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Abstract

r

The synoptic appearance of solar maguatic sectors is studied

using 454 sector boundaries observed at earth during 1959-1973. The

sectors are ciesrly visibL in the photospheric magnetic field. Sector

boundaries can be clearly identified as north-south running demarcation

lines between regions of persistent magnetic polarity lmbalances. These

regions extend up to about 35'̂ ooTTafRuae om b•.)th sides of the e,uator. {

They generally do not extend into the polar caps. The polar cap boundaiy

can be identified man east-west demarcation line marking the poleward

limit of the sectors. The typical flux imbalance for a magnetic sector

Is about 4 x 1021 maxwells. y

r

i



The Sun's Magnetic Sector Structure

by

Leif Swalgaard

John M. Wilcox

Philip H. Scherrer

Institute for Plasma Rewea rch

Stanford University

Stanford, California 94305

and

Robert Howard

Hale Observatories

Pasadena, California 91101

The interplanetary magnetic field originates in the sun and has been

found (Wilcox and Mess, 1965) to be organized into longlived and large-

scale sectors of predominantly unipolar fields. The magnetic field struc-

ture curotates with the sun and evolves only slowly with time (e.g. Sval-

gaard and Wilcox, 1975). A similar ordering of the solar magnetic fields

has been demonstrated (Wilcox and Howard, 1968; Severny et al., 1970;

Sc:errer, 1973). These studies reveal a large-scale pattern in the photo-

spheric w gnetic field extending over a wide rrnge of heliographic lati-

tude on both sides of the equator. The boundary between oppositely dir-

ected fields was found to be nearly north-south crossing the equator. Such

boundari•.4 have been identified in computed cororal magnetic field (Wilcox

and Svalgaard, 1974) and associated with density enhancements of the white-

light corona near the sun by Hansen et al. (1974) and further observed as

distinct coronal streamers between 3 and 10 solar radi i from the center of

the sun by Howard and Koomen (1974). All these observations have been

organized by Svalgaard et al, (1974), into a simple model of large-scale

solar magnetic fields. We note that the sector structure of these flelds

exerts a controlling ii,fluence in shaping magnetic fields from the bottom

of the photosphere though' the corona and into interplanetary space to

Jupiter and beyond.

The large--scale nature of these fields is clearly illustrated by the

fact that the sector structure becomes increasingly more difficult to observe
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as spatial resolution increases. It is in fact maybe best observed with

no spatial resolution at all - observing the sun as a star, with tncrens-

ing resolution we allays find a more complicated magnetic structure; even

the polar regions and the classical unipolar magnetic regions (UMR s) are

seen to include magnetic elements of both polarities and even to be popu-

lated by tiny bipolar features (Busiba and Howard, 1965; Severnv,1967;

Harvey et al .,1975). There is now a growing acceptance of a further com-

plication, namely that most, it not all, observed magnetic flux outside

sunspots is concentrated into very small (<1 are sec) knots, normally not

resolved by solar magnetogeaphs. The field strength in these knots is

very high, of the order of 2000 gauss (Stenflo. 1973; Frazier, 1574).

Altbas.̂.i solar magnetographs, such as the one at Mt. Wilson, recurd ex-

tended regions of weak 'background' fields of onl y about 1 -5 gauss field

strength, such regions should not be considered to he unipolar weak field

areas. The magnetograph is basically a flux measuring device and will re-

cord the magnetic flux integrated over the aperture of the instrueent, if

the number of positive polarity ( field directed away from the sun) elements

or knots exceeds the number of negative elements, the magnetrw roph will

generally measure a positive excess flux for the integrating area. It is

this imbalance - as seen by solar magnetographs - that has been found to

be ordered in large-scale sectors. It is also this imbalance that controls

the structure of the magnetic field in the solar wind.

In the present study we shall utilize solar magnetogramis obtained over

the 15-year invez. 1 1959-1973 at Mt. Wilson Observatory t r confirm and ex-

tend previous conclusions about the sector -structured solar ougnetic fields.

The analysis covers 1} sunspot cycles and uses data - sola r as well as

interplanetary - that are obtained w.tth different techniques and with is-

proving quality over the years. These factors do not, however, 2--" to

have any significant influence on the results, which appear to be largely

Independent of the observing techniques and of sunspot cycle phase. The

solar magnetograms are used to construct synoptic maps of the magnetic

field distribution in heliographic latitude and longitude for each

Carrington rotaLlon in the 15 -year interval analyzed. The heliographic

longitudes of the solar sector boundaries were determined by adding 60 to
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the loWituwde of Central weridias at the ties of passage by the earth

of an I* ;rplametary sector boundary. The 4j day transit tins fron the

•	saw to t" earth of the solar wind plasm corresponds to about We of

solar rotation. Average synoptic saps were tbem eawipated for regions

centered on the solar sector boundaries and ortesdi .ng go
o
 of longitude

away from the boundary to both sides. M shall prinarxly discuss prop-

ertlos of these average saps which give a synoptic representation, of the

average latitudlmal and longitudinal eztemt of the solar sectors.

