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Flares, Force - Free Fields , Emerging Flux , and Other
Phenomena in McMath 14943 (September 1977)

1. INTRODUCTION

We present a study of the general trend of flare activity in McMath 14943 in
relation to the magnetic and dynamical evolution of the active region. It is of parti-
cular Interest to discover the conditions necessary to produce flare activity. At the
sam e time it Is also important to know whether some of these sam e conditions are
present at times and places where flares are not occurring, an obvious prerequisite
in any viable scheme for flare forecasting. Of course , we are not able to cornpre-
hensively Study all aspects of the active region evolution, but we do examine in par-
ticular the following phenomena which have previously been associated with flares~

( 1) Sunspot motions and rotations , 1, 2 , 3 , 4 , 5

(2 ) Sheared magnetic fields , as produced by sunspot motions and rotations , 6, 7 , 8

(3) Evolution of principal spots, especially increases in spot areas ,
(4) EvolutIon of small-scale structures , notably the emergence of pores , 13

(5) Emerging fl ux and evolving magnetic features. 11, 12, 13. 14

The magnet’ograms used in this study were obtained wit h the non-saturating
Doppler-Zeeman Analyzer at Sacramento Peak Observatory. 15 The study of the
magnetic evolution of the active region was ham pered by poor time resolution

(Received for publication 9 August 1978)
(Because of the large number of references cited above, they will not be listed here.
See References , page 33, for References I through 15. )
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(several magnetogram s per day ). Thus, changes in field strengths and gradients
occurring on time scales on the order of 1 hr could not be detected.

Photographic data were obtained from the Sacramento Peak Ha patrol (both line
center and Ha ± 1 A )  and white light patrol , covering the entire transit of McMat h
14943. During 13 and 14 September observations were also made with the Vacuum
Tower Telescope using the Universal Birefringent Filter ’6 at wavelengths of Ha
and continuum near Ha. In addition to these observations the occurrences and loca-
tions of flares were obtained from Solar Geophysical Data.

2. GENERAL DESCRIPTION OF McMAT H 14943

McMath 14943 (transit dates: 8 to 22 September 1977) was magnetically complex,
with polarities reversed in comparison to active regions in the solar northern heznis-
phere for cycle 21. With the preceding spot of negative polarity and positioned at a
low solar latitude ( -  8 N>, the region was thus characteristic of a remnant cycle 20.
The spot group was classified EKC (McIntosh three-parameter classification) on nine

days of its transit , indicative of a relatively high degree of flare productivIty. 18 The
principal magnetic inversion line was oriented east-west, also characteristic of
flare-producing active regions.

Several important evolutions occurred within the region during its transit. A
shear-producing rotation, centered approximately on the large preceding spot , was

• associated with the onset of flare activity after 15 September. The reader may refer
to the white light patrol photographs (Figure 1) and observe in a g lance that spot B
rotates around spot A in a counterclockwise sense. Also evident in the photographs
is the growth and decay of several of the spots (A , B. C, D, and F) in the rotating
part of the region; this growt h and decay occurs nearly simultaneously with the rota-
tion. The spots in the eastern (trailing ) part of the region do not participate in the
rotation but fall behind the rotating group as the latter moves forward in Carrington
longitude. The appearance of the region in Ha for several days near central meridian

transit , including a filtergram showing one of the large flares , is shown in Figures

2 and 3. The evolution of the magnetic configuration is derived from a series of
magnetograms in Figure 4. In the following sections we consider these and other
evolutions in more detail, particularly noting how each is related to both the presence
and absence of flare activity.

18. Beckers , J. M. , Dickson , L,,  an d Joyce , R, S. (1975) AFCRL-TR -75-0090.
17 , Solar Geophysical Data, World Dat a Center A, National Oceanic and Atmospheric

Administration . Boulder . CO.
18. McIntosh . P.S. (1977) Bull. Am. Astron. Soc. 9~330.6
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3. FLARE ACTIVITY

The evolution of flare activity in both time and location is depicted in Figures

5 and 6. The most obvious evolution is the shift in the relative longitude of flare

centroids after 15 September. This shift appears to result from a cessation of

flares in the eastern part of the region combined with an increase in flare activity

in the west. The sudden decrease of flare activity in the east on 15 September .

where previously there existed a locality of flare centroids tig htly clustered around

latitude 9N at 9 deg east of spot A, leads us to identify this location as a specific

zone of concentrated flare activity, hereafter called Zone 1. From 16 to 19 Septem-

ber the flares are suddenl y concentr ated near th e  neut ra l  l ine south of spot A w h i c h

we will call Zone 2. An additional , and very abrupt , shift  in the  f l a re  locations

occurs during 20 and 21 September . when the f lare centroids are found to be con-

centrated north of spot A (Zone 3). The locations of the centers of these zones are

shown in Figure 7b.

The break in activit y on 12 September occurs at a time when the average flaring

rate is five per day; thus the absence of flares for one lay  can be accounted for by

a 2~ fluctuation, and therefore the break in activity 
m ay  not be significant . Like-

wise, there may be no significance in the apparent drift in long itude of flare centroids

during 9 to 11 September.

Three importance 1 flares occurred in the eastern parts of the region early in

the transit (9 and 10 September). Thereafter, nothing larger than subflares occurred

anywhere in the region until after meridian passage when several large flares (2N ,

1N , 3B) occurred in the west (16, 18, and 19 September respectively). One 2N flare

occurred on 20 September in the eastern part of the region, which by this time was

almost devoid of all flare activity.

