Leibacher and Stein (1971) independently proposed that these
oscillations may be acoustic {or sound) waves trapped just below the solar surface Ulrich
further showed that the frequencies of such modes will depend on the horizontal wave
number kpy (or wavelength 2n/k;;) For obtaining the spatial information 1n addition to
the temporal data the observations have to be repeated over a series of points on the
solar disk using a shit which was perpendicular to the solar equater Deubner (1975) made
Doppler velocity measurements spanning many hours over an equatorial strip on the solar
disk The Fourier transform 1n longitude and time resuited 1n power spsctrum

Alk w) = S Jv(x,t) explilkx + wt)] dxdt

Figure 1 shows the more recent results of Deubrer et al (1979) also shown are the
frequencies calculated from twao different solar models The general agreement between
the observed ridges 1n the power spectrum and the theoretical frequencies essentially
confirmed the hypothesis of Ulrich regarding the nature of five minute oscillations
This marked the beginming of the subject of helioselsmology The agreement between
theory and observation was of course not perfect and itwas realised that 1t can be
improved 1f the thickness of the convection zone 1n the solar model 18 larger than what
was supposed in contemporaneous models Thus for the first time helioseismology provided
us with a measure of thickness of the solar convection zone

Comprehensive review aof helioseismology are availlable and should be con ulted
for more details (cf Brown et al 1986, Christensen Dalsgaard et al 1985 Deubner
and Gough 1984, Leibacher et al 1985) here we will only consider a brief roview of
helioseismology wn order to introduce som of the basic concept and notation u ed
in the subject

2. Classification of Normal Modes

It 15 well known that every finite object like a tuning fork & drum or a tring
stretched between two fixed points has a set of normal modes of vibration and when
distrubed will oscillate in ome combination of these normal modes for example 1n the
case of a string stretched between two fixed points a distance D apart the normal modes
correspond to wavelengths of 22/n, where n 1s any positive integer, and hence only the
corresponding frequencies can be exeited The Sun being a three dimensional object
three integers would be needed to specify a normal mode

A gas sphere such as the Sun may be subject Lo many forces for example ga
pressure gravity electromagnetic forces and rotation If such a gas 1s disturbed then
these forees can act Lo restore the gas towards its initial state 1f 1t 18 1n a slable equili
brium or to drive 1t even further from initial state 1f the equilibrium 1s unstable If the
iniial configuration 18 stable, the gas will return to 1ts 1mtial state, but if dissipation
15 small 1t will pvershoat the equihbrium state and will keep oscillating about 1ty 1mlial
position The normal modes of the Sun can be analysed by consldering an infinitesimal
di turbance from 1ts equilibrivre structure with the help of the usual equations of Tluid
mechdnics  Since the perturbations are infimiesimal the equations may be linearized by
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neglecting all higher order terms 1n perturbations to get a system of linear homoganeou
equations (cf Unno et al 1979) leading to an eigenvalue problem Such equations can
have nontrivial solutions only under special circumstances giving the eigensolutions or
the normal modes

For a spherically symmetric equiltbrium stucture the normal modes can be expres
sed n terms of the spherical harmonies ng(e $), to express perturbations 1n the form

p(r@ ¢ t) - py(r} + prg {r) Yprm(® &) expliwgmt)

where p could be any physical quantity like pressure, temperature ete, p{r) 15 the
equilibrium value white the second term represents the infimtesimal perturbation Further
1f the perturbations are adiabatic 1e there 1s no heat exchange between different
fluid elements then & would be real and in that case ® can be identified with the frequency
of the normal mode The time period of oscillation is qiven by P = 21/0 It 1s customary
to measure the frequency in Hertz which 1s qiven by V= 1/P = w/Zr The integers
% and m detrmine the horizontal structure for the given mode, while n determine the
number of nodes in the radial direction The 1nteger % 1s referred to as the degres of
mede and can assume any non negative integer value, while m 1s called the azimuthal
order of the mode and can take on values in the range of 2to +& For m-0, & gives
the number of nodes as® varies from 0 tom while for m= £21t gives the number of
nodes 1n$ For other values of m the structure 1s more complicated For purpose of
Illustration the contour diagrams for a few of the spherical harmonics are hown In
Figure 2 The horizontal wavenumber associated with the mode can be 1dentified by
kﬁ: 2{&+ N/r? Further If the equilibrium state 1s spherically symmetric then Png m and
ng mwill not depend on m since results should be independent of the chaice of coordinate
Aaxes