A description of the rt.wilson magnetograpb system is gives in

Noward ( 1974a). here we sots that changes in the systen occurred in Juan,

1963 and in the sussrr of 1946. The sector boundary passages are taken

from a compilation by Svalgaard (1973). Br Oore 1965 wry little spaco-

craft data is available so the boundary pasasgos daring 1959 . 64 are

mainly deduced fron polar geomagnetic data. The accuracy of this process

^-	disc:: 
zd 

16—
	 .,a ^ 	a,^. ^ A--, i

18rvi-scale features (i.e. the sector structure)of the interplanetary wg

-netic field.

Figure i shoes the average synoptic appearasoe of solar magnetic sec-

tors. The data have been divided into three intervals corresponding to

different phaseq of sunspot cycles 19 and 20. The loser paael shown the

result of superposing all the data for the entire interval 1901-1973 about

sector boundaries where the polarity chm *a from inwards to outwards (-,+)

and for sector boundaries with the opposite change of polarit (+,-). L

both cases 227 boundaries were avallablos and have been used in the analysis.

Iauards po>a rity (-) L shown is red color while outwards polarity (+) is

srwwn in blue. The lowest contour levels are A 0 . 23 gaass and reusioms with

average field strength below that are mot colored. The contour interval

1n, 0.5 Sense and regiw with field strengths above t 0.73 Gauss are shown

la heavy color. bo will lator disowns further details of the data analysis;

for the merest let as canssatrate on the physical content of the penult.

The sector boundaries can he Lbemtifid as essentially north-snatch ressimg

• denarcatiam lines between ezteuded regions of perrsistest sngsetic polarity

imbalamoes. `three regions eztssd up to about 35 0 of latitude on both aides

of the eQmtoir and for about 900 lomgitale away from the boom". They

3



•	 generally do not extend into the polar caps wbich seem to be '.argely

unaffected by the boundary. The polar field reversal near the nextstua

of cycle 20 1:% clearly seen. We can identify the polar cap boundary as

a generally east-wet destarcation lime narkiag the poleward limit of the

sectors. These observed properties of the large-scale pbotospberic field

are eery much as suggested an general grounds by 8valgaard st al. (1974)

in their discussion of large-scale solar fields.

The amount of information in Fitanre 1 is not exhausted by the above

comments, and we shall be concerned with further investigation of details

of these elusive and extended magnetic structures. Sons of these details

are related to differences between the appearance of the sectors at the

various epochs. The overall impression is, hosaver, one of consistency

and invariance. At all times, the sectors can be identified; they stretch

across the equator with no change of polarity, Lad the transit time from

the sun to the earth seer to be near 41 days (or 600 n4 rotation) through-

out the interval 1959-1973. The sector boundaries in the upper pbotosphere

(where the spectral line usad at Mt. Wilson - )15250 - is formed) run r.3rth-

south with no shearing or distortion by differential rotation. The field

•	 strengths in the sectors sees to be comparable to the polar fiel4i, and

during the descending phase of the sunspot cycle the net fluz from the

sectors and from the polar regions are also comparable (because the areas

are about equal) suggesting the possibility of a significant interplay

between the sector and the polar fields.