18
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Figure 5. Trends of Activ ity in
i ,  - McMath 14943. (a) The daily H- - flare index is the s~~ of the

- - - - ~~
-
~~~~— importances of all flares occurring

- on the particular day (subflares
- -  . .,~~~~~~~~~~• were assigned an importance of

‘- - 
- • •  , U 21 . (b) Longitudes of flare

- 
‘ . centroids  relative to the large

‘ - rireceding spot. Dot sizes
increase with flare importance.

.,  
- 

(ci Umbral areas (in millionths
• - ‘ 

-
‘ 

- ‘ 
- 

of the solar hemisphere) of the
- 

• major spots, correct.~d for
‘

_ 
• -~ foreshortening. (di Magnetic

- field strength (kG) in the major
- 

- :  ‘ : • . ‘ ‘
. 

- - - spots, measured with 5 arcsec
aperture Flare data in (a)

1’  
— . 

- - and (bi are according to Solar
• - Geophysical Data

-‘
— .

- -

. B ‘-

U .. .... ‘2 ’: . 

-10 -~~ 0 .5
•t l  .~~~~~~ . :E

Figure 6. Locations of Flare Centroids in
FdcMath 14943. Longitude is relative to
spot A. Filled circles represent flares
occurring on 9 to 15 September, crosses
for 16 to 19 September, and triangles for
20 and 21 September. Small symbols indicate
subflares. The configuration of sunspots and
neutral line on 14 September are provided as
a reference
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4. SUNSPOT MOTIONS

Sunspot coordinates were measured from both off-band H~ and white light patrol
images. In the case of the former the umbrae were measured for longitude and
latitude using a Richardson film projec or with movable cross hairs interfaced with

the Sacramento Peak Sigma 5 computer. The coordinate reduction is based on fitting

points at the solar limb; solar ephemerides are applied and the x, y coordinates of

the sunspots are translated into heliocentric coordinates, corrected for geocentric

parallax. The standard deviation of the distribution of coordinate measurements,

made on different film frames over a small interval of time, is about 0. 1 deg in

both longitude and latitude for sunspots near the center of the solar disk.

The coordinates of spots A through N are given in Figure 7a, where the longitudes

are relative to spot A. The latitude of the spots were also measured relative

to spot A which is fixed at its mean latitude of about 8. 5 degrees. Table 1 keys

dates and UT to the individual points plotted in Figure 7a.

There are two principal proper motions of the sunspots in the active region~
the usual stretching, in this case primarily due to the forward motion of spots A ,

B, C, D, F, L, M, and N (spot A moves forward in Carrington longitude by about

3. 5 deg during 10 to 19 September) , and a dramatic counterclockwise rotation of these

same spots centered on (approximately ) spot A. The large complex of forward-moving
spot s which participate in the rotation is not magnetically unipolar; in fact, the neutral

line passes between spots D and F. However , the most rapid angular velocity ap-
pears in the unipolar pair AB , executing a 180° -rotation in seven days , including a

77° -rotation in the 44-hr period 14 to 16 September .
The stretching of the region is most rapid before 15 September. Figure 7a

shows that , relative to spot A , spot G moves eastward at nearly I de g per day

during 10 and 11 September. A similar velocity applies to the group of three smal l

spots south of J which move along nearly parallel paths between 11 and 12 September .
Finally, spot J moves more than 2 deg per day during 13 to 15 September (J is

plott ed in Fi~~ire 7a beg inning on 14 September) . Thereafter , spot J m oves m u ch

more slowly and somewhat randoml y, as do spots H ( 13 to 15 Septemberi and K ( 16 ¶1
to 18 September) , with velocities on the order of 0. 25 deg per day . It is interesting

to note that the most rap id motions in the eastern part of the reg ion cease after

15 September , coinciding with the first day of the most rap id rotation of the AB
complex. This change in the locality of rap id sunspot motions also coincides in
time with the cessation of flare activity in the eastern part of the reg ion and the in-

crease in flare activity near AB.
The rotation of the AB comp lex is especially significant because of the shear it

generated in the vicinity of spots A and B as well as along the neutra l line between

spots A and D. Likewise , the stretching of the active region due to the relative

20
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motions of the spots in t”e east may have generated shear there. The possible

locations of sheared magretic fields, due to these motions, are summarized in

Figure 7b. Sheared field.. 3 evidenced by Ha fibril geometries, are further

discussed in Section 9.
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Figure 7. (a) Umbral Centroid Coordinates
Derived From Off-band Ha Patrol Filtergrams.
Longitudes are relative to spot A; latitudes are
approximately absolute. Each dot represents
a coordinate measurement for which dates and
UT are given in Table 1. Dashed lines indicate
motions observed on white light patrol photo-
graphs which show a few smaller spots.
(b) Schematic Representation of the Active
Region Showing Spot Motions and Regions
Presum ably Sheared (hatched areas) By Spot
Motions. (The presence of shear in the western
part of the active region is confirmed by fibril
geometry). The widths of the bands showing
motions for spots B , C , D, and F are proport ional
to the areas of those spots (see Fi gure 5) ; bars
indicate positions of spots at approximatel y 1500 UT
each day (dates are given by numerals). Circled
numbers indicate centroids of the three flare zones
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Table 1. Dates and UT for Sunspot Coordinate Points. Each asterisk
