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The formation of sunspots has been one of the most important problems in solar
physics. Since Babcock (1961) presented his theory, it has been universally accepted
and become the foundation of later studies. However, his model has at least three
obvious problems, which have been left behind. This paper considers these long—
standing problems which contradict with Babcock’s model: (1) The presence of
magnetic monopole—like single spots, (2) the delay of the appearance of f—spots after
p—spots, (3) the flux unbalance between p— and f-spots. After considering the three
problems, it is suggested: (a) the unipolar (positive and negative) magnetic regions
are one of the basic structures generated by the internal solar dynamo, not remnants
of old active regions; (b) single positive spots (unipolar magnetic spots) are born in a
positive unipolar magnetic region (vice versa), and p—spots induces f-spots across the
boundary of two unipolar magnetic regions, forming pairs of spots (positive p—spots
on the positive unipolar region and negative f-spots in the negative unipolar regions.
This consideration is based on three observations: (i) positive single spots tend to be
present in positive unipolar magnetic regions (vice versa); (ii) pairs of spots tend to
be present at the boundary unipolar magnetic regions, not elsewhere (iii) unipolar
magnetic regions are of internal origin, perhaps generated by the internal dynamo. It
seems that the three problems are explainable all together by the present consideration.
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Introduction regions.

(iv) Unipolar magnetic regions are not always remnants of old active

The rising magnetic flux tube model by Babcock et al.! has
regions, but are the basic feature of solar magnetism.

long been almost universally accepted in considering the formation
of sunspots (hereafter, this model is referred as the RF model), in
which sunspots appear as a pair of positive and negative spots as the
basic unit. In spite of a great observational and theoretical progress
in studying sunspots during the last few decades, these studies have
basically based on the RF model.

These three observations may be illustrated in Figure 1. An
example of solar magnetic records is shown in Figure la: the region
marked “1” are positive (red) and negative (blue) unipolar magnetic
regions, respectively.

The regions marked by “2” have pores, single spots and groups
of single spots (positive and negative). A distinct group of pairs of
positive and negative spots are marked by “3”. Based on a large
number of magnetic records, Figure 1b summarizes schematically
the close relationship among single spots, pairs of spots and unipolar
regions, including also the well-known other features of pairs of
spots, such as the reversal of the polarity of spots in the northern and
southern hemispheres and during the even and odd sunspot cycles,

The formation of sunspots had been considered by many
researchers in the past. After the discovery of magnetic fields by
Harvey J et al.? the magnetic fields in pores and spots have become
the main issue of sunspots. Early studies of the formation of sunspots
are summarized.’® Recently, showed that their observations based on
details of the emergence of an active region do not support the RF
model. Thus, a few long—standing problems, which are contradictory

with the RF model, have remained unsolved. They are:

(1) The presence of magnetic monopole-like single spots.

(2) The delay of appearance of f~spot after p—spot.

(3) The unbalance of the magnetic flux between a p—spot and f~spot.

The purpose of this paper is to suggest that these three problems
may be explainable on the basis of three observations.”!!

(i) Positive single spots tend to be present in positive unipolar
magnetic

(i1) Region (Vice Versa).

(iii) Pairs of spots tend to appear at the boundary of two unipolar
magnetic polar regions, not in the middle of unipolar magnetic

and also the p—spots are located a little equatorward of f~spots.” ! It
is particularly emphasized that the unipolar magnetic regions have
a crucial importance in explaining the three long—standing problems
(1), (2) and (3).

Unipolar magnetic regions

It has long been considered that some of the unipolar magnetic
regions are remnants of old active regions, which are elongated by
the non—uniform rotation of the sun.'? However, ( & ) the distribution
of unipolar regions and their size are quite different from locally
elongated old active regions; (4 ) unipolar regions are present
throughout the sunspot cycle, although their intensity waxes and
wanes, following the sunspot cycle'®!! at the beginning and end of
each cycle, they are still present, but their intensity is very low; ()
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at the beginning of the cycle, unipolar regions appear before sunspots
are born and (& ) some of the unipolar regions are often extend to the
polar unipolar regions during certain periods of the sunspot cycle; this
feature may be related to the migration of the magnetic fields toward
the polar region, the reversal of the polarity of the solar dipole, and
thus to the internal dynamo. It is unfortunate that the fundamental
importance of unipolar regions has not been recognized in the past.

One of the internal dynamo models by Nakagawa et al.'®
specifically considers the origin of positive and negative unipolar
regions as shown in Figure lc: he noted: “The unipolar regions in
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Figure 1 are identified with the variations of the magnetic field near
the surface, so that the flux coil which appeared near the surface is
identified as one polarity, while the submerged region is the opposite
polarity.” Therefore, unipolar magnetic regions are different from
remnants of old active regions.'>'® It is suggested that unipolar
magnetic regions are one of the basic features in solar magnetism
related to the internal dynamo and that positive unipolar regions
are the birth place of positive single spots (vice versa). Thus, they
should be distinguished from old remnants of active regions. This
interpretation of unipolar magnetic regions is crucial in explaining the
three contradictory problems.
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Figure | The relationship between unipolar regions and sunspots. (a) An example of solar magnetic records: the regions marked by
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are positive (red) and

negative (blue) unipolar regions, respectively. The regions marked by “2” have pores, single spots and groups of single spots (positive and negative). A distinct
group of pairs of positive and negative spots are marked by “3”. (In this study, a color presentation of the magnetic fields is crucial, because for examples, it is
not easy to recognize unipolar regions (which tend to have a low intensity). (b) Assembly of the available information, regarding single spots, sunspot pairs and
their relationship among positive and negative magnetic unipolar regions, for both even and odd cycles.!" (c) The solar dynamo model,"* showing magnetic fluxes

in the northern hemisphere; its photospheric fields are shown as unipolar magnetic field regions.