The sumplest case 1s for &= m= 0 when the perturbations are independent of & of ¢
and hence spherical symmetry 1s maintained even 1n perturbed state and the entire
solar surface oscillates 1n phase Such oscillations are termed radial oscillations and
mast of the classical pulsating stars do execute radial osciliations For & >0 the peturba
tions are not spherically symmetric and are referred to as nonradial modes Further the
modes for & £3 are referred to as low degree modes while those for 4 .522100 -
mtermediate degee modes and for £ 2100 as the high degree modes This classification
18 mainly because different observational techmgues are used to study these differcnt
classes of modes

The frequency of oscillations s essenttally determined by the restoring force
and the inertia of the gas involved Perhaps the stmplest restortng force 1s compressibility
or gas pressure This gives rise to the sound waves or the acoustic modes In the absence
of other forees these follow the simple dispersion relationw® k®c?  where g 18 Lhe
sound speed

Another 1mportant force in the Sun 15 gravity or buoyancy giving rise to the gravily
mades, sometimes referred to as internal gravity modes to distinguish them from Lhe
surface graity waves As compared to the pressure which 1s 1sotropic gravity 18 a direc
ted force and hence the properties of gravity modes are quite differenl. from lhose of
acoustic modes Consider a small fluid element at radial distance r and displace 1t 1adially
by a distance Ar Assuming that the element moves adiabatically 1 e without exchanging
heat with the surrounding medium, and further as 1t reaches its new posttion 1t will
achieve inslantaneous pressure balance with the surrounding provided its speed 15 much
less than the sound speed Hence the density of this fluid element wiltl be

d

e~ Po (ﬁ_g)ad P

where p_ 1s the imtial density and AP s the decrease i1n pressure belween the two
levels The subscript ad denotes the adiabatic derivative The density of the surrounding
medium 1s

P
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SAMPLING OF SPHERICAL HARMONIC ng MODES OF THE SUN

Fig 2 Conlour plots of a sample of spherical harmonics Yy, Conlinuous curves represent
positive values while dolled curves represent negative values
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Hence the difference 1n densities 1s
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If pg < pg the element will continue to move upwards away from 1ts equilibrium posi
tion and the fluid configuration 1s regarded to be unstable and 1n fact such a condition
leads to convection This condition is realised 1n the stellar convection zones On the
other hand 1f p, > pg then the element being heavier will come down to its equilibrium
position In this case the element will execute a simple harmomie oscillation about
the equilibrium position with a frequency given by

2 _9q9 3py dP
Nov -85 GFadlF!

The frequency Ngy is called the Brunt Vaisala frequency It 1s obvious that gravity mnde

will reguire differential movement of fluid elements Thus, If we cansider the radial
modes where the entire surface moves in phase thers will he ne difference 1n density
between two neighbouring elements at the same radial distance and consequently there
cannot be any buoyancy forces and as a result there cannot be any rachal gravity modes
For nonradial modes we can have buoyancy forces and clearly there can arise gravity
modes Further the maximum of Brunt Vhisala frequency in the solar interior provides
an upper limit to the frequency of gravity modes

For the Sun to resonate with well defined frequencies these waves must be trapped
inside a cavity within the Sun, just hike the case of a string strelched between two
fixed points Obviousty the Sun does not have any rigid boundaries and hence 4 cavity
can form only if the waves are reflected by some mechanism If we consider a sound
wave travelling inwards in the Sun, then as it goes ingide the temperature and honcc
the sound speed inerea es and the wave 1s refracted more and more away from vertical
until the phase velocity becomes horizontal and the wave ls reflected back The radius
where this happens 1s roughly given by

