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THE SPATIAL ANISOTROPY OF FLARES
WITH RESPECT TO SUNSPOT GROUPS AND
VECTOR BUTTERFLY DIAGRAMS IN SOLAR

ACTIVITY CYCLES 17-20

V. V. KASINSKY
Irkutsk Institute of Transport Engineers, 664074, Irkutsk, Russia

(Received March 1, 1998)

Data on the location of flares covering solar cycles 17-20 were used to construct vector R(ip,t)
diagrams for the mean position of the flare scattering centre in the coordinate system of the sunspot
centre. The R(yp, t)-diagram reveals a spatial anisotropy of the flare process relative to the midline
of the  ~— t-diagram. The R,-component is always directed towards the central midline of the
diagram. In turn, the Ry-component has a character of oppositely directed shears relative to the
central midline of the diagram. Thus high-latitude sunspots exibit a positive Ry > 0 (westward)
displacement, while low-latitude sunspots show a negative R) < 0 (eastward) one. The vector
diagrams of flares reveal a global anisotropy of the flare process. The results are interpreted in
terms of a global-scale excitation of flares by wave-like disturbances.
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1 INTRODUCTION

The Maunder diagrams of the sunspots known as the “butterfly diagrams” (BD)
have existed since 1901 and serve as a good illustration of the Sporer law (Gibson,
1973). Investigation of the latitude-time distribution of sunspot areas for cycles 17
to 20 indicates the presence of sunspot formation “impulses” for different latitude-
time intervals on the BD (Antalova and Gnevyshev, 1983). Similarly, latitude-
time BD of flares in activity cycles 18 and 19 show the presence of distinct “fine
structure” in the number of flares (Krivsky and Knoshka, 1967). Fine structure of
the ¢ — t-diagrams raises a more general question as to whether the distribution
of flares in the coordinate system of related sunspots is isotropic and independent
of the position of sunspots on the BD. Indeed, sunspot groups at the centre of the
@ — t-diagram are closely packed together and interact with each other intensively,
whereas at the periphery of the diagram this interaction decreases with the distance
from the centre of the diagram.
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Figure 1 The vector diagram of the R,-component of flare displacement in the coordinate
system of the sunspot centre. The vectors represents the mean calculated for period (1935-1954)
within the latitude-time interval 5° x 0.5 year.

This problem cannot be solved by studying only scalar BD. It is necessary to
study the mutual arrangement of sunspot and flares, i.e. to construct a vector
diagram. The simplest way of obtaining it is to investigate mean displacements of
flares relative to sunspots as a frame of reference in which the events take place.
The objective of this paper is to construct vector butterfly diagrams (VBD) for a
mean position of flares R(p,t) for a period of several solar cycles (1934-1976}. The
second aim is to give a general interpretation of the vector diagrams in the terms
of existing models of solar flares.

2 METHOD. LATITUDINAL VECTOR BUTTERFLY DIAGRAMS OF
FLARES IN SOLAR CYCLES 17-20

In the previous papers it was found that the N-S asymmetry of the flare locations
relative to the sunspot centre varied regularly with latitude ¢ and phase (t) of the
cycle (Kasinsky, 1973, 1981). Data are taken from the “Quarterly Bulletin on Solar
Activity” (1935-1976) as the base catalogue, tables “éruptions chromosphériques”
and “régions actives” of the bulletin. Coordinates (¢, A) of over 10000 flares were
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Figure 2 The vector diagram of the R,-component of flare constructed with allowance made
for “weight” of R (number of flares) in the 19-th cycle. The “weight” is shown by the width of
the arrows. The scale of R is 5 x 1° of the scale of latitude axis.

used in the analysis. The mean position of the flare scattering centre with respect
to the sunspot group was calculated by the formula:

(Ro) = 3 3 Y (wis — ), M

where ;5 is the flare’s latitude in the s-sunspot, ¢, is the latitude of the sunspot’s
centre, and N is a total number of flares. The summation in (1) is made twice; first,
over all flares (i) in a given sunspot (s) and, then, over all groups (s) falling within
the latitude-time interval ApAt = 5° x 0.5 year in this case. Figure 1 presents the
p — t-diagram of the R, component of flare displacement calculated for each year
of the time interval 1935-1954. The period including cycles 17, 18.

The results showed quite clearly that the absolute value of vector |R,| increased
as the diagram periphery approached, while the flare vectors consistently pointed
to the diagram centre at which the flare scattering tended to be isotropic, R, - 0.

