THE TOROIDAL LARGE-SCALE MAGNETIC FIELD OF THE SUN
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ABSTRACT. This work has utilized daily Stanford magnetograms for construc-
ting synoptic charts of distributions of the magnetic field toroidel and ra-
dial components. Also, charts were constructed of the distributions of field
line slopes in the E-W direction. We obtained new insights into the structure,
dynamics and interrelation of the toroidal and poloidal field components. The
distributions of (average in latitude over the period under study) toroidal
and radial fields are compared with values obtained in previous studies.

TOPOMAAJNBHOE KPYIIHOMACITABHOE MATHMTHOE IOJE CQJIHIA: B peoTe NCHOXbL80Ba-
ANCh exelHeBHe Maramrorpaumu Cremdopmckolt oGcepBaTopxm sa nepwox gHBapb 1979 -
uall 1981 zxq nocTpoeHMs CMHONTHHYECKMX K&PT paciupefeAeHAS TOPOMASABHOr,O X pa-
AHBABHOrO KOMOOHEHTOB MATHMTHOrO noxf. [JoCTpoeHH TAKXe Ka&DTH DACHpeNeJeHMd Ra-
KAOHA CuAOBNX AMHME B E-W HanpaBaeHum. [JoXyueHN CBEIEHMS O CTDYKType, AMERaMKKe
¥ BS@NMOCBA3M TODOMASABHOI'O N MNOXOMABABLHOI'O KOMNOHEHTOB NoXd. PacmpeneseHmd
CpeXHMX NO mMpPOTE 88 NCCAeAyeMHEA NepNOA TOPOMASABLHOrO M paamaabEoro moxek cpa-
BHNBGDTCS CO SHAWEHMSMN, NOXYHYEHHNMM B NpeAweCTByXmMX padoTax.

VELKOROZMERNE TOROIDALNE MAGNETICKE POLE NA SLNKU: Pre obdobie januér
1979 a% méj 1981, z dennych magnetickych mép Stanfordského observatoria boli
vypo&itané hodnoty toroiddlnej a radidlnej zloZky masgnetického poIa Slnka.
Okrem toho bol urZeny sklon magnetickych siloliar v smere E-W. Bolli zf{skané
nové ddaje o 3truktire, dynamike a vzéjomnom vztahu toroidélnej a poloidélne]
zloZky magnetického polra. Stredné hodnoty toroidélnych a radidlnych zloZiek,
vypoditané pre celé uvedené obdobie, si porovnané s hodnotami obdrZanymi v ~
précach inych autorov.

1. INTRODUCTION

The study of the large-scale magnetic field of the Sun is confined mainly
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to the assumption about its radiality as well as to observations of the longi-
tudinal component of the full vector alone. In order to refine the extant mo-
dels of solar dynamo, and also those of the global field of the Sun, however,
requires information on the magnitude, structure and dynamics of the magnetic
field full vector. In this coimection, a method has proved useful which is di-
rected at obtaining the toroidal and radisl components from observations of
the longitudinal component of the full vector of magnetic field elements du-
ring their disk passage. Yet the method introduces a certain ambiguity in the
values of components obtained due to magnetic field evolution. Reliable re-
sults are obtainable only for large spatial and temporal averages (several so-
lar rotations). Thus, based on daily Mt.Wilson magnetograms for 1967-1973 Ho-
ward (1974) found that photospheric magnetic field lines during that period
were tilted (by about 0.8%) eastward in both hemi spheres. Using an improved
technique for singling out the magnetic field toroidal component from longi-
tudinal component observations with low spatial resolution but very high sen-
sitivity (of about 0.05 Gs) the Stanford group (Duvall et al., 1979) obtained
a number of useful, reliable results on the latitude-time distribution of the
value of the magnetic field toroidal and radial components. Svalgaard et al.
(1978 ) obtained a picture of magnetic field line distribution in the polar
zones.

In addition to average (for long time intervals) characteristics of the
toroidal and radial magnetic fields, it is also of interest to study their la-
titude-longitude distribution and dynamics on shorter time scales. In this pa-
~ per, daily three-minute Stanford magnetograms for the period January 1979 -
May 1981 will be employed for constructing synoptic maps of distribution of
magnetic field toroidal and radial components. Also, maps of distribution of
field line inclination in E-W direction are constructed, and mean values of
the two components of the magnetic field found for the period under study.