2 LR 1) 02

2
ré i s - L
This frequency L is referred to as the Lamb frequency Thus waves with high frequency
will penetrate deeper down before being reflected while increasisng the value of £ will
result 1n raising the level from which reflection takes place In Lhe atmospheie tho
waves are reflected by steeply declining density and hence a cavity 1 formed within
which the acoustic modes are trapped

If one writes down the equations for adiabalic oscillations 1gnoring the perturba
tions In gravity, tt can be easily shown (cf Eckart 1960) that waves will propagate
only 1f

(a) w? > and w? > L*  (corresponding to ncoustic waves)

2
Nay

or by w? < and w? < L% (corresponding to gravity wave )

2

Nav
er situations the waves cannot propagate and are said to be evanescent, in which
ie amplitude generally falls off exponentially with distance Whal this mcan 1n
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mathematical terms 1s that 1n the propagating case the ergenfunctions have spatially

oscﬂlatorr character (t & of form Sin(kr) ar Cosfkr)), while in the evanescent case
thc eigenfunctions have an exponential form (1 e exp{skr))

In the Sun the frequencies L and Ngy vary with depth and hence the nature
of waves will also changs with depth Figure 3 shows the variation of L. and Ngy for 221
with radial distance in the Sun Note N gy 18 independent of & but L is roughly proportional
to & ind so far higher & the L. curve can be raised up appropriately The brunt Vaisald
frequency has two peaks one in the interior of about 470 WHz and one 1n the atmoaphere
of about 5 mHz, while 1n the convection zone N25V 15 negative If we consider a typical
g mode {gravity mode) frequency Vi then for r< r, w? >N, and w’{* and the mode
15 evanascent for r <r < w2<Né and w?< 12 and the mode behaves like a gravily
wave, for 1 <r <ps, w? <NBy, and (14\)/2>L.2 and the made 1s evanescent, for ry <T < Ty,
w >NE¥V and w?>1* and the mode behaves like an acoustic wave, for r > ry), w?< N"‘v
and w?>L? and the mode 15 evanescent Thus the mode 1s trapped in two dlffq'rent cavﬂxes
in one of which 1t behaves like a gravity mode while in the outer cavily comprising
mostly of Lhe convection zone 1t acls like an acoustic mode

At higher frequencics (v & 470 uHz) like vz the situation 1s more élear as for r<rs
and r >rg Lhis made 18 evanescent and hence 1t 15 an acoustic mode (o p mode) trapped
in the reglon rs<r <rg IL 15 clear that for frequeney v 2 5 miHz the fnodes will not be
trapped 1n Lhe Sun and hence at such frequencies we do not expect sharp rescnances
from the Sun Of course in solar corona the temperature once again rises to a million
degrees Kelvin or more and hence the sound speed and so the Lamb frequency will
once again rise and the high frequency modes can also be trapped 1n region including
the chromospheie and coronn But since the e regions are neilher very stabie in temporal
terms nor are the horizont4l variations negligible and a a resull we cannot expect
sharp rosonant frequencias 1n uch cases 1L 1s minteresting to note thal the observed spec
trum also does not exlend beyond aboul 5 mHz thu supporting the general piclure out
hnod shove

We have noted thel there may nol be a sharp dislinction between ravity and
acoustic modes 1n the Sun, as the same mode can act as acoustie mode 1n one region and
gravity mode i1 another region Nevertheles , a unique scheme has heen devised for
the nomenclature of the normal modes (cf Unno et al 1979) Tor a fixed value of & the
modes can be grouped in two serics Lhe acoustic modes pi1, pz, pa form a eries
wilh increasing frequency, whilp Lthe gravity modes di, gz, gs, form a series with
decrensing frequency and a limil poinl ab v= 0 In sddition we also have the so called
f mode or Lhe fundamental mode with frequeney in belween the g and py modes and
in gencral 1t ergenfunction docs nol have any nodes Asf +0 the frequencies of acoustic
modes Lend to a finite onzoro value while tho e of gravity modes tend to zero Frequen
cy of sall the modes ncreases wilh & and for the gravity modes 1t tends Lo a finile
limil equal to the maximum of Ny In the interior while for acouslic modes the frequency
tend Lo inflmty wilh £