The Wt. Wilson magmetograph records the met magnetic flux over regions

of the order of 20 z 20 are sec as seem from the earth, equivalent to about

1 z 1 degree of bellograpbic coordinates near the center of the disk. If

the flux is very large, a saturation of the instrument occurs; this bap-

pens regularly within active regions. For the purpose of investigating

large-scale fields a further averaging of the fluxes over a large area

(4 x 10 degrees at oenter of disk) was performed. This larger area is

larger then most active regians, tending to lead to a cancellation of

root of the fluz from the bipolar regions. This can be directly verified

by the fact fiat the net flux from the larger area - containing an average

active region - is about one order of magnitude smaller than the flux from

4



•	web pole of the bipolur active region. Occasionally the cancellation

Im less crosplete and large, spurious fluxes row- It. Such cases of seal'-

-	,imile imbalance should be avoided in a study of large-•scale fields. This

statement is not true a rp iori, but sti t be verified observationally. In

computing the average synoptic saps of Figure 1, areas where the average

flux density exceeded 8 gauss were omitted. This corresponds to about 15e

of the data in the sunspot zones. If these few cases of high fluxes were

not omitted Mi sector structure was such less distinct, if discernable

at all. Including the strong field regions thus increases the noise

level to the point where the sector structure is almost lost. Therms is,

of course, nothing significant About the magnitude, 8 puss, of the tb resh-

old defining a strong field region to be omitted. With a larger nurser of

sector boundaries this threshold could be louvred. Various other thresh-

olds have been tried and it was found that 8 gauss gave the clearest sector

structure signal for the number of boundaries (9100) available for each of

the six average synoptic saps of Figure 1.

A consequencw of the fact that it is necessary to omit active regions

in order to extract a solar sector structure from the synoptic maps seems

•	to be that the sector structure is not caused by or controlled by the strong

magnetic fields of active regions. More directly this follows also from tte

existence and stability of sectors at sunspot minimum. large-scale and long-

lived solar magnetic fields are comweatloaally thought to be tte dispersing

remnants of the strong fields in active regions and sunspots. The follower

part of an active region drifts polevard as it expands and weakens forming a

unipolar magnetic region (UM), each UM has its smaller, wearer counter-

part - the ghost UM - that bas leader polarity and moves toward the equatr.r.

Both regions are sheared by differential rotation and the result of the whole

process would seem to be a zonal structure, where leading polarity would

accumulate in a belt or zone near the equator, and the following polarity

would form a zone polswards of the equatorial leading polarity zone. Stich

an arrangement is precisely what is observed (e.g. Howard, 1974s) and appears

also superposed on the sectorial structures of Figure 1. In particular, a

zoos of sagative (leading) polarity can be seen extending through the p •.isi-

tive sector of tbo (+,-) sector-pair during 1955-1969.
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	Harvey et al. (1975) extended their earlier (Harvey MW Martin, 1973)

study of Ephemeral Regions (ER). These are very small bipolar regions

•	found all over the solar surface; hundreds of ns are present an the sun

at any time even in the polar regions and in coranal holes (extended cream

of low teap_rature and density.!. The magnetic flux appeartag in the fora

oY BRs is as large as appears in regular active regions, bat the orientation

of the line connecting the two poles of the Eats is almost random - not nearly

east-west as for the larger active regiou&. It is not clear how the ERs are

dispersing or disappearing - their lifetime is only of the order of } day.

Due to the random orientation of the ERs very little order would be ex-

pected in the dispersinit flux from decaying Ephemeral Regions. The im-

portance of the 3Rs for the present study arises frog the demonstration

that not all magnetic structures and phenomena necessarily derive from

the dynamics of existing active regions. It is becoming increasingly

apparent that alternative interpretations are viable. Maybe the various

magnetic structures are all symptoms or byproducts of a number of different

•	processes operating on a broad spectrum of temporal and spatial soles.

Some of these processes may bo coupled in ways we at the present are con-

'	pletely unaware of. It is certainly true that the sun is more complex

on all scales that we thought just a few years ago. The concept of solar

sector magnetism (Wilcox, 1971) and its possible interplay with other large-

scale fields (Svalgaard et al., 1974) isolate but one aspect of this com-

plexity. The large scale - both spatial and temporal - of this aspect

suggests that a sector structure is among the fundamental prop-

erties of the sun and p7ssibly also of other magnetic stars.

The implication of the sector concept as stated above is that the

sectors are not 'ust particular arrangements of remnants of dispersing

active regions as discussed for instance by Hansen et al. (1974), but

are fundasr utal entities created !nd waintained independently of specific

active resigns. Physical processry that may lead to sector-like organ-

isation of the solar 1laldsin and below the photosphere have been dis-

cussed b• a number of workers W .g. Stiz, 1974; Suess, 1975; Wolff, 1975);

we have no assurance that the pose=bilities are exhausted by the serhanisms

proposed so far.
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We now proceed to a Quantitative analysis of the sector signal

In so vividly displayed in Figure 1. The solar magnetograpb data was

averaged over areas covering 10 of longitude and 1/30 of the diameter

of the disk in latitude. This swans that the ordinate of Figure 1

actually is expressed In units of sin b, where b is the heliographic

latitude. The contour lines were drawn from a 30 x 19 matrix of numbers

each expressing the average flux density for that particular area,

characterized by its distance from a sector boundary and from the equator.