indicates a datum in Figure 7a for the particular spot

Sept UT A B C D E F C H J K L M N

10 1446 * * * * *
10 18 12 * * *
10 2250 * * * * *
11 1928 * * * * * * -t

11 2356 * * * *
12 l4~~; * * * * * * *
13 1404 * * * * * * * *
13 1735 * * * * * * -1- *

14 1435 * * * * * *
14 1835 * * * * * *
15 140° * * * * * *
16 1442 * * * * * * *
16 ~ q 4 I  * * * * * * *

16 2243 * *
17 1536 ‘1- ~ * * * * *
17 1832 * * * * * *
18 1545 * * * * * * *
18 1825 * * * * * * *
18 2259 * * * * * *
19 1437 * * * * * 1.

19 1 4 3  * *
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5. EVOLUTION OF PRINCIPAL SPOTS

Flares hav e long been known to be associated with the rap id development of

sunspots.  Therefore , we have measured twice dail y the umbral  areas of the  prin-

cipal spots in McMath  14943 (Fi gure 5) . The most obvious changes are the increase

in area of spot F ( 16 September) , of spot B ( 17 and 18 September) , and the dec l ine

in the area of spot A (16 September) . These changes coincide approximate ly in

t ime wi th  the largest f lares  in the region (occurr ing on 16 . 19, and 20 September) .

In contrast to this , one notes the s ignif icant  decline in the area of spot A on 10 and

11 September which is not associated with any events larger than  subflares  (three

flares of importance 1 occurred on 9 and 10 September but the i r  locations were  in

the eastern part of the reg ion) .
The spots in the eas tern  part of the region show a tendency for dissi pation over

9 to 20 September . This dissi pat ion is interest ing because f la re  act ivi ty  also ceases
in the east , al though more abrupt l y than  the sunspot diss ipat ion.  A compar ison  of

the photographs in Figure 1 shows that spot G and the group of three  umbrae  east

of G are wel l  developed lur ing  P to 11 September . The la t te r  t h ree  beg in to d iss ipa te
on 12 September , whi le  G and H pers is t  unt i l  14 September . Spots J and K appear
on 14 and 16 September , respectively, and both s tar t  to dissipate on 18 September .
The h iss i pation of sunspots  in the  eas tern  part of 1\IcMath 14943 is t he re fo re  not
monotonic , but ra ther , consis ts  of the emergence  and decay of several ind iv idua l
spots separated in t i m e ;  the overall  t r end , however , is toward fewer spot s .

Beg inning  on 18 September we  observe the  appearance  of new spots a d( a c e nt  to ,
and north of , the AB comp lex . These grow s teadi ly dur ing 19 September and b~
20 September  form a penumbra l  annex of negat ive  po l a r i t y  north of AB . This g rowth
occurs at a t ime  when the  areas of both A and B are hec rea s inp .  These new lv -
emerg ing  spots are  obviously associa ted wi th  the onset of f lare  a c t i v i t y  at th i s  loca-
t ion dur ing  20 an 1 21 September .

6. S’8I~~I •I -SC\ I •E  (31A~ GES I~ SPOT STRU CFVRES

The emergence  of new m a g n e t i c  f lux in to  an ambient  f ie l d  s t ruc tu re  has been
cited as a noss ih ie  ori g i n  of solar f la res . 

19 
Rus t 13 descr ibed seve ra l  cases where

e m e r g i n g  f lux , as de t e rmined  f rom n i agne tog rani s  or from the  f o r m a t i o n  of pores .
was observed in connec t ion  wi th  f la res . In t h i s  section we cons ide r  both the  enter-
gence and decay of s m a l l - s c a l e  f i e l d s  in r e l a t ion  to f l a re  i n c i d e n c e , a s s u m i n g  tha t
the emergence  or decay of such ma g n e t i c  s t r u c t u r e s  is ch~ ervahle  in the  form of the
appearance  or di sappearance  of pores or other sm a l l  s t r u c t u r e s  v i s i b l e  in w h i t e  li ght.

19 . Heyvaert s , 1 . ,  Priest , 1’ . R. , and Rus t , I). M . 11977 1 A p .  3. 2I6:12~ .
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In the 10-day period 10 to  19 September a tota l  of 77 changes  (o -c u r r i n c  on

t i m e s  scales of an hour or l o n g e r )  were  i d e n t i f i e d  as possible candida tes , 1 l a -
e m e r g e n c e  of pores or small spots accounted for  56 of the  r ecorded  ch a n c e s . D u r in
the same period of ohservation 24 suhfla res  occu r red , acco rd ing  to S~~ ar ( , e o n h v - i a~
Data . Coinc idences  between the  locat ions of the  c a n d i d a t e  ch a n ~~es a n I  t h e  huh -
f l a res  for each l ay  were  te ste :1  for chance associat ion by e o u a t i  ng Ih e  [ra t i o n s  of
the active region area (about 77 square  deg) covered by t o e  s u b ft a r e s  to  t h e  so:: of
the probabi l i t i es  that  each of the  s m a l l - s c a l e  c han g e s  would f a l l  at r an~lon : a i t h i n
any of the f l a r ing  areas . For the  purposes of es tabl ishing a c o i n c i d e n c e  each sub -
f la re  was ass igned a c i r cu la r  area of r ad ius  1. 5 de e ,  equal  to T h e  sq u a re  i-not  of

the  upper  l imi t  area de f ined  for  sub fl are s . Thus , a h v n t h e t i c a l  c - o n d i t i :: w as  :- a Ie
for the  t r i gge r ing  of f l a r e s  by smal l  -scale  f ie ld  chances  over an a rea  l a rge r  than  the
s u b fl a r e  i t s e l f . Flares  la rger  t h a n  sub fl a r e s  were  not cons idered  h i re he causc
the i r  large and comp lex s t r u c t u r e s  covered too i : n c - h  of he a c t i v e  r e c T o r  to  a l low
a meaning ful app lication of the coincidence  test , ~h a t  is , a c o i nc id e n c e  was  [ r t u a l l v
a lways  ce r ta in  in these  cases . No at t e n pt was  n:a h e to check  a ny  c o i n c i d e n c e s
wi th in  a t im e  [ran :e  shor te r  t h a n  an obse rv ing  l a y  (about  10 h r ) ; t i n s . t n e  t S 1

app lied here assumed also the ( O n  l i t i on  tha t  t h e  sm a l l - s c a l e  c ! : a n C e~ coul d  nt- - T T r

