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SOLAR MAGNETIC FIELD AND ROTATION
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Indian Institute of A trophysics
Bangalore 560 034 India

Abstract

Sun'’s highly mnomogencous asymmetrical, and tume-dependent magnctic freld plays
a wvital role wn the non radiattve energy transport that maintain. the inhomogeneous
asymmetiical and time dependent almosphere of the sun so nich hotter than the surface
Along with convection, sun's rotatton plays an mpoitant role n maintairing the highly
whomogeneous and tume dependent magnetic field of the sun Iere [ briefly review

our knwwledge of magnetie field and rotation the two interrelated attributes of the sun
on various scales

1  Introduction

From the o ginming of Lhis workshop wt have beon hearing 2bout a diverse variely
of symnelry breaking and  Lime varying phenomena that heat Llhe sun's almosphere
i vartous way  Mosl of Lhese have rightly been blamed on Lthe una ma7gnetic Nield T
shall now bricfly review what we know, or do not knaw, sboul rhe magnelic field of the
sun The ficld eIl 19 believed to be maintained by dynamo processes tun by un's con
vectton and tobilion Wr him heard about convection frem Dr Narasimha [ shall

review hriefly whil we know aboul the sun's rotation befors proceeding Lo roview the
magnctic ficld

2  Sun's Rotation

Sun ¢ rotation wa discovored by Calileo In the beginmng of 17th Cenlury when he
studied sun pt thiough his teleseape 1l found that the daily positions of individunl
sunspot  Iifled systematically towards the western hmb of the sun's dhse [t soon became
obvious that this was nol possible unless the sunspots were indeed features on the sun's
sueface and Ll surface rolited about an axls whose direction does not differ much from
Lhe terie tr11] north soulh direction Soon the sunspot occurrence became rather scmice
for a period of aboul 75 years which we know as the 'Maunder mimmum' I was Carring
ton who latcr established the well known law of the differential rotation with a mean
sidereal portod of 25 38 days which has bean used to define the heliographic coordinate
gystern known by his name S nce then the rotation of the sun has been studhed by many
authors using dif ferent Lracers' and different methods

Since 1969 there have also been cirect studies of the rotation of the photospheric
plasma by mea uring the Doppler shifts of spectral lines A third melhod 18 based on Lhe
autoco 1elation of fourter analysis of the intenaity distribution of various emissions
on the sun's ciac Thi mcthod gives some idea of the rotation of sufficiently long lived
features 1n the intensity distrlbution However, uncertainties in the heights of the line
formalion and tn the distiibutions of sizes and lLifetimes makes physical interpretalions
rather complicatcd
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2.1 Surface Differential Rotation

In tables 1, I and III are gwven the values of the ceefficienls tn the diffcrential
rotation formula

w = A+Bsin?+Can'o
between the angular velocity w and the heliographic lalitude 0 as determined by vartoui

authors using vartous methods (Schrotter, 1985 and references therein)

Table 1
Differential rotation from tracings of sunspots

Reference A B Perod

Single long lived and recurrent sunspots

Newtgn and Nunn (1951) 14 368 2 69 1878 1944
+0 024 £0 04

Ward {1966) 14 378 2 69 1878 1944
0 003 +0 08

Balthasar et al (1982) 14 34 1940 196
+0 08

L.ustig (1983) 14 38 257 1947 1981
00 007

Howard et al {1984) 14 393 2 9% 1921 1982
+0 010 +0 09

Lusttg and Dvorak (1984) 14 23 2 36 1948 1976

Balthasar st al (1985) 14 37 2 86 1948 1976
+0 01 +0 12

All Sunspots

Ward (1966) 14 523 2 69 190, 1954
+0 006 +0 04

Godoll and Mazzuccont (1979) 14 58 2 B4 1944 1994

Balthasar and Wohl (1980) 14 525 283 1940 1968
+0 009 +0 08

Arevalo et al {1982) 14 626 270 1872 19012
+0 014 +0 16

Howard et al {1984) 14 552 2 B84 1921 1902
+0 004 +0 04

Balthasar et al (1985) 14 551 287 1874 1976
+0 006 10 06

It 18 now weli accepted that sunspots rotate faster than the pholospheric plasma
and that the smaller or shortlived spoigroups rotate faster than the larger or long lived
ones (Fig1) Rotations of chromospheric and coronal features are similar 1o Lhose of
the photospheric plama or of sunspats depending on the features and their sizes (Table I11)

2.2 Time Dependence and Differential Rotation

From the study of the time dependence of the differentiai rotation of Lhe pholo
spheric plasma Howard and Labonte discovered torsional oscillations of the aUriy 1N
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Table 11
Differential rotatton af the photospheric pla ma