A major difference between the normal modes excited 1n a string a3 compared to
those 1n the Sun 1s Lhat 1n Lhe case of a string all the modes are trapped in Lhe same
rcgion while in Lhe Sun different modes are trapped tn differenl regions This 13 a very
significant feature which gives the dlagnostic power for helioseismology Since each mode
samples a diffcrent region, by analysing a large number of modus we can study the
stratiftcation tnside Lhe Sun For example the frequency of acoustic modes 1s 1n some
gsunse a measure of sound travel time across the cavity and hence by measuring the
fiequencies of acoustic mode for a range of & and nvalues we can study the variation
of ound speed wilh depth {cf Gough 1986) Such a study shows Lhat the sound speed
agrees reasonably well with that predicted from the Landard solar model
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Fig.4 Power spectrum with frequency v of low degree full disk Doppler observalions
The upper figure shows the observations of Claverie et al (1984) for p modes, carricd
out 1n 1981 over a period of 88 days from Tenerife and Hawai providing upto 22 hours of

coverage per day The lower figure shows the results for g modes from combined data of
Stanford and crimea (Scherrer and Wilcox, 1983)
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3 Modes of Intermediate and High Degree

The ohservation of mades of intermediate and high degres require spatial re olution
in addition to the tcmporal resolution If we measure the radial velocity on a grid of
painls on the solar surface then by appropriate combinations we can 1solale the modes

with a given valuc of Land m In principle we can use the orthogonality Lo isolate
the rmaodes

qﬂ,m(t) = ST viogt) Yﬂ,m(e $)dd di

where appmp(t) 1 the amplitude of signal due to & m modes ap., could be fourier
tran formed to get Lhe frequencie wpg o for different values of n [Iqowever, there 1 a
problem herc because Lhe orthogonnlity can he uscd only 1if we have obaervations aver
the entire  olar surface while unfortunately all ob ervalions are necossarily restricted Lo
half the ol surface which 15 visible from o qiven point Further there 18 a projection
effect a we can only measure Lthe linc of sight component of velocily At the center
of the Solar disk the lLine of sight component will coincide with the radial velocily
but 1t other points there wiil be a confribution from horizontdl component also Decause
of Lhese offects 1t 1 not posaible to completely 1 olate mode for any fixed £ and m
valuc  Nevertheless we can find an appropriale combination which enhances mocdes
with given & and m as compared to olher mode  Thus the other modes will not be
completcly absenl but will appear with a significantly lower amplitudes  Thus n this
tase 1t 15 possible to identify the & and m value of a given mode purcly from observa
Lions The value of n can glio be determined by counting the ridge on W& plane in
Lthe power spectrum (Figure 1)

The acou tic modea of high deqgrec were fiest tdentified by Doubner {1J70) while
those of intermediate deqice woere firsl obscrved by Duvall and Harvey (1983) TMor
intermediate degrees Brown (1986) has measured froguencie  for modes with all vajues of
% and m and ustng the e departure fiom spherieal symmetry (for example Lhose due to
ratation) can be studied uch studies have cnabled helio erismologists Lo observe the
variation of rotation velocity with depth and latilude over almostLhe enbire solar interior
It turns out that the rotition role decrcases lightly botween 03 05 Ry while the
core ILsolf could be roliling 2 3 Limes fa ter than the wface The rofation velocity

of the core 18 nol very 1chinbly measured since very fow of Lhe modes Ludied penelrate
tnto Lhe core