2., DATA TREATMENT TECHNIQUE

The method we are using to single out the toroidal and radial components
of the magnetic field full vector from longitudinal component observations, is
basically the same as one suggested by Howard (1974) and Duvall et al. (1979).
The method relies on the quasi-constancy condition for the magnetic field full
vector, H, for a selected point on the solar surface for the time it takes to
move from one disk adge to the other. This condition is satisfied reasonably
well for large-scale magnetic fields. Figure 1 illustrates how the method wor-
ks. Vector H is an arbitrary vector of msgnetic field strength projected into
the equatorial plane. In cylindrical coordinates it decomposes into a radial
component I-Ir (the part symmetric about the central meridisn) and into a toro-
idal component Ht (the antisymmetric part). The measured value of the longitu-
dinal field component H1 is represented as

H) = Hy cos X + Hy sin X ()
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CENTRAL
MERIDIAN

Fig. 1: The various components of an arbitrary magnetic field vector on the
equatorial plane. The inclination of the solar rotation axis to the
ecliptic plane is neglected. A is the solar longitude measured to the
east of the central meridisn with the (-) sign. Hr is the radial
component of full vectar H in cylindrical coordinates, with the axis
coinciding with that of solar rotation. !It is the toroidal component
of the full vector. HlE and Htw is the full vector projected onto the
line of sight east- and westward of the central meridian, respecti-
vely.

where A is the longitude which is considered positive westward of the central
meridian.

If one and the same element of the solar surface is observed at the same
longitude both east- and westward of the central meridian, then provided the
magnetic field is standard, the measured longitudinal component of field is

given by

H,g = H, cos A - Hy sin A (2)

HCW H, cos X + H, ein A 3)

where we may obtain

Hyp + Hoy “
= 4
i 2 cos &
Hep - Hpy
H, =
2 sin A (5)

483

© Astronomical Institute of the Slovak Academy of Sciences ¢ Provided by the NASA Astrophysics Data System



Fig. 2: Synoptic maps of the magnetic field longitudinal component (Hy),
constructed for heliographic longitudes L = 0°, L = -60° and L = 60°.

By _Hp - Haw

tgl =

(6)

where /. is the angle between vector H and the solar radius. Daily magnetograms
were used for constructing H" and HLE synoptic maps for longitudes :60° from
the central meridian, respectively (Fig. 2). The time delay for Hl' is

At = 'rcR/3

where T,y is the Carrington period. Using, then, expressions (4) and (5) we

constructed synoptic maps of the radial and toroidal components of the magne-
tic field for each solar rotation. That a toroidal component of the mean mag-
netic field does indeed exist is beyond doubt. Figure 3 presents the mean nma-
‘gnetic field measured as a function of longitude H ((,{) for the latitude zone

484

© Astronomical Institute of the Slovak Academy of Sciences ¢ Provided by the NASA Astrophysics Data System



1.0|F 0
t ° ° ° °
L “a - ®
L ) 3
05 305
- el
< T ° x
g o . L
= -
I -
-0sf ! ot
i ° g |
[ ¢ 8 r ° s °
s ° o f-[lﬁ_— °
[ SRS SN SR i TN SRR | : " L 1 1 1 1 1 N
-90° -60° -30° 0 30° 60° 9W° 0° 30° 60° 90°

SOLAR LONGITUDE SOLAR LONGITUDE

Fig. 3: The mean field, represented as a function of longitude for the lati-
tude zone 10° - 30°S for 1-28 June 1979. The quantity H, is repre-
sented as H, = H cos A+ Hysin?

10-30° during one rotation. Values of Ht and Hr were derived with the use of
expressions (4) and (5) for different symmetric longitudes. The insignificant
variations of Ht and Hr depending on the longitudes used indicate that we ha-
ve been justified in using equation (1).