e i ther  before  or dur ing  the  f l a r e , or on l d  even he de lay e l in  T h e i r  : t n o ea r a nc e  : - r r t l
a f t e r  th e  f l a re .

The r e su l t s  of the  tes t  showed t hat the : o:: h er  of 1ai h ~- c oj n c i  i c -o re s  heT ~ - c - c - : :

loca t ions  of s m a l l - s c a l e  changes  and s uh f la r e s , a c c o r d i ng  to the  : vnot he ~~is set
f o r t h , i s as e x p e - t e i by chance  a s s o i - i  a t i o n . The e n t re 10 — d a y  n c - r i o t  - o r - t a m e )

I I  co inc id ences , whereas  15 could have been m o  I T T  i d  at i - a n i o n  . O T T  f i ve  of t he  ten
( l ay s  the  number  of co inc idences  was e x a c t l y  as n rc- h i - T e l  h e  chance  asso j a t t o : : .
This  resu l t , in a d d i t i o n  to the [act tha t  six changes ( a l l  e:- e T e e n - t a oc - ur r e d  ( IT
12 September  wi thou t  a s ing le  flare  o c c u r r i ng  on t h a t  l ay , — u g g e s t s  t h a t  such

phenomena  are not oh y s i c a h l y  a s s m - i : i t t - i.  It is  u o s s i h h e , t m-eve r , T n - i t  he  r : a n v

observed s m a l l — s c a l e  changes ivl i i -} i were  s it  f l a r e  a s c o t - i n t o  I e it  it - r  h id  - i - i t  0 05cc-cs

the m agne t i c  p r o p e r t i e s  neces sa ry  to t r i g g e r  f l a r e s  c w e r e  not h o c a t e l ii i t h i n  li t

a m b i e n t  f i e lds  at po in ts  where  t i - i e n - n  ng  cou ld  o c c u r . N e v e r t he l e s s , h i s  cl-i — c - r c a  —

t ion dem o n s t r a t e s  t h a t  grea t  care should  he t a k e n  W T I - T i  a s s o c i a t i n g  f l a : - e s  t v t i  o th e r
t r a n s i e n t  phenomena  w h i c h  are  oc c u r r i n g  p ro fuse l y in ac t ive  r e e i o n ~ .
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The co l l ec t ion  of n t a g  n e t o c r a i is in Figure  4 (p lus a few ot h e r s  not shown h e r e)

is adequate on ly  for  a coarse  de sc r i p t ion  of the  evolu t ion  of the  p r i n c i p a l  n i agne t i r

~t r n c t u r e s  oy er  t h e  e ri o l 13 to  18 Septet ber .  Sn e c i f i c a l lv , we have examined  the

- a g  oe to g  r ams  [or n e u t r a l  l i n e  com: t l  e x i t  i- , p ax irnun i  f i e ld  s t rengths , p r i n c i pal

g r a - l i e n t s , and  e T e r g i n g  f l u x .

1 d r o i i g  l: r i i t  mo s t  of i t s  t r a n s i t  Th e i l s t h  4 1 3  :i u i  n ta ined  an east  -west  o r i e n t a —

t i n  of the  : r inc ipa l  n c - i :  r i  l ine .  I h ow e v e r , T h e  ~
- o i o t t - r c l o c k w i s e ro t a t ion  of t l i e  AB

c o m p lex  aT pears  to w r a p  T i e  w e s t e r n  i-n i of the  neu t r a l  l ine around s pots AB.  Con - —

‘a r i s en  of t he  T i ag n e t o g r a T n s  sh ow s  l i t t l e  c h a n g e  in t h e  neut ra l  l i ne  over 13 ant I  14

— ‘ -n~ t t : taer . The  i a i t i l T o t a l  i o n :  of A B , hi : i n n i n g  on 15 Sc-u t  PT :  h e r , or o lu ces  - h a u g t - s

w h i c h  are q u i t e  c -y l 1 e T 1  on I he n iagn et t g c a T :  of 16 i - a t e : -  h e r .  The  shape of ‘lie

T ic- n i n a )  l i n e  5 1,99 of — t O t  A is also 0 r i a t  lv i t i f l U e T i -tI- - l he  t h e  c-n t - r g  ence of new f l u x

a t t h i s  l o c a t i o n ,  Icc T i c  l u g  - i t -  s o i t l i r  a r i  iv er s i o n  and l a r g e  k ink  vi s :h l i  a f t e r

16 — ‘ - : i t e t  l i i  r . -m t- c t : t - I - i T - i -  a- - t : v : t v  i n - r e : i s c -  I as ‘h e a t -  h a n g es  occur red . - c

S t  i - s t  t a t  he known assoc ia t ion  h t t t  r u n  f l a r e  0 I c - T I l e a n - I  : 1- I t c t i  l ine  corn —

p l e x i t v ° is t - - n ~~e l i k e l y  to r i C o - i t t -  r u T -  t h i -  n d i r - i n s  or : i i i c L i n i g  f l u x e s  r a t i~~ioe

t h e  T I e t i t i - a l  l i n t - - c 0 T : I ~~i x i t v  h a n  f rom the  - s t a t  I T T - c - f - t n  p l ex i t v  i t s e l f .

r. l : i g i : e t i -  f i c - l I g i ’ :t d i en t s  n c-re : :  e n - T i r e - i  at  a T T m T h er  i f s ai n t s  -a lo ng :i w  

i r e , \ I l  m e t e  a- c :  - - i c  i t  a g i v e n  m at  a cre  n a  Ic - hr - t a  c - en  he i e g a Us s  c O T i t f l u i 5

g iv i n g  t h e  m ax ir :u c :  n r a  e l :  ( n i - i-- c a - c  r r : l - l i i -u t t s , : ‘ a — - t I e  1 i i t n  c - c - : ,  s n ot c t - l i t ~ - : - — ,

g a ’-e -- in s i s t  t - n t l v  sm a l l e r  v a l u e s  . The  lar - - - t g r a d i - r i t  i n - - n s u r e - l  was a n t - i  i c - s t

0 .2  ( P l t : : : , e- - u r r l n g  t in  I - I  Se a : , : -  h i - c  ( 1- 1 3 1  UT ) a l o o g  i t : : r n l  I i : : , -  b e t w e e n  S n i t e

b - -i t t - I  I- . IVe f ou f l I n i t  le t T n i h i r ~ t i n — n - I s  :i hr- - t r ’ -n g th s  o f :he :— i -j s u  n — r - T i ~ r t i i e g a

w h i c h -nu l l he - i - I n t e l to l or e  a - t i v i t v . Th i s  t i ~ e l T 1 T , : o a , -., er , should ‘t ot he o n —

S i  ‘- re - I  -oni - l u s i v i -  l w -  a n i s e  of l i t -  poor t~ n :e  n - e s i - i l t i ’ic’ n a n - I  I i -  a I l s  sm a l l  t r e n Is

n i a i -  i - t i e  I - i - a s k & -  i h i  — c l u n g i - o n d i t i i i i t s .

‘i t  l i - - S T  ‘ i - n  i s l ands  of r - T T i - r g n n g  i- ic  - t t - t - : : g t l - T o n g  fl ux n e r o  T O I l - i  on the  I T

l i - I c ) L ’r a n s l u r i n g  13 t o l l I  S e p t e T -  h e r .  These i - i - . ions l a - I  s i — e s  in ‘he  n t - I c - c  of

I )  km i n c - I  f l : l x c - H  in  the  ‘ - a T T e e  io l 
- ~~~~ ~l s . I t ’I e  P s u n i n T i a r i - ? e s  t ie  ir  occur-

