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Abstract

Study of 'Solar magnetism' (totality of solar magnetic phenomena on different
scales) and its 'mechanisms' (physical processes responsible for the phenomena} {s ob~
vicusly essential for the advancement of solar and solar-planetary physics. Apart from
that, it has presently acquired immense importance in stellar physics as a part of the
study of non-radiative modes of energy storage and transport.

Mechanisms of most of the solar magnetic phenomena are not vet fully understood
owing to the uncertainties regarding the following three factors: (i) the depths at which
the observed flux tubes originate, (i} the inter-relation between the flux tubes and
the large-scale fleld and (iii) the processes responsible for production, mainienance
and periodic reversal of the large scale field,

A latest study of the preferred longitudes of sunspot activity reveals the presence
of non-axisymmetric oscillations Inside the sun. Such osctllations were postulated in

a model providing common phenomenology for three crucial factors mentioned above
but were not detected so far.

1. Introduction

By 'solar magnetism' | mean the totality of sclar mmagnetic phenomena on various
scales from ~1" to interplanetary distences and from a few seconds to milllenla. The
term ‘mechanisms' is used for the physical processes responsible for and participating
in these phenomena. The 'search' for these mechanisms is essential fops (i) understanding
physics of the sun, (li} understanding effects of solar magnetism on the Interplanetary
space and solar system bodies and (iii} advancement of stellar physics beyond the spheri-
cally symmetric, non-rotating, non-magnetic and non-oscillating (except radially), models,
The first two applications being obvious and well known, 1 shall review the third appli-
cation in a little more detail. I shall describe the three questions which are crucial
for the study of various phenomena In solar magnetism and briefly describe a phenomenn-
logical mode!l which provides plausible answers to these questions, Finally 1-shall report

on a new evidence which indicates that the baslc postulates in the phenomenology may
be essentlally valid.

2. Importsnce of Solar Physics for Stellar Physics

2.1 Conventional Model of a Star

The conventional mode! of a star has been a spherically syrmmetrie, non-rotating,
non-asclllating (except radially) and nen-magnetic body In which the energy is generated
near the centre and transported outwards by radiation, convection and acoustic shocks
which are distributed symmetrically In ali directions. '

2.2 Sun as We Know

The sun, as we now know, has been apherically asymmetric and magnetic at lﬁE.lst
in its outer atmosphere, and rotating as well as non-radially oscillating even in its
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Interior. It is now well recognized that non-radiative, non-convective, non-acoustic
processes associated with magnetic fields (viz. magnetohydrodynamical and plasma
processes) play a vital role in the physice of the outer atmosphere of the sun. Inside
the sun the thermal energy and gravitstional energy density is several orders of magni-
tude higher than the density of convective and rotational energy which are again several
orders of magnitude higher than the average magnetic energy density. However Lhe
magnetic energy is adequate to hest the sun's atmaosphere to ~10° K if It can somehow
be transported to,and deposited into, the atmosphere.

2.3 Evidence that Similar Processes may be Operating‘i‘n the Quter Atmospheres of
Other Late Type Stars

During the last decade the space observations have revealed the presence of
chramaspheric (~16* K), transition region (~10% KK) and coronal (~10% K) emissions from
stars of all spectral types. However the following characteristics strongly indicate
'that processes in the outer atmospheres of late type stars are ‘similar to those in the
sun's outer atmaosphere:

1. It has been known (Skumanich, 1974} that in cese of late type stars the chromo-
spherie,(Ca 11 K) emission and surface rotation both decrease with increasing age.

2. Light curves of RSCVn binaries indicate the presgnce of large 'groups' of dark
spots clearly breaking the spherical symmetry. The asymmetry is associated with
the faster rotating component (Hall, 1981),

3. Magnetic flelds of ~10* G have been inferred to be cccupying only a fraction of
the area on some stars where Raobinson's method of field measurement has besn
successfully applied (Robinson et al, 1980).

4, Rotation modulated {i.e. patchy) x-ray emisslon has been observed in' the case
of a partially eclipsing binary (Glbson et al, 1983).

5. Ratios of fluxes in chromospheric, transition reglon and coronal emissions from'

Iate)type stars indicate dependence on a single 'activity' parameter (Schrijver,
1983). ‘ : : ‘

6, In the case of early type stars the ratio of the x-ray luminosity Ly is»proportional to
the bolometric luminosity L .3 but in late type stars the two are uncorrelated. On
the other hand the ratio Ly: L, is well correlated to angular and surface veloeities
of rotation. Moreover, even the scatter from the mean relation is not related to
the global parameters like either effective temperature or the surface gravity
(Pallavicini et al. 1981; Walter & Bower, 1981; Schrijver, 1985).

7. The general association of hot (~10° K) coronae with low mass loss rates (~10""*
M y') and of cool (~10"-10% K) coronae with high mass loss rates (~10-%-10-8
y~!) show a striking similarity with magnetically closed 'active regions' afd magneti-
cally open 'coronal holes' in the sun's atmosphere (Stencel and Mullan, 1980).