A knowledge of the nternal rotation profile allows us to deduce the shape of
Sun s gravitational profile, with departure from sphericsl symmelry measured by Lhe
quadrupole component J»  The value of )2 18 very mmportant for the test of general
relativity by measuring the advance in the porihelhon of planet mercury, since a large
value of Jzwill produce the advance in perthelion by purely Newtonian effects due
Lo departure from spherical symmotry It Lurns oul thal the value of Jz most recenlly
e timated from helicseiamology 18 consistenl with tho theory of gt neral relativily

No gravity modes have boen reliably identificd for 2 2 4 and iL 1 generally belic
ved that Lthe amplitude of these modes al the solar surface will be Loo small for detec
tion {"rom theoretical considerations 1L can be shaown thal gravity modes of ntermediale
and high degree are seversly attonuated in the convection zone where they are evanescent,
and n fact the attenuation increases exponentially with £

4. Modes of Low Degree

The most accurate measurement of these modes hn been from the so called fuli
disk observations, where the hghL from the entire olar disk is used Lo study Lhe oseills
tions One significant feature of these observations is thal such ob ervations can also be
carried out for olher stars The first detection of five minule oscillations in ntcgrated
sunlight wasreparted by Claverie et al (1979) They found a set of disciele {froquencies
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with uniform spacing of 67 8 uHz with an amplitude of 10 to 30 cm/s, and interpreted
them as global oscillations of low degree Grec et al (1980) based on continuous observa
tions from the South pole for five days, have 1dentified similar globe oscillations
Using observations from the solar maximum mission satellite, Woodard and Hudson (1983)
have detected the same oscillations 1n intensity of solar radiation, with an amplitude of
a few parts 1n a million

It 15 quite clear that the modes of intermediate and high degree will average out
to essentinlly zero when integrated over the full disk, and so only modes with 2= 0,1,2 3
can have significant signals 1 such a power spectrum In principle there 18 no way
to assign the value of Lor m for a given peak in such a power spectrum since there Is
no spatial information associated In the spectrum Thus we have to appeal to theory
in order to identify the vatue of & for these modes For n>>% the frequency of acoustic
modes satisfy an asymptotic dispersion relation {Vandakurov 1967) of the form

Vo ® {n+&/2 + El)\)O + 8
where a and v, are constants and eng 1s a small correction to the first term Thus we can
see that for a fixed & the frequencies would be uniformly spaced to a first approximation
Further vng = Vp 1,842 8nd hence modes of degrees 0 and 2 and the modes of degrees
1 and 3 should contribute alte rnately to the grouping of peaks in full disk spectrum
Indeed this 18 what 1s revealed by observations To 1dentify the value of £ we have
to consider the difference

Y9 = Van V1 a2

It turns out that this difference 1s always positive and further for the same value of n
dne 18 proportional to (28+3) Thus, by considering the fine spacing between the scrics of
roughly equidistant pawrs of frequency we can uniquely 1dentify the value of & Tins
identification was further confirmed by the spatially resolved ohservations nf Duvall
and Harvey (1983) The n value cannot be identified except by direct comparison with
intermediate degree results For the Sun vy = 136 uHz while dpg = 10uHz

For compensating the lack of spatial resolution we need very high temporal resolu
tion in these observations in order to separate the individual modes with their frequencics
This requires a long and continuous observation since the resolubion of an  observation
Av ~ 1/T, T being the total duration of observation Thus to accurately measure the small
separation dng we require an observation spanming several days This is clearly impossible
from most of the places on the Carth That 13 why Grec et al (1980} carried oul their
observations from the south pole But even there because of weather conditions i
18 not possible to have continuous observations for more than a week or 8o An alternative
18 to combine data from mare than one station and this 18 done by the Birmingham
group (Claverie et al 1984) and thewr results are shown in Figure 4 They used two
stations one at Hawal and other at Tenerife 1n the Canary islands to gul a hetler
coverage of the Sun The analysis of power spectrum 1s not trivial since there arc large
number of peaks many of which are spurious The most important effecl comes in
because of regular interruption of observation due to the (day night) diurnal cycle and
this gives the so called side lobes separated by Av= 11 6uHz on either side of Lhe
actual pesks Further even a random data can generate iots of peaks in power spacirum
and sometimes 1t 15 not trivial to 1solate actual peaks from the nolse In fact quite
& few observers have claimed to detect (spurious) oscillations which were not confirmed
by subsequent work and several controversies have arisen in helioseismology To gel
long continuous observations of the Sun a Global oscillation Network Group (GONG) 18
being considered which poposes to use six sites around the world to observe the Sun