r e n t - c - , po l T i l - i t i - , p o s i t i o n , :i n i I  t h e i r  a s s o c i a t i o n  i O t t : t h e  / - o h f l a r e  a - T : v : t ’ - - h i s —

~(c-iSc- ) i n  Se c t i o n  3 , \ n o t , -  i s  i l g o  I T : a I .  :- , - - g . I  - - m iii he l o — : i t i o n  f T h e  i - : : : t  r g n , i g  l o x

r e l :i t i v e  to shea r e - I  no t  n e t i c  fh t j s . The  - c c - s e n -c - of sl~t - a r  w a s  I t lw~c - b  f r om  t h e

morpho logy  of f ib r i l  s t r u  ‘ : i r ,- s  Se - t h u  i i , In i o n a t t : i i t i o g  l a h l e  2 a t -  n o t i -  a g a i n

t h : i t  t h e  m a g n e t o g r a t : -  - - ‘ v t - n - a g e  i- T a o n :p l et e  an t  I t h a t , o i \ - e n l  t h i s  - i c  ‘ - - , t he

e’. - o l T i t i o n  of he n i a c i n - n i -  st ru t in - -s i s  I i f f i -  : n l t  t o  t r a ck , - s a t e t a l l y  i n ‘l i e  ‘ - . i s t , ’rn 4
par t  of l i t -  r e g i o n .

~Th , e n O t o i l , I , ; , ( 1 9 7 2 )  in  Pro: n -e s s  : : : -\~~ i : i a n l t i t - s  an  . \ t - i - on nj t i t -s .  1’. ~~. T l  l r i t o s h
and \l . t ) n ’ v c - r  (0  Is , 1 30 :421 .
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Table 2 indicates two emerging flux reg ions (8 and 9) which  are associated with
zones of f lare  activity , Region 8 appears first as a smal l  inclusion of negative
polarity south of the neutral  line across from spot A (see magnetogram of 14 Septem -
ber , 2 126 UT) . Flux continues to grow at this point as well as south of , and ad jacen t
to , spot A. Region 9 is associated with the formatiain of the penumbra l  annex north
of Spot A , and appears on the magnetograms of 18 September as a nor thward  listen-
tion of the magnetic feature associated with spot A.