8. 'Hartmann's (1983) model based on heating by alfven waves has successfully predlc'tad
the above two types of atmospheres.

24 Strides in Solar Research During Last Fifteen Years

Several major discoveries were made In solar physice during the last fifteen years
or 50, some of which made it possible to realize the significance of the abave stellar
observations and the others are expected to throw more light on the basic processes
in the envelopes and atmospheres of late type stars in general. Here I list those which
are most significant in my opinion. {I have not included in this the discovery of the
unexpectedly low flux of solar nutrinos since I am concerned mainly with processes
in the envelopes and atmospheres). '
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1, Most of the solar magnetic field 18 concentrated In strong thin, flux tubes with

Intensities ~10° G and cross-sections~1" at the photoaphere, oceupylng only a few
percent of the surface area (Stenflo, 1976).

2. The solar corona consists of three types of reglons: active regions, quiet regions,
~ and coronal holes and the major contribution to the soler wind comes from the
coronal holes which are magnetically open {Golub, 1983),

3+ Besides the sunspot mssociated activity, there is another variety of activity seen
only In magnetograms and x-ray emission (appearing as x-ray bright points) which
consists of a large number of 'tiny' active reglons spread In alli latitudes upto poles.
The amount of magnetic flux asssociated with this actlvity is as much as that asso-

ciated with the sunspot mesociated activity but the two varleties are out of phase
in the solar cycle {(Golub, 1980).

4, The magnetic structure of corona frequently {(~once a day) undergees large-scale
topological changes leading to ohservable effects at large distances {coronal transi-
ents in the interplanetary apace) (MacQueen et al. 1974),

5 The so called 5-min oscillations observed on the surface are in fact giobal, non-
radial, modes of large orders and & hast of new global modes are being discovered
yielding unamblguous information nn the internal structure of sun almost up to
the energy generating core (Deubner, 1975; Toomre, 1984).

6. Torsiorial oscillations have been discovered on timescales ~ 22 y at least in the
photospheric layers (Howard & Labonte, 1980).

These major discoveries during a span of only 15 years or so show that:

SOLAR PHYSICS 15 NOT A DEAD HORSE (AS SCIENCE MANAGERS ARE SOME-
TIMES LED TO BELIEVE), BUT IT IS A MARCHING MAMMOTH READY TO GIVE
SPACE PHYSICS AND STELLAR PHYSICS - (PERHAPS EVEN RELATIVELY AS
PROF, CHITRE POINTED OUT IN HIS TALK) - LONG RIDES IN THE FORWARD
DIRECTION.

3. Examples of Phenomena in 'Solar Magnetism’, the 'Mechanisms' to be Understood,
and the Crucial Questiona Common to all

3.1 The Phenomena

Here 1 list some phenomena in solar magnetism on various scales and the mechanisms
stil] not understood: '

1. The smalle-scale flux tubes in photosphere and chromosphere: formation, structure,
dynamics.

2. Sunspots: Formation, structure In large depths (e.g. energy balance, inhamogeneities),
internal dynamics (Evershed flow, waves and oscl!lations), decay.

3, Quiescent Prominences: Formation, structure {mass moamentum and energy balance),
disappearance.

‘4 Flares _and Transient Events:s Energy storage, instabllities - for relesse, release
of energy In different forms. '

5 Chromospheric _and Coronal Structurest Energy balance In chromospheric network
elements in quiet regions, energy transportydissipstion and disposa! in active regions,
{e.g. coronal loops), mr.ss, momentum and energy balance*in coronal holes.
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6. Solar wind: Mass, - momentumn, angular maomentum and energy transport above
quiet regions, active regions, and in coronal hnles.

7. Solar Cycle and Solar Dynamo: Processes responsible for production, maintenance
and periodic reversal of the large-scale field.

8. Modulation of Solar Cycle on Large-Time Scales: Maunder type minima and revival
therefromy long term stability In spite of such modulations.

4. The Crucial Questions in the Study of the 'Mechanisms’
4,1 The Questions

The progress in the study of the 'mechanisms’y of solar magnetism depends crucially
on the answers to the following three questions:

1. the depths at which the observed flux tubes originats,
2. the inter-relation between the flux tubes and the large-scale fleld, and

3. the processes responsible for the production, maintenance and perlodic reversal of
the 'large secale' field.

The first question coneerns the boundary conditions at large depths, the second
relates to the contribution of new modes of enpergy transport provided by the tubes
and the lateral boundary conditions, and the third questlon is important for answering
the first two questions. :

4.2 Tl_\e Answers Accbrlding_ to the Two Kinds of Models

According to the turbulent dynamo theory, the large-scale field is homogeneous,
it is maintained and reversed by differential rotation and convective turbulence, and
flux tubes are formed from the large-scale field by local processes like instabilitles.