Because the sectors extended up to or slightly beyond 30 0 of latitude,

we computed the average flux density for each average 10 0 longitude section

but including only areas within 32.2 0 of the equator, corresponding to 16

strips of each 1/30 of a diameter. In short, we are computing the i.eld

strength within a solar magnetic sector as function of distance from the

sector boundary. Again, data values greater that: i 6 gauss were omitted.

The result is shown in Figure 2, separately for (+,-) and for (-,+) sec-

for boundaries,

The flux density seems to attain its maximum value, about n.5 gauss,

sow tens of degrees from the sector boundary. The gradual c)iange across

the boundary say be related to variations in transit time or to local

deviations from a perfect north-south sector boundary. We shall not cos-

went further on this problem, but instead note that the field is not zero

at the boundary. In both cases a field strength of -O.OB gauss is found.

This discrepancy might be interpreted as a systematic error in the deter-

mination of the zero-level for the solar sagnetogrmph. This interpretation

Is supported by the finding by Scherrer (1973) that the correlation between

the photospberic magnetic field and the interplanetary field was best as-

suming a zero-level of -0.10 2 0.05 for the solar field. The average field

strength for the whole disk during the interval 1967-1973 was found to be

-0,071 gauss by Howard (197401 and might be interpreted as a zero-lwvel error, Be-

cause only the line-of-sight component of the magnetic field is observed.

ouch zero-level errors could arise from systematic differences between

the field inclinations to the radial in the photosphere and are thus not
•

necessarily purely instrumental, although they night very well be so.

It seem reasonable to conclude that the typical field strength within

7



a -olar magnetic sector, as observed liy the Mt. Wilson magnetograph, is

r..:Aos^ 0.5 gauss. This is very similar to the typical magnitude of the

*:'-`, A field of the sun, i.e. the field observed using ,just integrated sun-

light with no spatial resolution at all (e.g. Scherrer, 1973). We again

remind the raider that what is roally observed in both cases is a flux

imbalance of the order of 2 x 10 21 maxwells. Due to various systematic

errors (e.g. Scherrer, 1973) this flux is probably too low by a factor

of about 2, raiaiag the typical avercge field strength to about 1 gauss

and the fInx to 4 x 1021 maxwells. It is interesting to note that about

1.8 gauss is required to give the observed radial component of 4 x 10-5

gauss of the interplanetary magnetic field near the earth assuming a simple

inverse-square scaling, We conclude that both the solar magnetograph data

7

the interplanetary field data indicate a flux density of the order of

gauss of the +pen field lines that extend into the solar wind. This

is about one order of magnitude smaller than the probable flux density

in the sunspot zones within t 400 of the equator (Howard, 1974b; Livingston

and Harvey, 1975) iadieating that most field lines are closed very near

the sun and that only about 1.0° of the flu_ is making up the interplaneta n•

magnetic field.

It was suggested by Svalgaard et al. (1974) that although sector bound-

ar±es are north-south in the photosphere they iay be tilted away from the

north-so gith direction at some distance from VAe sun. The various obser-

vations of sector boundary indicators that were discussed in the beginning

of the present paper say be utilized to investigate possible tilts of the

boundaries ns a function of distance from the sun. We will disc.iss t'_e tilt

In terms of the inclination of the boundary to the solar equator as measured

at the 11Ane of the solar equator.

We shall first consider tines away from sunspot maximum or more pre-

cisel y away from the polar field reversal. At such times an interplanetary

sector with the same polarity as the north(south) polar region is observed

at the earth to be wider wh:.n %e earth is to the north (south) of the

equatorial plane of the sun !nd to be narrower when the earth is to the
•

sou,O (nr,rth) of the solar equator• . The ma^nitude of this Rosenberg-

Colewan effect (Rosenberg and Coleman, 1969; N&egecock, 1975) is such as

8



r^ to indicate an inclination of about 15 0 . The streamers observed by Howard

and Koomen (1974) between 3 and 10 solar radii from the center of the sun

have been an indication of about 25 0 , while the streamers observed by Hansen

et al. (1974) at 1.5 solar radii are inclined about 45 0 to the solar equa-

tor. Finally in the photosphere - at 1,0 RE) - the inclination is close to

900•

Figure 3 summarizes all these observations and leads to the suggestion

that the inclination of the sector boundaries changes systematically with

distance from the sun as shown in the lower panel of Figure 3. Since most

of the &,ange takes place near the sun, we suggest that the sector structure

of the interplanetary magnetic field is confined to a rather thin regimen

near the solar equatorial plane. The implication is that in most of the

heliosphere the polar fields determine the polarity of the interplanetary

magnetic field. Near the time of polar field reversal the -ituation i4

much less clear and the geometry of the field at such times remains an open

problem. Out-of-ecliptic spacecraft at different phases of the sunspot

cycle should be instrumental in resolving these problems.