Full disk measurements should In principle detect g modes as well but to this
date there is no unambiguous confirmation by observations There have been a fow
reports of Identification of g modes by different groups (Scherrer 1984, Isaak et al 1984,
Frohlich and Delache 1984) but n all cases the frequencies do not agree with esach
other The only mode which has been detected by more than one observer 1s the 160 01
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min oscillation first reported by Severny et al (1976) and Brookes et al (1976) Even this
mode 18 conspicucusly absent 1n some of the observations {Kuhn 1986), and 1n any case it
is timpossible to 1dentify the n or & value from observations as most of these observations
have no spatial information Figure 4 shows the observed pawer spectrum in frequency
range of g modes due to Scherrer and Wilecox (1983) None of the peaks other than the
160 01 min have been conclusively 1dentified with solar oscillations

The asymptotic formula for g modes frequencies 1n the limit of n>> Ycf Tassoul

1980}
2 RZITEE
(I'I + 5 + b) Vng 5 -—-—'—'*5;—-—
Po £
or the period an P W (n + G b) ,

where b and Py are constants Thus in this ca e the periods will be uniformly spaced
Observers have tried to use this property to identify the g modes but the 1dentification
g not completely satisfactory so fan

The main problem with g modes 1s that 1n addition to the low amphtudes at
the solar surface, the g mode spectrum 1s very dense Consequently, a very high resolution
13 needed to separate the peaks In the power spectrum [urther since the periods are
large a very long span of observation 1s needed to measure Lhe frequencies with sufficient
accuracy The knowledge of g mode frequencies is very crucial for understanding the
structure of solar core, since these are essentlally the only modes which penetrate to the
center of the Sun

5 Conclusions

Heliogeismology has made 1apid advances 1n the last decade, though so far most of
the deductlons about the internal structure and dynarmics of Lhe Sun have been based
on the observation of acoustic modes The civse coupling between theory and observations
has enabled us to achieve this rapid progrese But of course a lot remains to be done
both on observational and theoietical sides Although the ohservations have put a number
of constraints an theoretical solar madels, so far the theoreticians have not been able
to produce a solar model which 1s consislent with all the observations

There are basically two different approaches which can be used in helioseismology
One of these I1s the so called inverse mothods 1in which using the ohserved frequencies of
the modes one atlempts Lo actually construct a solar model thal should reproduce these
observed fequencies Such approaches have been successful in terrestrial selsmolagy,
and are belng attempted in solar seismology as well for deterrmination of sound speed or
rotational veloeity in the interior {(cf Gough 1986)

The other approach 18 the so called dwect method 10 which one computes Lhe
frequencies of a known solar model and compare them with observations In general Lhe
two will not agree and so we can go back and changs some of the parameters or even the
physice adopted in the construction of theoretical modeis and try to get a better fik to
observations This approach has already ylelded some constraints on the primordial
helim abundance 1n the Sun (cf Christensen Dalsgaard and Cough 1980, 1981) The
knowledge of the helium abundance of the Sun also has a bsaring on cosmological Lhearies
The estimated value of 25% by mass for hallum abundance 18 consistent with the pradic
tion of the big band nucleosynthesis