Table 2 . Regions of Emerging or Strengthening Flux in F i l c3 l a th  14943

Associated with a
Date zone of f lare  Located in a

Region ( Sept)  Polarity Location ac t iv i ty  sheared region

1 13-14 + North of A No No
2 14 + NW of F No No
3a 13-14 + NE of F No No
3b 13-14 + NE of F No No
4 13-14 - North of F No No
5 17-18 + NE of F No No
6 16 SW 0f D ? No
7 14 - South of D No No
8 14-16 - South of A Yes Yes
9 18-21* - North of A Yes Yes
10 17-18 + North of -\ ? No

We assume growth after 18 September on the basis of the new spots which
continue to develop.

It is remarkable  that the reg ions which  were  de f in i t e l y associated w i t h  7ones of
concentrated flare activity were those in which  the f lux eniergence occur red  in

localities which were also sheared. We consider this  as possible evidence in support
of the claims that  new f lux e m e r g i n g  into sheared f ields  is required  to produce
flares. 14, 21 In making this statement, however, we note the following :

( 1) We do not suggest tha t  we have found necessary  condi t ions  for all  f l a r e s  in
I t leMath 14943 , hut possibly .  for two of the  zones of concent ra ted  f l a r e  a c t i v i t y .

(2) Only one of the  emerg ing f lux  regions is associated wi th  t h e  deve lopmen t  of

new spots . This reg ion was one of two associated wi th  f l a re  zones .
(3) The two regions associated with the flare zones (and shear) emerged v e r y

close to a major spot structure , ,nd had the same polarities as the spot. Of the

ei ght flux regions which were not f lare  associated, onl y two (Regions  2 and 7)  were

21. Rust, Ii. M. ( l t ’7 7 )  American Science and Eng inee r ing  l’ repr int  No. 4218 ,
Cambrid ge , MA.
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located in close proximity to major  sunspot s t ruc tures. Thus , it -oul d  he argued
that the r ema in ing  six mig ht not have been expected to produce  many f l a re s .

In view of this last point we suggest that in order to make  a s trong case for

ennerg ing f lux - shea r  as a condition required for f la res , we would l ike  to  observe

flux emerging in s imilar  proximity to spots , but in unsheared conf igura t ions .

8. ANA LYSIS OF TACHOGRAMS

We were  not able to find line -of-sight velocity pat terns  in the photosp here  -a h ich

were related to f la re  act ivi ty.  However, the veloc i ty  measurement s  were a v a i l a b l e

onl y for th ree  days . and then  onl y several t imes  dail y. The t ime resolut ion was

therefore  i n s u f f i c i e n t  to detect the type of d-tanges reported by Rus t 1° prior to f l a r e s .
Fur thermore, the horizontal  photospheric motions w h i c h  mi ght have been a s soc i a t ed

wi th  the sunspot motions or shear ing 22 were not observed in th i s  case due to the
region ’s location near disk cente r on the days when t achograms  w e r e  available
( 13 to 16 September) . The reader may refer  to DelViastus et a) 23 for  a presenta t ion
of these tachograms .

9. FORCE-FREE MA G NETIC FIELDS

9.1 Energy Storage

The b u i l d - u p  and storage of energy  in f o r c e - f r e e  m a g n e t i c  f ie lds  has been des-
cribed in many  papers . 8 Ene rgy  in excess of a potent ia l  ( m i n i m u m  energy ) con-
fi gura t ion  ori ginates from cur ren t s  induced by re la t ive  mot ions  of the foot points of
magne t ic  f lux  tubes . The energy  stored in the r e s u l t i n g  tw i s t ed  f ie lds  is ex t rac tab le
when the fields relax toward a potential confi guration.

Tanaka and Nakagawa8 described the energy build-up and release associated
wi th  the large f lares  of Augus t  127 2 . The shear ing mot ions  (observed as sunspot
motions) were also evidenced by the increase  wi th  t ime  in the incl inat ion ang les of
chromospher ic  f ib r i l s  ( connec t ing  the  mov ing  spots of opposite polar i ty ) re la t ive  to
a r e f e r ence  line d rawn between the  spots ( r ep re sen t i ng  the f ibr i l  d i r ec t ions  corres-
ponding to a bipolar  potent ia l  c o n f i g u r a t i o n i . Fo l lowing  the large f la re  of 7 August .
s m a l l e r  i n c l i n a t i o n  ang les  were  observed , i nd i ca t i ng  that a re la t ion had occurred.
Other  observat ions4 ’ 24 

have a lso i nd ic a t ed  r e l axa t ions  assoc ia ted  w i t h  f l a res .
22 , Harvey , 1<. 1 . • a n t  Harvey , 1 . ~V. ( 1 9 7  6) Sol. Phys.  47 :233 .
23, Deitlastus, 11. L, , Nei l i g ,  I ) , 1- , , and ~V i h o r g ,  P. H. ( 1978)  U A G  Repor t ,  \Vorld

Data (‘enter A , National Oceanic and Atmosp heric Administration ,
Boulder, CO (in presst .

