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Abstract

The synoptic sppearance of solar maguetic sectorz is studied

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

sectors are clearly visibl. in the photospheric magnetic field.

The
Sector

boundaries can be clearly identified as north-south running demarcation

lines between regions of persistent magnetic pollrlty 1m1ueu These

regions extend up to about 35° of Iatitude o

They generally do not extend into the polar caps.

on hath sides of tho enutor.
The polar cap boundary

can be identified ss an east-west demarcation line marking the poleward

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

is about 4 x 10”

r—

maxwells,
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The Sun's Magnetic Sector Structure

by

Leif Svalgaard
John M, Wilcox
Philip H., Scherrer
Institute for Plassa Research
Stanford University
Stanford, Califormia 94305

and

Robert Howard
Hale Observatories
Pasadena, California 91101

The interplanetary magnetic field originates in the sun and has been
found (Wilcox and Ness, 1965) to be organized into longlived and large-
sczle sectors of predominantly unipolar fields, The megnetic field struc-
ture corotates 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 (¥ilcox and Howard, 1968; Severny et al., 19870;
Scherrer, 1973), These studies reveal a large-scale pattern in the photo-
spheric megnetic field extending over a wide renge of heliographic lati-
tude on both sides of the equator., The boundary between oppositely dir-
ected fields was found to be nearly north-scuth crossing the equator. Such
boundarie « have been identified in computed cororsl 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 coromal streamers between 3 and 10 solar radii from the center of
the sun by Howard and Koomen (1974), All these observations have been
organized by Svalgaard et gl. (1974} into a simple model of large-sctle
solar magnetic fields, We note that the sector structure of these fields
exerts a controlling irfluence in shaping magnetic fields from the bottom
of the photosphere through' 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 becomss increasingly more difficult to ocbserve




as spatial resolution increases, It is in fact maybe best observed with
no spatial resolution at all - observing the sun as a star. With increas-
ing resolution we always find a2 more complicated magnetic structure; even
the polar regions and the classical unipolar magnetic regions (UMRs) are
seen to include magnetic clements of both polarities and even to be popu-
lated by tiny bipolar features (Bumba and Howard, 1965; Severny,b1967;
Harvey et al .,1975). There is now a growing acceptance of a further com-
plication, namely that most, if not all, observed magnetic flux outside
sunspots is concentrated into very small (<1 arc sec) knots, normally not
resolved by solar magnetogiraphs, The field strength in these knots is
very high, of the order of 2000 gauss (Stenflo, 1973; Frazier, 1974).
Altbough sclar magnetographs, such as the one at Mt. Wilson, record ex-
tewded regions of weak 'background' fields of only about 1-5 gauss field
strength, such regions should not be comsidered to be unipolar weak field
areas, The magnetograph is basically a2 flux measuring device and will re-
cord the magnetic flux integrated over the aperture of the instruement, 1f
the number of positive polarity (field directed away from the sun) elements
or knots exceeds the number of negative elements, the magnetograph 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 megnetic field in the solar wind.

In the present study we shall utilize solar magnetograms obtained over
the 15-year interval 1959-1973 at Mt, ¥Wilson Observatory t- confirm and ex-
tend previous conclusions about the sector-structured solar magnetic fields,
The analysis covers 1} sunspoti cycles and uses data - solar as well as
interplanetary - that are obtained with different techniques and with im-
proving quality over the years., These factors do not, however, =eem 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 meps of the magnetic
field distribution in heliographic latitude and longitude for each
Carrington rotzt¢ion in the 15-year interval analyzed. The heliographic
longitudes of the solar sector boundaries were determined by adding 600 to




the longitude of cemtral meridian at the time of passage by the earth
of an iv. ‘rplanetary sector boumdary. The 4} day trausit time from the
sun to tae sarth of the solar wiad plasss corresponds to sbout 60° of
solar rotation. Average synoptic maps were them computed for regioms
mmummmmmmmmofumauh
away from the boundary to both sides. Ve shall primarily discuss prop-
erties of these average maps which give a syncptic represeamtatiom of the
average latitudimal and lomgitudimal exteamt of the sclar sectors.