Single spots

Although single magnetic monopole-like spots (or often called
‘isolated” or ‘independent’) spots are illustrated in many books or
review papers,>3!71% they have not been considered in recent years.
Figure 2a shows an example of single spot. Since sunspots must
appear as a pair of positive and negative spots in the RF model, the
presence of single, isolated (or independent) spots has long been a
puzzle, in addition to the fact that magnetic mono—poles cannot exist.

A high resolution image of unipolar magnetic region shows
the well-known magnetic network structure, resulting from the
convective flow; an example is shown in Figures 3a & 3b. It has
been understood that the convective flow in each cell continuously
sweeps magnetic fields to its boundary. This feature is schematically
illustrated in Figure 3 by combining two convective cell structures (in
a negative unipolar region) constructed.?

It has also been considered that some irregularities in the
convection flow are expected to concentrate the magnetic fields
more than other places along the boundary (two pores indicated by

arrows in Figure 3b). This feature is schematically shown by a large
(blue) pore or small spot in Figure 3c. It has also been considered that
pores thus formed assemble along the cell boundary to form small
spots and further larger spots. This process is morphologically called
‘coalescence’.’ In fact, one of the highest resolution observations
shows that a large spot consists of an assembly of small spots. There
have been many ideas on this process.?!

Since magnetic monopoles cannot exist, we consider the formation
of single spots as a local phenomenon within unipolar magnetic
regions, in which positive single spots are born in a positive unipolar
region (vice versa). The polarities of single spots are the same as the
polarity of the unipolar regions, so that positive single spots are result
of the coalescence in positive unipolar magnetic regions (vice versa).
Thus, monopole-like single spots within unipolar regions satisfy the
condition of div e B = 0, since this condition is globally satisfied so
long as unipolar magnetic regions are a result of internal dynamo.
The fact that a positive unipolar region is the birth place of a positive
single spot (vice versa), not elsewhere, has advanced toward the
solution of this problem. Therefore, the problem (1) may be explained
in this way.
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(a)

(b)

Figure 2 (a) An example of single spots (Courtesy of the Big Bear Observatory).
(b) An example of a pair of positive and negative spots; a largest spot on the
left side is a negative spot and largest spot on the right side is a positive spot
(October 27,2003; Courtesy of the Kitt Peak Solar Observatory).

Figure 3 (a) & (b) show the magnetic network structure near the boundary
of two unipolar magnetic regions; two pores are pointed out by arrows
(September 28, 2003; Courtesy of the Kitts Peak Observatory). (c) Schematic
illustration of the network in a negative unipolar region,|9 one large blue dot
indicates a negative pore. (d) Schematic illustration of the magnetic network
near the boundary of two unipolar magnetic regions, together with a pair of
large negative (blue) and positive (positive) spots. Both might eventually form
a pair of spots.

Pair of spots
Occurrence at the boundary

If magnetic buoyancy (or an upward flow) is the only reason for
the rise of a magnetic flux tube in the RF model, a pair of positive and
negative spots may appear together randomly at any location on the
photosphere, even in the middle of unipolar regions. This is not the
case, and thus is a serious problem for the RF model, as well as the
three problems. We know now that a pair of sunspots tends to appear
at or near the boundary of positive and negative unipolar regions, a
positive spot in a positive unipolar regions (vice versa), not in the
middle of unipolar magnetic regions.” ' Actually, this is collateral with
the fact that a positive spot of the pair appears in a positive unipolar
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region (vice versa). Based on this fact, there is a possibility that a
positive p—spot in a positive unipolar magnetic region may induce a
negative f~spot in a negative unipolar region across the boundary (vice
versa). This possibility is explained in the following. In Figure 3b (and
schematically illustrated in Figure 3d), there are many positive U—
shaped “half” cells (lying horizontally) in a positive unipolar region
and negative U—shaped “half” cells in a negative unipolar region
at or near the boundary region of two unipolar regions. Thus, it is
expected that positive pores develop along positive U-shaped cells at
the boundary of a positive unipolar region (vice versa).