3. RESULTS OF ANALYSIS OF SYNOPTIC MAPS OF THE TOROIDAL AND RADIAL
COMPONENTS OF THE LARGE~SCALE MAGNETIC FIELD

From the entire observational data set published in Solar Geophysical Da-
ta, we have chosen the series of magnetograms that involved the least number
of gaps in observations. The magnetograms thus selected cover the period from
February 1979 through October 1980. corresponding to the maximum and the be-
ginning of descent of the solar activity curve for cycle 2! as well as to the
time interval during which the polar magnetic field reverses its sign.

Figure 4 shows a series of daily magnetograms taken during the period in-
dicated above. Typical features of the evolution in the large-scale structure
of the magnetic field are evident. Early in the cycle, the structure was a ra-
ther simple one,-'ith the magnetic field being negative in the northern hemi-
sphere and positive in the southern hemisphere. During the period under inves-
tigation the field structure has a very complicated character; sector structu-
re is well defined. Unipolar regions form sectors which extend throughout both
hemispheres. An opposite-polarity magnetic field is seen to gradually emerge
at the poles, as well as the confident reversal of the polar field by the be-
ginning of 1980.
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?15. 4: The series of magnetograms characterizing the general evolution of
the large-scale magnetic field from May 1976 through April 1981. The
first magnetogram is taken from Duvall et al’s (1979) paper and the
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Fig. 4: remaining are from Solar Geophysical Data. Shaded areas correspond to
the positive longitudinal field (antisunward direction of the field
lines).
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Fig. 5: Synoptic maps of the toroidal and radial magnetic field. The isolines
for the toroidal field correspond to 0, + 25, +50, +100, %200, +400,
and to +600 4 T. The zeroth level is shown by a solid line. Dotted 1i-
nes correspond to the direction of the toroidal field rfrom west to
east and solid lines correspond to that from east to west. The isoli-
nes for the radial field correspond to 0, +100, #200, +500, +1000,
end to #2000 ,T. The first solid line correspond to the zero line.
Dotted lines correspond to the antisunward-directed field (-) and so-
1id lines correspond to the sunward-directed field (+).

This map has been obtained by aversging four seccessive synoptic maps
for the period from 17 June to 7 September 1980.

Figure 5 shows the structure of the mean toroidal and poloidal components
of the magnetic field. The synoptic map was obtained through averaging over
for solar rotations (17 June - 1 October 1980).

The toroidal magnetic field covers the entire surface of the Sun. The
preferential directions of the toroidal field in the S- and N-hemispheres are
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Fig. 6: Synoptic maps of the toroidal and radial field, depicted in Fig. 5,
are superimposed. The E-W directed (upper map) and W-E directed (lo-
wer map) toroidal fields are marked separately. The isoline levels
for the toroidal field (solid heavj line) correspond to +20, +100,
+200, +400, and to +600
field with the lower level of +100 /LT. The dotted line correspon-

ds to the '100/“

opposite with respect to each other. The direction (from W to E in the N-hemi-
sphere and from E to W in the S-hemisphere) corresponds to subphotospheric
flux tubes which give rise to active regions of cycle 21. This result agrees

10

T. Shaded areas represent

T level.

250°

the radial

with the finding of Duvall et al. (1979) for the cycle onset.

The distribution of toroidal field strength is non-uniform in longitude
and latitude. Figure 6 compares the synoptic maps of the toroidal and radial
magnetic fields. Hills of the toroidal field do not coincide with those of the
radial field and they show a tendency to displace into the region of the ra-
rial field zero line. This tendency is more clearly seen in maps for indivi-
dual rotations. We should like to emphasize the fact that the toroidal field
exists not only on Hall boundaries of polarity inversion of the large-scale
radial field but also on anti-Hall boundaries. As for Hall boundﬁries, it
might be expected that this is due to emergeing magnetic flux tubes. In order
to identify the magnetic field structure on anti-Hall boundaries let us look
at Figure 7 in which the arrows indicate the slope of the field vector with
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Fig. 8: The latitude distribution of the toroidal and radial fields based on
synoptic maps presented in Fig. 5. Figures a and b present the toro-
idel and radial fields separately for each sign as a function of la-
titude. Figures c and d present the mean toroidal and radial fields
as functions of latitude. The curves in Figures ¢ and 4 may be ob-
tained by adding together the curves in Figures a snd b. Figures e
and £ are taken from a paper by Duvall et al. (1979) and show the
latitude distribution of the mesn toroidal and radial fields avera-
ged over the period May 1976 - June 1977.

respect to the solar radius as well as the field direction.