24. Bruzek, A. (1975) Sot. Phys. &~~
215.
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The magne t ic energy in ex cess of a poten t ial confi gurat ion st ored in a region
of len gth L and width W between poles wit h field strengths B can be approximated

8by

2 2 2
F 

B L W (sec 9—i) erg (1)
32,T 2

~~L2+W 2

where ~ is the ang le , measured at the neutral line , between the fibrils and a straight

l ine connect ing the poles (the lat ter assumed to be the projection on the solar sur-

face of field lines in a potential confi guration) .
8 Equation ( 1 )  d i f fers  from Eq. (8)

of Tanaka and Nakagawa8 due to the definition of the angle used here and to the cor-

rect ion of an error  in the i r  ori ginal equation. 25

9.2 Flares and Fibril Configurations

Since the energy build-up in force-free fields originates from photospheric

motions it is reasonable to expect that sheared fields wil l  be found near sunspots

which  undergo relat ive motions . According ly, we can identif y two locations within

Mcll lath 14943: the eas tern part of the region (motions associated with stretching)

and the western part of the region surrounding spot A (sunspot rotation). It happens

that the centers of all three zones of flare activity lie within these two regions of

shearing motions. We f i r s t  examine  the reg ion su r round ing  spot A for evidence of

shear in the f ib r i l  c o n f i g u r a t i o n  and its relat ion to the f l a re  ac t iv i ty  there  in Zones 2

and 3.
It is evident f rom Figure 7 tha t  the en t i r e  group of major  spots is ro ta t ing  slowly

in a coun te rc lockwise  sense, However , the ro ta t ion  rate of the AB cona plex is much

greater than that of its oppositely-poled surroundings south and west of the neutral

l ine.  As a resul t  of th i s  d i f fe ren t i a l  rot ation , the f i e ld  l ines  connect ing  reg ion AB

with the regions near spots C and D and the plages south and west of spot A become

sheared in the m a n n e r  so vivid ly  depicted by the  f ib r i l s  in the photographs (Fi gure 3) ,

It is even possible to see in a glance the increase in shear between 13 and 14 Septem-

ber. The measurements of the shear angle 
~ 

between A and D are referenced to

a s t ra i ght l ine  (brawn be tween Spots A and I) , whi l e  the shear 
~2 

between A and the

p lage south and west of A is referenced to radius  vectors centered on -1 and averaged

over a 900 sector extendin g southward and w e s t w a r d  of spot A , Al l  m e a s u r e m e n t s

of 
~ l and were  made  at the  neu t ra l  l ine  and are corrected for fo reshor ten ing .

The onset of a s m a l l  f l a re  ( impor t ance  -N) , spann ing  the neutral line south and

west  of spot A , is v i s i b l e  on 14 September , 154 1 I T .  A s imple  com par i son  wi th

the region at 2239 IT shows an apparent relaxation of shear following this flare.

25. Nakagawa, N . (1978) Private communication .
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Corresponding values for 
~2 are given in Table 3. It is furt her noted that the

relaxation is confined to the region of the flare (according to the definition of
while at the same time the fibrils associated with 9

~ 
actually show a slight increase .

Table 3. Physical Parameters for the Flares With Observed Relaxation

B

b Scaling (gauss) Energyc
Date UT 9~ 9~ L(c m) W(cm) factor ( )  (+) (ergs)

Sep 13 1400 45
48

14 1400 63 9 3057 3 . 1X  10 1. 6 X  10 1/4 2500/320 3.7 X 10
14 2300 68 9 3045 3 . 1X  1O 9 1. 6 X  10 1/4 2500/320 2 , 8 X  10
15 1945 78

16 2025 77 4.6X ~~ 1.6X 1O9 1/2 2500/ 1600 1,25X i032

17 1335 64 4.6X 10~ l .6X IO~ 1/2 2500/1600 4,6X 1031

aAngles were measured from high resolution H~ filtergrams on 13 and 14September , and from patrol images on 15 to 17 September.
bFor the subflare of 14 September L is the center-to-center distance between

spot A and the plage to the southwest of A; for the 16 September flare we use
the distance between spots A and D.

CThe product of B( -)  and B(+) was substituted for B2 in Eq. ( 1 ) .

The principal interest in 9~ is the 2N flare which occurred along the neutral
line between spots A and D on 16 September , 214 1 UT. Si nce high resol ut ion
filtergrams were not taken after 14 September , we present instead a sequence of
daily Hct patrol images covering the period 14 to 17 September (Figure 2) . The
resolution of these is sufficient to Show only the neutral line f i lament which we can
assum e to be aligned approximatel y with the field lines (note the striations in the
vicinity of this f i lament in Figure 3) . The increase in 9~ , evident in the neutral line
filament , is clearly seen during 14 to 16 Sept ember (see also Table 3) . However ,
the increase may not be monotonic during this period , as a number of subflares
occurred at this location, Two subflares occurred between the t imes of the photo-
graphs on 14 and 15 September , and five occurred between the photographs of 15 and
16 September. RelaxatIons , possibly associated with  these subflares , wou ld oppose

— the expected increase in 9 due to the rotation of AB. This may explain the apparent
lack of change in between 15 and 16 September. Unfortunatel y, no photographs
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were available immediately after the 2N flare , whi ch occurred late in the afternoon
of 16 September. The next available photograph (1335 UT , 17 September) shows a
relaxation of about 13 deg in ~~ Furthermore, the filament is now sp li t and

resembles the less-sheared confi guration of 13 September. Since the t ime of thi s
measurement is a half -day after the flare we should be aware that could have
increased from its post-flare value due to the rotation of AB. However , Figure  7
indica tes that the rotat ion has slowed consider ably by this time and therefore ‘

~ 1
is probably similar to its post-flare ~alue .