Then, positive pores are coalesced along the U-shaped boundary
to form a small positive single spots, and further then these small
single spots form a larger single spot or spots by coalescence; for the
coalescence process.?’ If one of a positive U—shaped half cell in a
positive unipolar region and one of a negative U—shaped half cell in a
negative unipolar region join in this way, they can form a pair of spots
or pairs along the elliptical boundary. McIntosh (1981) emphasized
that the elliptical formation is a typical way by which a pair of spots
are formed; in the past, this fact is not well appreciated. Figure 2b
is a good example of a pair of spots thus formed; in this particular
case, small spots along the elliptical boundary coalesced to form small
spots and finally a distinct pair of spots; this particular pair of spots
developed almost in full in a period of less than 5 hours. A number of
such examples are shown by MclIntosh PS et al.’.

Delay of f-spots

According to the RF model, a p—spot and f~spot should appear
simultaneously. However, it has long been known that a pair of spots
does not appear at the same time; as so named, p (primary) spots
appear earlier than 1 (following) spots.>® There are only a few cases,
in which f~spots appear first, so that such cases are rare.’

There is a possibility that a p—spot induces a f~spot across the
boundary of two adjacent unipolar regions (of opposite polarity), if
a positive U—shaped cell and a negative U—shaped cell are connected
by magnetic field lines. Then, some delay might be expected as the
communication time. This might be a possible explanation on the
problem (2). The formation of a p—side of the U-shaped half cell could
be communicated to f~side of U-shaped cell, because magnetic field
lines are expected to be equi—potential in the solar atmosphere, so that
any electromagnetic changes associated with the coalescence (e.g. a
converging flow, VxB ) in a p—side U will be communicated to a f~side
U by Alfven waves or other processes, inducing a similar coalescence
at the other end of the magnetic field lines, namely the formation of f~
spots of the opposite polarity. In considering the converging flow, it is
noted that Kotov et al.? showed that there is 10'?A of electric currents
around a single spot.

Unbalance of the magnetic flux

It is well known that there is often a significant unbalance of the
magnetic flux between two spots of a pair.®® Figure 2b is a good such
example. This unbalance is not easy to explain in terms of a simple RF
model. However, if f~spots can be induced by p—spots as suggested
in the above, it provides an opportunity to consider this problem of
unbalance. When a p—spot is forming in a positive unipolar region, it
does not have to induce an identical f~spot just across its neighboring
unipolar region, because the field distribution in the two unipolar
magnetic regions across the boundary or in the surrounding regions
is different (Figure 3b). In this respect, it may be recalled that X ray

Citation: Akasofu SI.A new morphological theory on the formation of sunspots. Phys Astron Int J. 2018;2(3):163—167. DOI: 10.15406/paij.2018.02.00080


https://doi.org/10.15406/paij.2018.02.00080

A new morphological theory on the formation of sunspots

observations of the corona showed that some of the magnetic field
lines in a pair of spots are connected to at least another nearby pair
of spots even across the magnetic equator,? so that it is not necessary
to consider the induction within just one pair of spots. This might
provide a possible explanation on the problem (3).

Actually, instead of considering the delay of f~spot, it is more
appropriate to consider why one specific spot, namely p-spot,
appears first before f-spot. At this point, we cannot find definitive
morphological observations in explaining why a p—spot appears first
at the specific boundary of two unipolar regions, not the other side,
except that the specific side of the unipolar region tends to be more
active than the other side. Noted this particular feature of the boundary
and called it the “Hale boundary”.

The sunspot cycle

Any idea of spot formation must explain the equatorward shift
during the sunspot cycle. There are a number of dynamo theories
on the butterfly diagram, explaining the equatorward shift of the
formation of sunspot pairs during the sunspot cycle. Since we are
considering only morphologically this problem in this paper, it may
be noted that there is an interesting observation which shows that an
east—west belt of ‘torsional oscillation’ (rotation or anti—parallel flow)
on the photosphere shifts from poleward to equatorward during each
sunspot cycle.** This observation may be related to the process of
coalescence.”!

In addition, the east-west alignment of sunspot pairs can be
explained by the fact that the boundary of two unipolar magnetic
regions tends to align along the meridian lines. Actually, it is somewhat
deviated from the meridian line, so that it can explain why p—spots are
located a little equatorward than f~spots; Figure 1b.

Conclusions

Although the RF model has long been well established and has
many supporting observations,” there are a few long—standing
problems (1, 2, 3), which are still very difficult to attempt to solve on
the basis of a simple RF model, since they are basically contradictory
to the RF model. Thus, a new morphological study on the formation
of sunspots is made by taking into account of a number of past studies
and observations: (i) positive single spots tend to be present in positive
unipolar regions (and vice versa), (ii) a pair of spots is formed at the
boundary of two unipolar regions and (c) unipolar regions have the
internal origin. These observations have made it possible to consider
the formation of sunspots, enabling to consider the three contradictory
problems.

It is concluded: (1) single spots are the basic element in the
formation of sunspots, not pairs of spots, and (2) unipolar magnetic
regions are also one of the basic structures of internal origin of the
solar dynamo process. The three contradictory problems seem to be
explainable on these bases.

In short, a new morphological study of unipolar magnetic regions
and their relationship with sunspots are needed. The results presented
here suggest that there may be new theories to consider the formation
of sunspots than the RF model, which consider not only the three
problems and others, such as why p—spots appear first before f~spots.
It is hoped that this paper will becomes a ‘seed’ in considering the
formation of sunspots anew.
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