A description of the Mt.Vilsom magnetograph system is givea in
Howard (1§74a). Here we note that chamges in the system occurred im Jume,
1963 and in the summer of 1966. The sector boundary passrges are takea
from a compilation by Svalgaard (1875). Bc“ore 1965 very little space-
crafi data is aveilable so the boundary passages during 1959-64 are
minly deduced from polar geomagnetic data. The accurscy of this process

has hown disacaad l.-'.; .—‘l—-ﬁ (1 .-) -l :....-‘ - -i. l_; ‘-:.-.__ P

large-scale features (i.e. the sector structure)of the interplanetary mag-
netic field.

Figure 1 shows the average synoptic appearance of solar magmetic sec-
tors. The data have been divided imto three interwels corresposding to
differeat phascs of sumspot cycles 19 and 20, The lower panel shows the
result of superposing all the datz for the eatire imtorval 1959-1973 about
sector boundaries where the polarity chamges from mmtoc;t-m#.ﬂ
and for sector boundaries with the opposite change of polarity (+,-). Im
both cases 237 boundaries were available and have beem used in the amalysis,
inwards polarity (-) is shown in red color wvhile ocutwards polarity (+) is
shown in blue, The lowest contour levels are £ 0.2 gauss and regioms with
average field streamgth below that are not colored. Ths comtour iuterval
is 0.5 gauss and regioms with field stremgths above % 0.75 gauss ar» showm
in heavy color, We will lator discuss further detsiis of the data caalysisz;
for the momest let us comcentrate om the physicsl conteat of the result.
The sector dboumduries cem be identified as esseantially morth-south rumsing
demarcation lines betweon exteaded regioms of poraistemt mmgmetic polarity
imbalances. These regicms extead up to sbout 38° of latituds om both sides
of the oquator and for about 90° lomgitude away from the boundary. They
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generslly do mot extend into the polar caps which seem to be largely
unsffected by the boundary, The polar field reversal near the maxisum
of cycle 20 is clearly seen. We can identify the polar cap boundary as
& generally east-west demarcation lime markimg the poleward limit of the
sectors, These ocbserved properties of the large-scale photospheric field
are very such as suggested on general grounds by Svalgaard et sl. (1974)
in their discussion of large-scale solar fields.

The amount of information in Figure 1 is not exhausted by the above
comments, and we shall be comcerned with further investigation of details
of these elusive and extended magnetic structures., Some of these details
are related to differemces botween the appsarance of the sectors at the
various epochs, The overall impression is, howaver, ome of comsistency
and invariance, At all times, the sectors caa be idomtifiad; they stretch
across the equator with no change of polarity, cad the tramsit time from
the sun to the earth seems to be near 4} davs (or 60° of rotatiom) through-
out the interval 1959-1973, The sector boundaries in the upper photosphere
(vhere the spectral line usad at kt, Wilson - A\5250 - is formed) rum north-
south with no shearing or distortionm by differemtial rotatiom, The ficld
strengths in the sectors seem to be comparable to the polar fields, and
during the desconding phase of the sumspot cycle the net flux from the
sectors and from the polar regions are also comparable (because the areas
are about equal) suggesting the possibility of a significant imterplay
between the sector amd the polar fields,

The Mt, Vilson magnetograph records the net magnetic flux over regioas
of the order of 20 x 20 arc sec as seen from the earth, equiwaleamt to about
1 x 1 degree of heliographic coordizates near the cemter of the disk, If
the flux is very large, & seturation of the imnstrumeat occurs; this hap-
pens regularly within active regions, For the purpose of investigating
large-scale fields a further aversging of the flumes over 2 large area
(4 x 10 degrees at center of disk) was performsi, This larger area is
larger than =most ective regions, tending to lead to a cancellatiom of
rost of the flux from the bipolar regioms, This can be directly verified
by the fact that the net flux from the larger area - containing an average
active regiom - is about one order of magnitude smmller tham the flux froam



wch pole of the bipolar active region, Occasionally the cancellation

iv less complete and large, spurious fluxes result, Such cases of smal'-
rale imbalance should be avoided in a study of large-scale fields. This
statement is not true a priori, but mu t be verified observatiomally, In
computing the average synoptic maps of Figure 1, areas vhere the average
flux density exceeded 8 gauss were omitted. This corresponds to about 15%
of the data in the sunspot zones, If these fow cases of high fluxes were
not omitted ths sectsr structure was much less distinct, if discermable
at all, Including the strong field regions thus increases the noise

level to the point vhere the sector structure is almost lost., There is,

of course, nothing significant about the sagnitude, 8 gauss, of the thresh-
old defining a strong field regica to be omitted. VWith a larger number of
sector boundaries this threshold could be lowered., WVarious other thresh-
olds have beén tried and it was found that 8 guuss gave the clearest sector
structure sigmal for the number of boundaries ("100) svailable for each of
the six average synoptic maps of Figure 1,