However, turbulent -dynamo theory is not a single model, it is only kinematical
and its basic postulates contradict solar observations.

According to an alternativé phenomenological flux tube dynamo model (Gokhale
1977, 1984) the aforementioned crucial qliestions have the following answers.

(i) Strong, thin, topologically closed. magnetic flux tubes aere produced in 'clusters' by
locally non-linear Interactions of oppositely propagating azimuthal MHD waves,
nesr the base of the convection zone, in the presence of a homogeneous field which
is essentially a remnant of the previous cycle.

(i) The background field and the similarly oriented parts of the newly preduced tubes
emerge above the surface providing the two varieties of solar activity. The 'reversely’
oriented parts of the newly produced tubes stay behind, snd slowly d!ffuse Inside
the sun, thereby providing the rervesed 'homogeneous' background field for the
next eyele (and the process repeats). '

The advantages of the latter model are already discussed earlier (Gokhale, 1984).
Here 1 may only repeat that it 'provides for' consistency with all the twelve observational
constraints that a solar cycle model should eventually satisfy.

[ shall now present a latest result of an analysis of the longitudinal distribution
of sunspot activity which proyides ‘evidence for the existence of non-axisymmatric
aximuthal MHD oscillations as postulated In the above model.
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5 Azimuthal MHD Oscillations on Time Scalea Curhpamble to that of the Solar Cycle
and their Role in the Production of Sunspot Activity

5. Peaks in the Monthly Distributiona of Sunspots Activity with Respect to Heliographic
Longitudes

From Greenwlch phtoheliographlic results we have determined the monthly sumas
1AM of the observed maximum areas of sunspot groups which appesred in each 10°
interval of the heliographic longitude L, for eaeh month from January 1933 to December
1954, Each monthly distribution of LAN with Tespect to L shows one or two outstanding
peaks of widths ~30°%, with ar without a low random component. By taking running aver-
ages over three consecutive intervals at a time, we determine the lacations of the
centres of ‘these peaks within an accuracy ~15°, In floures 1a-1d we illustrate such

smoothened distributions of EApM for four months In different phases of the solar cycle
1933-1943,

5.2 Distribution of Peaksa in Longitude-Time Diagrams

In figures 2(a) we show by marked and unmarked bars the highest and the second
highest peaks, respectively, in the monthly distributions from January 1933 to December
1943 excepting seven months in which no spot groups. sppeared. In Figure 2Zb is shown,
without distinctlon, the distribution of bhoth 'first' and 'second' peaks during the cycls
1944-1954, Both diagrams reveal large 'volds' in the distribution of pesks suggesting
that the peaks may be located along some curves in the longitude-time plana,

In fig.2{a) we have shawn flve sinusoldal {four parameter) curves fitting the 'first'
peaks. Only two more sinusoldal curves are needed to fit all the 181 first and second
peaka. In Fig.2(b), all the 170 first and second pesks can be fitted by four curves {each
with seven parameters representing sinusoidal vurves with Ltime dependent amplitude
period and phase). The goodness of these fits are glven in Table L

Table 1

Statlstical properties of curva-flttlngs for the
distributions of 'first’ and 'second' peaks

Curve No. of rms - .
Cycle No. __points deviatlon___Probabllity
1 22 15°,3 0.99999
2 30 22,7 0.99999
3 42 27,0 . 0.99673
19334943 4 2102 0.99788
5 24 149.3 0.99999
6 18 23,3 0.99560
7 23 199,53 0,98609
All 191 259,3 (1-1071%)
1 40 2003
2 41 30
1944-1954 3 39 Y3
4 50 205 0,99999

All 170 299,3 (1-10-%%
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Fig.2. Locations of the centres of 'first' and ‘second’ highest peaks in the monthly

distribution of AN, and curves along which these are loecated. Bars represent 15° inter-

vals containing the centres of the peaks. (a) Solar cycle 1933-1943; Bars representing

the 125 'first' peaks are marked at the ends, and only the 5 sinusoidal curves fitting

these peaks are shown. Two more sinusoidal curves are required to fit all the 181 peaks.

{b) Solar cycle 1944-1954: The four approximately sinuscidal curves (each involving
seven parameters) fitting the 170 'first' and 'second! peaks.
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It is clear that most of the sunspot activity in each cycle can be considered to
have originated in the azimuthal .oscillations represented by the curves. The periods
of these oscillations corresponds to a slow MHD mode in a field ~10° G near the base
of the convection zone.

There remains a ressonable doubt about the uniqueness of the set of curves fitting
the peak in either cycle. However if it turns out that the peaks can be fitted to another
set of curves representing an alternative set of oscillations it would mean that the
sunspot magnetic flux tubes are produced by interaction of verious modes of azimuthal
MHD oscillations as suggested earlier (Gokhale, 1984).

If these results are confirmed by further detailed analysis, it would mean another
important advancement in the understanding of solar magnetism particularly in reference
to the erucial questions mentioned in sec.4.1.
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