Despite a concentrated effort by a large number of helioseismologists 1t has nat
been possible to generate a model which 1s in perfect agreement withobservations The
best results are obtalned for the so called standard model which has frequencie differing
by less than 10uHz from the observed values This corresponds to an error of about 0 3%,
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but 1t should be noted that this 1s much more than uncertainties 1n observations which 1
now down to TuHz Thi imphes that the standard model is essentially correct though
possibly there are still some small uncertainties The known uncertainties 1n theoreticnl
models come from following sources (1) equation of state of solar matter (2) opacitic
of solar matter (3) nuclear reaction rates (4) the improper treatment of radiative
transport in the atmosphere (5) uncertainties tn stellar convection theories (€) non adia
balic effects on solar frequencies, (7} turbulent pres ure (8) effects of magnetic fietd

Most of these sources have been examined by various workers and in many o1 ¢
uncertainties of a few microhertz have been ascribed to the e cffects Customarily L
theoretical frequencies are calculated by neglecting all non adisbatic effecls In perturba
tion equations OFf course we know that this approximation 1s not strictly correel  ince
there 15 radiative and cohvective transport of energy inide the Sun However, 1t 1
generally assumed that these effects are small and further there 1s no satisfictory wny to
treat convection Christensen Dalsgaard and Frandsen (1983) have shown that non adiabntie
effects due to radiative tansfer alone can explain about half of thc difference between
observed and theoretical frequencies for the low degree p mode Simalarly Ulmeh and
Rhodes (1984) have found that uncertamnties in stellar convection theories can change
the frequencies by a few microhertz

Apart from these sources of uncertainties one could question the ba e prineiple s
involved 1n standard solar madel, for uxample we ean assume that there ha been  omc
mixing 1n the core (Schatzman et al 1981) or we can a sume abnormally low helium
or metal sbundances Most of these nonstandard models were proposed Lo explain the
salar neutrino flux but these can be ruled aut by solar escillilion data Only nonstandard
model that yields better results for frequencies 1s that uing the o called WIMPs Lo
transport a part of energy flux in the interior (I aulkner et al 1986, DHppen et al
1986) However no one has yet constructed a model including WIMPs which aqiers
with all Lhe known frequencies of oscillations and hence 1t 1s difficult to say how much
better agreement can be obtained by these maodels Further f some of the «ffecls
mentioned above hke the non adinbatic effects are included in caleulaling the froquen ic
than the agreement of WIMPs model with observalions will mosl probably bt ome wor i
aince the frequencies of the p modes tn this mode 1s nol very different from standard
model 1t 1s difficull to distinguish between Lhem using p mode results For Lhis fow
degree g mode would be mare useful The period spacing PO between Lwo consccutive
¢ modes of same degree can be caleulated for all modcls and that will enable us to o
tinguish between these models [Mor example the standard model predicts B, between
35 37 min, WIMPs model yelds 32 6 min while the mode! with mixing 10 Lhe core yield
57 min On the observational side Scherrer (1984) has reported a value of 386 1+ 05 min
while Isaak et al (1984) have reported 4132 + 012 min Thus 1f the obscrvations arc
confirmed then the WIMPs model can also be ruled oul

Although helioseismology has come a long way from its madest beginmng wilh the
work of Deubner (1975) and 1t promises to let us probe the inside of the Sun in ufficient
detail for testing the premises of stellar siructure and cvolution theory, but the excita
tion mechamism of these modes still remains a matter of controversy among helioscismo
logists The mades may be driven stochaslically by turbulence in Lhe conveclion zone (cf
Goldreich andKeeley 1977} with the excitation and damping proceeding almost continuously
in a spatially distributed manner In analagy with the standard stellar pulsation theory it
may happen that the modes are self excited, being able to extract energy from the
radiation fleld by something like the K mechanism (Ando and QOsaki 1975) ar by convec
tively driven instabilities (Antia et al 1982) So far very little observational nformalion
ts available about variation in phases amplitudes and lifetimes of these modes, and on
the other hand 1L 15 not easy to theoretically predict the smplitudes of these modes since
that wall depend on nonlinear effects
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