A comsequencs 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 comtrolled by the strong
magnetic fields of active regiomns. More directly this follows also fros thke
existence and stability of sectors at sunspot minimum, Large-scale and long-
lived solar magnetic fields are coaventicmally thought to be tie dispersing
remmants of the strozg fields im active regioms and sunspots, The follower
part of an ective region drifts poleward as it expands and weakbens forming a
unipolar magnetic region (UMR). Each UMR has its smaller, weaker counter-
part - the ghost UMR - that hes leader polarity and moves toward the equatcr,
Both regions are sheared by differential rotation and the result of the whole
process would seem to be a zomel structure, vhere lesding polarity would
accumulate in 2 belt or zome near the equator, and the following polarity
would form a zome polewards of the equatorial leading polarity zome. Such
an arrangeasnt is precisely wvhat is observed (e.g. Howard, 1974a) and appears
also superposed on thce sectorial structures of Figure 1, In particular, a
zone of negative (lesding) polarity cam be seen extending through the pusi-
tive sector of the (+,-) sector-pair during 1965-1969,




Harvey et al. (1975) extended their esrlier (Harvey and Martim, 1973)
study of Ephemeral Regions (ER)., These are very small bipolar regions
found all over the solar surface; hundreds of ERs are present on the sun
at any time even in the polar regions and in coromal holes (2xtended creas
of low temp.rature and density:. The magnetic flux appearing in the form
of ERs is a3 large as appears in regular active regions, but the orientation
of the line connecting the two poles of the ERs is almost random - not nearly
east-west as for the larger active regions. 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 dispersing flux from decaying Ephemeral Regions, The im-
portance of the IRs for the present study arises from the demonstratioa
that not all magnetic siructures and phenomena necessarily derive from
the dymamics of existing active regions, It is becoming increasingly
apparent that altermative interpretations are viadble, Maybe the various
magnetic structures are all symptoms or byproducts of a nuwber of different
precesses operating on a broad specirum of temporal and spatial scales,
Some of these processes may bo coupled in ways we at the present are com-
pletely unaware of, It is certainly true that the sun is more complex
on all scales that we thougit just a few years ago. The comcept of solar
sector magnetism (Wilcox, 1971) and its possible interplay with other large-
scele fields (Swalgasrd et al., 1974) isolate but ome aspect of this com-
plexity., The large scale - both spatial and temporal - of this aspect
suggests that & sector structure is among the fundamental prop-
erties of the sun amd possibly also of other magnetic stars,

The implication of the sector ccncept as stated above is that the
sectors are not ‘ust particular arrangements of remmants of dispersing
aciive regions as discussed for instance by Hansen et al, (1974), but
are fundem utal entities created end saintained independently of specific
active regicms, Physical process~3 that may lead to sector-like organ-
isation of the solar fields in and below the photosphere have becn dis-
cussed bv & number of workers (o.g. Stix, 1974; Suess, 1975; Wolff, 1975);
we have no assurance that the possibilities are exhausted by the merhanisms

proposed so far.




Ve now proceed to a guantitative analysis of the sector signal that
is so vividly displayed in Figure 1, The solar magnetograph data was
averaged over areas covering 1o° of longitude and 1/30 of the diametor
of the disk in latitude, This meaus that the ordinete of Figure 1
actually is expressed in units of sin b, where b is the heliogruophic
latitude, The coatour lines were drawn from a2 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° of latitude,
wve computed the average flux demsity for each average 10° longitude section
but including omly areas within 32.2° of the equator, corresponding to 16
strips of each 1/30 of a diameter., In short, we are computing the f.eld
strength within a solar magnetic sector as function of distance from the
sector boundsry, Again, data values greater thau T 8 gauss were omitrted.
The rosult is shown in Figure 2, separately for (+,-) ard for (-,+) sec-
tor boundaries.