Hall boundaries of the large-scale magnetic field polarity inversion are
marked by a double line and anti-Hall boundaries are shown by a signale line.
The field vector directions clearly reveal on the Hall boundaries an arch-like
structure of field whereas on the anti-Hall boundaries an "anti-arch" structu-
re of field is observed. The magnetic field there looks like an inverted arch
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Fig. 9: The heliographic distribution of the sigh of the toroidal mean mag-
netic field for several solar rotations for three periods whose mid-
dles coincide with May 1979, June 1980 and May 1981. N is the num-
ber of elements of a size of 5 x 5’ degrees for the selected latitu-
de with the (+) sign of the toroidal field. N~ is the number of ele-
ments with the (-) sign.

which is open high in the atmosphere and is closed in photospheric and subpho-
tospheric layers.

The latitude distribution of the toroidal field (Figure 8) shows maxima
in both hemispheres at latitudes :15-20°. The mean field strength in the regi-
on of the maxima is 1! to 1.5 Gs. At the beginning of the cycle the mean field
strength there was 0.1 Gs. Earlier in the cycle, toroidal field maxima were
located at latitudes 30-40° in the N-hemisphere and within 30-70° in the S-he-
misphere (Duvall et al., 1979).

It is interesting to note a peculiar feature on the synoptic maps of the
toroidal field (Figure 5). At latitudes over 40° in both hemispheres there
appears a region of a weak toroidal field (of 0.05 to 0.1 Gs) with opposite
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Fig. 10: A schematic representation of the structure of the large-scale magne-
tic field on the Sun. The transition from (-) to (+) is the Hall bo-
undary and the transition from (+) to (-) is the anti-Hall boundary.

direction as compared with lower latitudes. The area of oppositely-directed
toroidal field regions distinctly shows a tendency to increase at higher lati-
tudes at the time the polar fields reverse. This tendency is well traceable in
Figure 9 showing the plots of latitude distribution of sign of the mean toro-
idal magnetic field for three periods. The middles of these periods occur in
May 1979, June 1980, and May 1981 (plots I, II and III, respectively). On the
plots the Y-axis indicates values determined from

+
N

N+ N

where K* and N~ is the number of 5 x 5 degree elements of the surface respec-
tively with positive and negative direction of the toroidal magnetic field.
Therefore, shaded and non-shaded portions of the figure represent the areas
occupied by opposite magnetic fields. From these plots it is quite evident
that not only do the unipolar fluxes predominate in the S- and N-hemispheres
but so do the areas occupied byAunipolar fields.

The mean radial field strength at latitudes 0 + 30° varies from 1 to 2.5
Gs and the field direction coincides with the leading polarity over the cycle
while at latitudes over 30° it coincides with the trailing polarity in their
respective hemispheres.

The results we have obtained by analyzing the structure of the large-
scale toroidal magnetic field of the Sun led us to an idea of the general
structure of large-scale fields which may be visualized such as shown in Figu-
re 10.
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The observed toroidal field in the photosphere is associated with the
global subphotospheric toroidal magnetic field of the Sun which is postulated
in the Babcock-Leighton model (Babcock, 1961; Leighton, 1964). Emerging magne-
tic fluxes are observable as the toroidal component of field in the region of
Hall boundaries of radial field polarity inversion.

The toroidal field in the region of anti-Hall boundaries reflects subpho-
tospheric toroidal mesgnetic flux tubes which connect the leading to succeeding
portions of neighbouring bipolar msgnetic regions (BMO). Since the succeeding
BMO regions are observed to be moving poleward and the leading BMO portions
equatorward, this causes the subphotospheric toroidal fluxes to turn around
snd to produce a new poloidal field of opposite sign. The weak (about 0.1 Gs)
toroidal field of opposite sign that was detected at high latitudes, is, pos-
sibly, associated with the fact that the newly formed poloidal field produces,
as a result of differential rotation, & new toroidal field of the next 22nd
activity cycle.
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