Figure 1 means that the flare process is anisotropic with respect to the centre
of the p — t-diagram in such a way that their mean positions are systematically
displaced to the centre of the diagram. Hence, the spatial characteristics of flare
generation in sunspots strongly depend on their position on the diagram. The
distribution of flares becomes homogeneous and isotropic only on the midline of the
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Figure 3 The vector diagram of the R,-component of flare constructed with allowance made
for “weight” in the 20-th cycle. The “midline” of isotropization of flares is shown by the step-like
line. The designations and scale as in Figure 2.

diagram. This midline can be identified as the zero displacement line (R,) = 0.
The areas in which the flare distribution becomes isotropic is traced by the dashed
lines in Figure 1. One can see that midlines start at high latitudes (30°) and are
descending towards the equator, following Sporer’s law.

<

The VBD of flares constructed with allowance made for “weight” are shown in
Figures 2 and 3. The “weight” of vectors is the number of flares in the relevant
area of the ¢ — t-diagram and is shown by the width of the arrows. The scale of
the vectors in Figures 2 and 3 is magnified 5 times as compared with the scale of
the latitude axis. The areas of isotropic distribution of flares are determined by the
{R,| = O condition (the step-like line). The main shifts are depicted differently;
the light arrows give a polar type, and the dark arrows give an equatorial type
of shifts (Kasinsky, 1988, 1989). The line of isotropization of flares divides each
wing of the “butterfly” into two asymmetric halves with the opposite direction of
R,.

Assessing the significance of the mean displacements of flares obtained involved
calculating the r.m.s deviation of (R,). The error of the mean R, is 0, = s/v/n
where n is the number of flares in a sunspot. At a given r.m.s. error in one
measurement gp ~ 1-2°, g, should decrease. Thus, when a 5° x 1 year average is
taken, n > 100, the error in the mean displacement R,, does not exceed +0.1-0.2°.
That is the R, is significant on 0.997 confidence level. A qualitative run of the
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Table 1. The run of +(R,), r.m.s error and number of flares N (see the text)

Total 10525 27530 38055
flares Cycles 17+18 Cycle 19 Cycles 17+18+19
+p (Ry) r.am.s N (Ryp) r.m.s N (Ry) r.m.s N
+30° -0.01  +0.18 117 -0.01  £0.18 117
25° -0.74  £0.09 543 -0.74  +0.09 543
20° —0.76 +0.11 205 -0.12 +0.04 1283 -0.21 +0.05 1488
15° —0.74 +0.05 801 ~0.36 +0.03 2669 —0.45 +0.03 3470
10° ~0.54  £0.03 2015 -0.28  +0.02 4139 -0.36  +0.02 6154

+5° —-0.24 +0.02 3556 -0.35 +0.02 7580 -0.31 +-0.02 11146
-5° +0.25 +0.03 2536 +0.39 +0.03 5577 +0.34 +0.02 8113
-10° +0.51 +0.11 1211 +0.15 +0.06 1034 +0.20 +0.03 5792
—15° +0.50 +0.11 191 +0.15 +0.06 1034  '40.20 +0.04 1225
—20° +-4.60 +0.80 7 +4.60 +0.8 7

value of Ry, the sign of R, the r.m.s error and the accumulated number of flares
N are shown in Table 1 as a function of latitude zones for the cycles 17, 18 and 19.
In Table 1 the “+” and “-” signs denote the polar and equatorial directions of R,
respectively relative to the midline (R, = 0) in Figures 1-3.

3 LONGITUDINAL VECTOR DIAGRAM OF FLARES

The longitudinal component of a mean displacement of flares was calculated using
the data on longitude position of flares from the central meridian - A (CM) according
to the “Quarterly Bulletin on Solar Activity” (1935-1954). To reduce A to the
frame of reference tied to a sunspot group rotating on the solar surface, we used the
formula of mean differential rotation (Alien, 1955). The flare position with respect
to the sunspot’s centre is defined by:

AXis = s — w(p)|(tis — ts(emp)],
w(p) = 13°38 —2°77sin’ ¢, (2)

where A;; is central meridian distance of the is-th flare, t;, is the flare onset time,
and ¢, is the time of sunspot group passage through the central meridian (cmp),
w(yp) is the diurnal angular velocity of synodic rotation of sunspots at the latitude
s. As done in formula (1), we take a double average, first over all flares in a given
sunspot and, secondly, over all sunspots in a given interval of ¢ — t-diagram:

(Ra) = 5 3 S (A). ©

The vector diagram R)-component of flares thus calculated is shown in Figure 4.
For the sake of illustration, the scale of vectors R is taken to be ten times larger
as compared with that of the latitude axis. The value of R, varies in the range
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Figure 4 Vector diagrams for longitudinal displacement of the flare in the 17-th and 18-th cycle
superimposed. The step-like broken lines represents zero line of Ry = 0. The scale of Ris 5 x 1°
of the scale of latitude axis.

from 0.5° to several degrees. As in the case of vector diagrams for latitudinal
displacements (Figure 1), it is possible to draw zero lines Ry = 0 which divide the
¢ — t-diagram into areas with the opposite character of the direction of Ry. As
these lines cross in the ¢-direction, the sign of Ry changes for the opposite. As is
evident from Figure 4, the (Ryx = 0)-lines are drifting from high to low latitudes,
according to Sporer’s law on the whole.

Specifically, below the ¢ — t-diagram midline the displacements are directed
eastward (Rx < 0), and above the midline they are directed westward (Ry > 0).
We shall call this type of £R)(¢,t) asymmetry a “normal” type. The opposite
type of asymmetry occurs more rarely. The normal R, asymmetry shows also a
tendency for the absolute value of |R,| to increase with increasing distance from
the ¢ — t-diagram centre.

In order to identify more clearly the regular tendency of Rj-asymmetry, it is
possible to average the Ry(ip,t) pattern depicted in Figure 4 over the two cycles
(17+18) and two hemispheres (N + S) of the diagram. To obtain the correct av-
eraging, the two cycles were superimposed by their maximum epoch with the time
step of 1 year. Then the superposition of NV, S-hemispheres were taken.

The superposition of the Ry (p,t) pattern was made for 0+ 25° latitudes at steps
of 5°. The result of such averaging is presented in Figure 5. Circles shown give the
relative absolute number of flares which was used in averaging and totaled 8300
flares (76%) of the initial number of flares. The length of the t-axes equals that
of an 1l-year cycle. It is quite evident from Figure 5 that there is an oppositely
directed R, displacement which increases in absolute values as one moves away
from the midline ¢ — t-diagram.



SOLAR ACTIVITY 347

P ° el
4op & i I 050
by o)
B 150
\ o »
30T ! Oas

-4 -2 a +2 +4

Figure 5 Vector diagrams for longitudinal displacement of the flares in the 17-th and 18-th cycle
averaged over the four wings of the diagram (Figure 4). The t-axis is in years from maxima epoch
(zero). The scale of arrows is 3 x 1° of the scale of latitude axis.

It is apparent from Figure 5 that the system of E-W like shifts on the ¢ — t-
diagram has a tendency to persist during the course of an 11-year cycle as the zero
midline descends to the solar equator. As in the case of Figure 4 the zero midline
(R = 0) is drifting from high to low latitudes, according to Sporer’s law on the
whole. Therefore this midline is to be identified with the drifting sunspot formation
“trajectory” on the ¢ — t-diagram.

The mean value of R, from (1) and corresponding value of Ry from (4) form
the components of vector R(y, t) which can be referred to each point on the ¢ — ¢-
diagram. Therefore this vector butterfly diagram of flares characterizes the mag-
nitude and direction of non-isotropization of the flare distribution in the sunspots
on the ¢ — t-diagram as was initially proposed in {Kasinsky, 1973,1981). So far, as
R,-component is always directed towards the central line of the ¢ — t-diagram, this
centre must play some role in the process of flare’s activity.

4 LONGITUDINAL VECTOR DIAGRAM OF FLARES AS
THE ABERRATION EFFECT

From the previous sections it is necessarily follows that the centre of the vector
diagram R(y,t) is physically significant. Among other things it may serve as a
possible source for a global, triggering disturbance with regard to flares. We also
may assume that this triggering disturbance gives rise to a flare at a point within
the group which is reached as a result of the propagation across the rotating Sun
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from mid g latitude of the diagram to a given ¢, sunspot’s latitude. Because
different sunspots belong to different zones of rotation, the high-latitude sunspots
will lag behind the disturbance, while those near the equator, in which the groups
rotate faster, will overtake the disturbance. In other words, the high-latitude zones
will show a positive, Ry > 0, westward shift of flares, while low-latitude zones will
show a negative, westward one, Ry < 0. Those opposite &R () shifts on the high
and low latitudes may be interpreted as the longitudinal aberration effect of flares
(Kasinsky, 1994).

It is well-known that the aberration of light gives for the angular displacement
B of the visual position of a star:

tan 8 = V/C, (4)

where V' the observer’s velocity, and C the velocity of light, (Blazhko, 1954). Instead
of V in (5), we should substitute the velocity difference of the sunspots due to
differential rotation, V{(ps) — V(pp), where ¢, is the flaring sunspot latitude, and
o is the mean latitude on the ¢ — t-diagram which is supposed to be a primary
source of the flare trigger.