References A B - Period
Living ton 13 74 1966 1968
Howard and hartvey (1970) 13 76 174 219 1966 1968
Sinder ot a1 {1979) 135 1977
Hownard et 1l {1980) i3 95 161 2 63 1975 1977
Scherrer ot al {1980) 14 44 198 198 19746 1979
Peiez Carde ot il (1981) 14 32 1978
Duvall (1.82) 14 14 1978 1980
LaBonte and Howard (1982) 14 23 154 280 1967 1980
Howard et 1 (1983) 14 192 170 236 1967 1982
Snider (1983) 13 8 1979 1982
{ 14 15 { 1981
1590 1982
Snodgrass rt 1l (1984) 14 112 169 235 1967 1982
Shodgras  (1984) 14 049 1492 2 605 1967 1984
Koch (1.84) 14 20 1980 19261
Pierce and L opresto (1984) 14 07 178 2 68 1979 1983
Table 111

Diffcrenteal rolation from chromao pheric and  oronal slioctures

Refcrence A B Type ol strueclurc

Short hved featurcs

Milogevie (19.5)) § 14 14 318 Ca Kz facylne

Shorter & Wohl (197.,,1976) §1393+ 0008 29073 Ca bright motlles

Duproe & Honze (1972,1973) Y147 202 15 Lyman conbuwum emis
on

Siman nd Noyas (1972) ¥ 147 «02 7111 L yman conLtinuum bright
points 10 active regions

Golub and Vaiina (1978) as pholospheiie X ray emission leatures

nlasma as small, short lrved, larger
sungpols and longer hved

Liu and Kundi (1776) ¥145 £ 027 419: 30 Radio mm emissive ro

glona
Long hived featurcs and

Doppler ehills

Livingston (1969) ¥ 14 90 H Doppler shilts

Antonucct & Dadero (1977) § 14 33 0 34 Green corona lino

Antonucel el al (1977) § 1409 037 Long hved Ca K regions

d"Azambuna? (1948) ¥ 14 48 216 H filaments

Liu and Kundu (1976) ¥1473 028 105+ 146 Radio mm absorption
regians

Wagner (1975) § 14 33 039 EUV coronal heles mag

Adams (1976) ¥ 14 48 029 netic flelds surrounding
coronal holes

Timothy et al (1975) §1423:003 04 01 Coronal holes

¥ More Like sunspots § More hike photospheric plasma
[For references see: Schroter, 1985]
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which twao tatitude belts 1n each hermisphere rotate faster than the average loeal rate,
and each belt shifts fiom lhe pole to equator in 22 years, over a period of two peak to
peak sunspot cycle  Strong magnetic fields are associated with the latitudes of excess
rotational she ir created by the faster rolating belts (Migure 2)

Recently Cilman and Howard (1984) have found that the rotation rates of even
the sun paot gioups In variou  latitude zones vary systematically wilth the phase of the
solar cycle ( iguie 3)

22 Depth Depende nce of Rotation

Fram the hdhoseismologic )l measurements (of the average rotational splitting of
the frequencics of global acoustic modes) it has been shown that the eguatorial rotationsl
rate 1s ndepend nt of depth at least upto the bass of the convection zone {Brown,
1985, L 1bbr cht, 1286, Duvall et al 1986) However regarding the depth dependence of thu
differential rotation, there 1 a controvesy BOrown (19285) has concluded Lhat the rotation
13 much less diffcrential near and below Lhe base of the convection zgne than at the
urface Duvill et al (1986) on the other hand find that the differential rotation s
independent of depth it leqst upto the base of Lhe convection zone

3 Sun s Magnetic Field

Thal the sunipat have magnetic field o9 stiong as several kilogauss ~as discovered
by C Hale in 1908 by ob etving Zeeman sphtting of apectral hines This was the fuost
observation of 2 mgnetic field outside the carth The measurament of the guict reglon
field eludid ob cavers il Babeook an 1955 developed his method based on the large
gradicnts in the hine profile Since then dailly magnetic maps of Lhe sun have been recorded
by Mount Wilson and Kitt Prak obasorvers