The flux density seems to attain its maximsum value, about 0.5 gauss,
some tens of degrees from the sector boundary, The gradual chinge mcross
the boundary may be related to variations in transit time or to local
deviations from a perfect north-south sector boundary. We shall not com-
went further on this problem, but instead note that the field is not zero
at the boundary, In both cases a field strength of -0.08 gauss is found,
This discrepancy might be interpreted as a systematic error in the deter-
minetion of the zero-level for the solar magnetograph, This interpretation
is supported by the finding by Scherrer (1973) that the correlation between
the photospheric magnetic field and the interplanetary field was best as-
suming & 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 (1974&) and might be interpreted as a zero-lavel error Be-
cause only the line-of-sight compoment of the magvetic field is observed.
guch zero-level errors could arise from systematic differences between
the field inclinations to the radial in the photosphere and are thus not
necessarily purely instrumemtal, although they might very well be so.

It seems reasontble to conclude that the typical field stremgth within




& ~olar magnetic sector, as obs2rved “yy the Mt, Wilson magnetograph, is
rosot . 0,5 gauss, This is very similar to the typical magnitude of the
vy field of the sun, i.e., the field observed using just integrated sun-
1ight with no spatial resolution at all (e.g. Scherrer, 1973), We again
remind the reader that what is roally observed in both cases is a flux
imbalance of the order of 2 x 1021 maxwells, Due to various systematic
errors (e.g. Scherrer, 1973) tixil flux is probably too low by a factor
of about 2, raisiug the typical aversge field strength to about 1 gauss

and the flux to 4 x 1021 maxwells, It is interesting to note that about

1.8 gouss is required to give the observed radial component of 4 x 1070
gaues of the interplanetary magnetic field near the earth as3uming a simple
inverse-square scaling, We conclude thet both the solar magnetograph data
and the iunterplanetary field data indicate a flux density of the order of
1-2 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 40° of the equatur (Howard, 1974b; Livingston
and Harvey, 1975) iadicating that most field lines are closed very near

the sun and that only about 10% of the flu. is making up tl{e interplanetary

magnetic field,

It was suggested by Svalgaard et al, (1974) that altlLough sector bound-
aries are north-south in the photosphere they jay be tilted away from the
north-south direction at some distance from the sun, The various cbser-
vations of sector boundary indicators that were discussed in the beginning
of the present paper may be utilized to investigate possible tilts of the
boundaries as a function of distance from the sun, We will discuss t'.e tilt
in terms of the inclination of the boundary to the solar equator as measured

at the jizne of the solar equator,

We shall first consider times away from sunspot maximum or more pre-
cisely 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 whun tlie earth is to the north (south) of the
equatorial plane of the sun snd to be narrower when the earth is to the
souch (north) of the solar equator, The magnitude of this Rosenberg-~

Colesan effect (Rosenberg and Coleman, 1969; Hedgecock, 1975) is such as




to indicate an inclination of about 130, 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 250, while the streamers observed by Hansen
et al, (1974) at 1.5 solar radii are inclined sbout 45° to the solar equa-
tor, Finally in the photosphere - at 1.0 RO - the inclination is close to
90°,

Figure 3 summarizes all these observations sand 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 change takes place near the sun, we suggest that the sector structure
of the interplanetary magnetic field is confined to a rather thin region
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 is
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,
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Figure 1,

Figure 2,

Figure 3.

Figure Captions

Photospheric magnetic secuor structure. Mt, Wilcom
magnetic synoptic maps have been superposed around solar
sector boundaries (see text). Inward polarity (=) is red:
outward polarity (+) is blue., The contour levels are 20.25,
20.75, £1.25, ... gauss. 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 differemt sumspot cycle
phases., A small upward pointing arrow points to the central
meridian at the time of sector boundary passage 2t the earth.

Variation of magnetic field strength within solar sectors
as function of distance from sector boundaries. The average
field of 10° wide longitude strips extending from 32 _ South
to 32 e North is shown, The upper panel shows the result for
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 averagcs
is of the order of * 0,1 gauss.

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-
clination of the boundaries and are marked with the inclina-
tion angles to the left of the solar disk and with the helio-
centric distances to the right. The lower panel shows the in-

clination, i, as function of heliocentric distance.
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