The energy release associated with the relaxations observed in the flares of
14 and 16 September are approximated by Eq. ( 1) . The values for the lengths ,
widths , fie ld st ren gt hs , angles , and en erg ies are summarized in Table 3. The

choice of the width W is based on the diameter of spot A, which  is the negat ive pole

for the fl ux in the case considered . Geometric scaling facto rs are applied since the
magnetic flux terminating in spot A is obviously pa rtitioned among several positive
pol es. Accordingly, we have ass umed half of the flux to be connected to the strong
posit ive pole in the reg ion near spot D. From inspection of the high resolution
photographs we assume the remaining hal. f to be connected in the network to the
north, west , and south of spot A , wi th about a fourth of the flux connecting the plage
southwest of A (which involved the subflare) .

The diffe rence in the force-free field energ ies befor e and after the flares are
1030 and 8 x i0 31 erg fo r the subflare &nd the 2N flare , respe ctively. These energies
are com pat ible wi t h the ene rgies re leased in flares of these sizes.

The opt ical emission i n the  subfia re was con fi n ed wit hi n a n area roug hl y eq uiva-
lent to an area LW , whe rein the relaxation was observed, In the case of the 2N
flare , however , the emission extended far beyond the region similarl y defined. This
rai ses the question whether the released energy propagated over large distances
from the reg ion wher e the r elaxa t ion occu r red or whet her the relax at ion , in fac t ,
occurred over a much larger area but was simply not able to be observed. Since

the la rge fla re was observed onl y wi th the low resolution patrol telescope we are
un able to dis t i n guish bet wee n t hese t wo pos sibili t ies.

In comparing the sizes of the two flares with  the preflare extractable energies
we find , not unexpectedly, t b - - th e la rger flare occurred at the location of greater
extractable energy (Table 31, This relationship ext en ds als o to  the case of t he 313

fla r e8 where the preflare energy was .? 2. 2 x io 32 er g ,  obtained after correction of
errors in the calculated energ ies. 25 We therefore  suggest that the near real- t ime
monitort ri g of the stored energy might provide a useful forecasting tool , namel y, a
knowledge of the upper limit energy of potential flares at each location of shear.

The onset of flare activity north of spot A (Zone 3) is not simultaneous with  the
activity in Zone 2, Although the uibrils in Zone 3 are sheared the flares nevertheless
do not occur during the period of rapid rotation of AB , but appear onl y later when the
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new spots form. This appears to be a clear case of major flux emergence into a

reg ion which had been previously sheared.
In the eastern part of the reg ion we observe rapid suns pot motions during the

period in which flares were occurring in Zone 1. However , in this case the motions

may only have stretched the field lines instead of producing shear. In witness of

this , one not es the st rong filamentation , connecting spot J wit h the opposite polarity
nea r spot F (Fi gure 3, 14 September), which exhibits virtually no shear (0 - 0°) .  On
the other hand , the magnetograms of 14 September show a negative pole positioned
north of spot J. This pole did not produce any significant spots and therefore it is not

easy to determine whether the pole moved parallel with spot J (producing no shear)
or whether there was a shear-producing differential motion . A careful examination
of the hig h resolution filtergrams reveals the possible presence of sheared fibrils
in a small region just northwest of spot J. Thus , while the eastern part of the re-
gion contained some of the ingredient s required to produce shear , we are not able
to present a strong case for its existence.

10. PRINCIPAL CONCLUSIONS

We ident if y th e evolution of flare activity in three zones within McMat h 14943 ,
and find some evidence that a combination of both sheared fields and emerging flux
is associated wi th flare incidence. The zone of activ ity south of the large preceding
spot was subjected simultaneous ly to shear and emerging flux. The zon e nort h of the

precedi ng spot was subject ed fi rst to rotat ional shear , but flares did not develop
there until several days later when new magnetic flux emerged. The zone of activity
in the easter n part of the r egion did not present a clear-cut case and thus produced
no conclusions.

The r egions of eme rging flux which were flare associat ed were relat ively large
4 - 19 20in size (— 10 km) with fluxes on the order of 10 -10 I~-1x. Small-scale flux changes ,

assumed to be evident as emerging pores or other small-scale spot changes , were

found to be randoml y associated with flares. Thus , we suggest that the emerging
flux regions associated with flares may be exclusively limited to major entities , and
further , that the monitoring of either pore emergence alone or small-scale spot
structures alone may not be an effectiv e means for identif ying fla re -producing 7ones
within active regions.

Evidence is found for the role of force-free magnetic fields in the storage of
fla re energy. We have identified the possible energy build-up in sheared fields prior
to the occurrence of bot h a subfiare and a large (2N ) flare. We have further ide nt i-
fied the relaxation in shear following these flares . Estimates for the differences in
stored energy, before and after these flares , were in good agreement with the energy
release in each.
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We have no a priori reason to Ignore the fact t hat the flares in the western part
of McMath 14943 were occurring at the same time the major spots A , B, and F were
changing in size, On the other hand, the association between local flare activity and

the presence of shear and emerging flux seems somewhat more direct and persuasive,
It is curious, though, that (with the exception of the,decline in the area of spot A on
10 and 11 September) the changes in spot areas tend to occur during the periods of
spot motions. This effect , which might be purely coincidental , is noticeable in
comparing Figures 5 and 7. In addition , we note the dissipation of spots (and flares)
In the eastern part of the region following the reduction there in the spot motions.
This raises the question whether these two phenomena might be related in some way.

The association found between the zones of flare activity, sunspot motions ,
shear, and emerging flux suggests that near real-time monitoring of these same
quantities could lead to improvements in the forecasting of flares. The capability
for such 24-hr monitoring of these quantities will exist in 1980 when the USAF Air
Weather Service completes its five-site Solar Observing Optical Network (SOON).
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