In the early docade  of this contury Hale and Nicholson showed thal () majonity
of the potgroupi are magnetically bipolar, (1) the polarity orientations in the two
hemigphores are oppo (e and (1) the orientatlons in both hermispheres reverae from one
sun pot rycle to the pext  In 1959 Babeock found that even tho polarities of the field
near the poles reverse bul within a year or two after a sunspol maximum, before reversal,
the polarity near each pole 18 same as that of the leading spots in the corresponding
hemisphere This haa been confirmed dircetly for subsequent cycles, and tndirectly during
the carher sunspol cycles (Mokrov el al, 1984) Thus the sun has a "magnetic cycle' of
approxtmately 22 ycars periodicity (sec IM1g 5 In "Solar Activily', this volume)

31 Magnetic Field in Active Region

The magnetic feld in an sctive region, outside the sunspotbs, 18 in the form of
telumps ' or 'knot ' of sizes of a fow arc seconds and of field intensity 1 2 kilogauss An
active reglon staris by concentration of such knots near corners of supergranules Sunspots
are scen to grow and decay by converging or diverging movements of such "Magnetic
Knats  During the decay of active regions the 'chimps' or 'knots' spread aul forming
large scalc monopolar reqions in which knots of one or the other polarity sre numerically
mare abundant. Howard (1974} found thet streams of "following polarity" rush from
the active region latitudes to the poles within an year or two and seem to be responsible
for the reversal of the polar field This {s confirmed by corresponding motions of the H
alpha filamont channels that mark the average posltions of neutral lines in the large
scale field (Makarov el al 1983)
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Fig.3 Lower pand shows the 22 y period torsional oscillations of the Sun in the velocity
signal observed at Mount Wilson The contours are 15, 3 and 6 m s ! of excess (solid
cantours) or 'deficit (dashed contours} in rotational velocity campared to that grven by
the smooth averaged rotation latitde curve The upper panel shows magnetic flux 1n
four rotatlon averages The contour levels are 15, 36 and 6 x 10*' MX Both panels rep
resent data averaged in 34 equal intervals 1n sine latitude
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Frgefs  Magnetie fteld structure caiculated from the photospherie data
agreelng with the large seale stiueture of the corona seen on the hmb
with a coronal hole' ohgerved on the disc
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32 Fields 1n the Quiet Region

The field 1n the quiet regions 1s also In the form of clumps or knots of 1 2 kilogeuss
field (Stenflo 1984) these are normally concentrated along the boundaries of supergranu
lation cells which 1n turn coincide with the chmmnspheric emission network Be ldis
thegse there are knots of weaker field and magnetic flux ~ 10'% Mx, 1nsid= the network

Recently Stenflo and Vogel (1986) have subjected the 25 years magnetogram data
to spherical harmonie fourier analysis and shown that th  distribution of poloidal magnetic
field on the sun and its variation v bime can be described as a superposition of odd
modes of global, axisymmetric and os 1llation modes of odd parity having periods of ~24 v

Myself and Javaraiah have shown from analysis of sunspot data over five cycles
(1902 1954) that 1f we define a 'synoptic toroidal field' from the distribution of sunspols
(eg by attaching opposite signs to sunspot data in the two hemispheres and altering the
signs), then the synoptic toroidal field ean also be represented by a superposition ol 1%
symmetric modes of odd parity and 22 year periodicity The power spectrum of amplhludes
1s qualitatively similar to that obtained by Stenflo, from the observed poloidal field

33 Coranal and Interplanetary Magnetic Mield

Coronal magnetic field 1s not directly ohservable except in prominence and
during radio bursts [t can however be computed malang suitable assumplions using the
observed photospheric field as a boundary condition Assumption of a current free or
force free nature for coronal field reproduces the large scale structures In the corona
(eg 'arches, helmets, Streamers and "holes } reasonably well {eg Altschuler et al, 1977)
(see Figure 4) However considerable differences occur in respect of details on smaller
scales The electromagnetic current and forces are 1mportant in determining coronil
equilibria Interplanetary field can similarly be computed assuming a source surface ncar
the sun or using photospheric data and the value. measured by space crafts near the egarlh
A dominating feature of the interplanetary Field 19 1ts sectorial structure which iteclf
changes from time to time during the sunspot cycle

4, Conclusion

Sun s magnetic fleld 1a extremely complex, inhomogeneous and time dependent The
description vartes with the scale However descriptions on differenl scales are needed
to solve the magnetohydrodynamical problems asscciated with solar activity and wilh
the non radiative, non convective heat transpart that plays dormunant role in the equili
brium and energeties of the suns atmosphere Most madels ultimately depend upon
the boundary conditions at the maximum depths and the maximum heights re ached
by the field lines Hence most studies ultimately depend upon the theories of thin fulx
tubes and of the solar magnetic cycle Solar physicists 1n Indian Institute of Astrophysics
have therefore con~entrated efforts of studying these two areas
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