Acknowlodgements

This work was supported in part by the National Aeronautics

and Space Administration under Grant NGR 05-020-559, by the Atmospheric

Sciences Section of the National Science Foundation under Grant DES74-

190"	and by the Office of Naval Research Contract N0001.1-67-A-0112-

0068.

a

9



t

References

Bumtxt,

	

	and Howard, R,: 1965, 3rd Consultation on Solar Physics and

- drodynaaics, Prague, 24,

Fer.zier, E,N,: 1974, Solar Phys,,	38, 69.

Hansen, S., Sawyer, C. and Hansen, R,T,: 1974, Geophys, Res. Letters, 1,

13,

Harvey, K.L. and Martin, S.F,: 1973, Solar Phys.,	32, 389,

Harvey, K,L „ Martin, S.F. and Harvey, J.W.: 1975, Solar Phys	xx,

xxx .

Hedgecock, P.C.: 1975, Solar Phys., (in press),

Howard, R,: 1974a, Solar Phys.,	38, 283,

Howard, R.: 1974b, Solar Phys.,	38, 59,

Howard, R.A. and Koomen, M,J,: 1974, Solar Phys„	37, 469,

Livingston, W.C. and Harvey, J.W.: 1975, Bull, Am. Astron. Soc., 7, 346.

Rosenberg, R.L. and Coleman, P.J. Jr.: 1969, J. Geophys. Res„ 74, 5611,

•	Scherrer,P,H.: 1973,Stanford University Institute for Plasma Research,

Report No. 554.

Severny. 9_B.: 1967, Izs, Kriask, Astrophys. Obs., 38, 3,

'	Seveiny, A.B., Wilc-ix, _ 1 ,,Scherrer, P.H. and Cbmurn, D. S. : 1970,

Solar Phys,, 1s,

i

Stenflo, J.C,: 1973, Solar Fbvs.. 3:--, 41.

Stia, M,:i 1974, Astron, Astrophys „ 37, 121.

Suess, S,T.: 1975, J. As. Inst. Aeron. Astronautics, 13, 443,

ISvalgaard, L,: 1975, Stanford University Institute for Research Report

No, 6?9.

Svalgaard, L., Wilcox, J.M. and Duvall, T,: 1974, Solar Phys,, 37, 157.

Svalgaard, L. and Wilcox, J,M,: 1975, Solar Phys., 41, 461,

Wilcox. J,M,: 1971, in R. Howard (ed.),'Solar Magnetic Fields', IAU

Symposium, 43, 744.

10



Wilcox, J.M. and Ness, N.F,: 1965, J. GeophZs. Res., 70, 5793.

Wilcox, J.K. and Soaard, R,: 1968, Solar Phys., 5, 564.

Wilcox, J.M. and Svalsaard, L.: 1974, Solar Mys., 34, 461.

Wolff, C.L.: 1974, Astrophys. J., 194, 489.

il

s

11



Figure Captions

f •

•	Figure 1.	Photospberlc magnetic sector structure. Vt. pil6cm

magnetic synoptic saps have been superposed around solar

sector boundaries (see text). Inward polarity (-) is rod:

outward polarity (+) is blue. The contour levels are 20.25.

=0.75, 21. 5, ... puss. The upper panels show data for the

indicated years, while in the lowest panel the data for all

years is superposed around respective boundaries. In this

panel the polar fields are not shown in color because of the

averaging of cancelling fields from different sunspot cycle

phases. A small upward pointing arrow points to the central

meridian at the time of sector boundary passage at the earth.

Figure 2.

	

	Variation of magnetic field strength within solar sectors

as function of distance from sector boundaries. The average

field of loo wide longitude strips extending from 32 
0 

South

to 32 0 North is shown. The upper panel shows the result fnr

•	 227 (+,-) boundaries and the lower panel shows the result for

227 (-,+) boundaries. Time runs from left to right in this

Figure (as in Figure 1). The probable error of the avcraccc-

is of the order of t 0.1 gauss.

Figure 3.

	

	Schematic summarizing various observations of the in-

clination of sector boundaries to the solar equator. See

text for references. Short line segments indicate the in-

clinatioe of the boundaries and are marked with the inclina-

tion angles to the left of the molar disk and with the helio-

centric distances to the right. The lower panel shows the in-

clination, 1, as function of heliocentric distance.
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