Let us assume that some wave-like disturbance is generated at the latitude g
and propogates to the latitude y, with the velocity C. The initial angular velocity
wg is given by (3) and linear velocity V, should be:

Vo = Rgw(po) cos po = Re(a — bsin® pg) cos o,

where Rg is the Sun radius. The sunspot located at the latitude p; will have a
velocity due.to its own rotation for a value:

V, = Rg(a — bsin® @,) cos .
Substituting instead of V' the difference Vp — V; in (5) we shall have:
tan 8 = Rg[a(cos wo — cos @,) — b(sin® @g cos g — sin® @, cos @,)]/C.  (5)

Bearing in mind that tan 8 ~ 8 = |Rx|/(ws — @o), from (6) it'is apparent that
the high-latitude sunspots, s > o will give a positive shift, tan 8 > 0, while those
in low-latitudes will give a negative one, tan 8 < 0. Therefore, the determination
of C reduces to finding the aberration angle 8. According to Figure 5, the angle
B ~ 8°. Taking # = 8° (tan 8 = 0.16) for ¢, = 0° and y; = 20° in (6), we obtain for
the mean value of C' ~ 1.1 km/s. So we can take C' = 1 ki/s as a good estimate for
the flare trigger velocity. The type of disturbance may be the internal gravity waves .
in the compressible atmosphere (More, 1964) propagating with subsonic velocities
1-2 km/s in accordance with the velocity value obtained.

5 DISCUSSION

In spite of the appreciable progress made so far in the observation and modelling
of solar flares there does not exist a full-blown theory of flares. The most well-
developed theory is the magnetic annihilation in the current sheets of corona (Sy-
rovatsky, 1966; Somov, 1981). Pogodin (1977) made an attempt to interpret the
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early vector diagrams of flares (Kasinsky, 1973) in terms of the interaction of the
background magnetic and the main active region fields. His interpretation is in
general agreement with the available models of solar flares (Krivsky, 1977; Somov,
1981).
However, analysis of the energetics of large flares has shown that on the upper
- limit of energy (1032 erg) and masses (10'6~10!7 g) in the corona, there exist no rele-
vant “accumulators” of energy (Gershberg, Mogilevsky, Obridko, 1987). Moreover,
in the magnetic models of flares the main problem remains a mystery as regards
magnetic field annihilation. Therefore, the alternative sources of energy may exists,
i.e. magnetohydrodynamic waves which transfer energy itself, so called “soliton”
model proposed by Mogilevsky (1980).

The detection of a spatial anisotropy of the flares on the y — t-diagram imposes
certain limitations on models of the flare process. In particular the R, spatial
anisotropy of flares distinguishes between the direction to the centre of VBD and
its periphery. It is more likely that overall tendency for R, shifts towards the
centre of the VBD indicates that in the coordinate system of sunspots generating
flares there exists some disturbance, originating from the diagram centre. Because
sunspot drift in latitude is negligible, the R,, shifts of flares cannot be accounted for
by the centrifugal drift of sunspots out of the diagram centre. It is more likely that
the R,(p,t) pattern is explained in a more direct manner. Namely the midline of
VBD gives rise to a certain constantly acting trigger-like disturbance which, when
reaching the sunspots lying at the periphery of the diagram, causes the observed
+ R, displacements. Generaly the agent of a disturbance may be associated with
some type of magneto-hydrodynamic waves (Gibson, 1973). The type of disturbance
might also be a long gravity wave like tsunami proposed by Kassinsky and Krat
(1973). If the generation of flares in sunspots depended only on internal factors,
this feature of the R(¢p,t) would be hard to explain.

One of the predictions of this model is that short-lived sunspots serve as triggers
for flares. The short-lived population of sunspots is most probably associated with
emergence of new magnetic flux (Rust and Bridges, 1975), The possible association
between the birth of short-lived satellite groups and the generation of flares was
reported by Krivsky (1977). The satellite sunspot groups is the local trigger of
flares that does not exclude a more global trigger. The global trigger was possibly
seen in sympathetic flare phenomena in several active region as simultaneously
observed by Ogir (1981). In general, the centripetal character of the longitudinal
(R,) anisotropy of the flares together with the “sheared” behaviour of the latitudinal
(R») anisotropy at the ¢ — t-diagram may be well understood in terms of the global
triggering scenario of flares as suggested in this paper.
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