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The flares associated with the abnormal rotation rates
of the bipolar sunspots: Reconnection probably
below the surface
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Abstract. We use the observations of Kodaikanal observatory white light pictures to study the association between the rotatior
rates of the bipolar sunspots and triggering of the flares. For the years- 1969, we compute daily rotation rates of the
leading and the following spots of the bipolar sunspot groups during their life span. We find that either leading or following or
both of the bipolar spot groups which have abnormal rotation rates during the course of their evolution are strongly associate
with the occurrence of flares in the later stage of their life span. Other important findings are: (i) the abnormal rotation rates
and the flares occur during the-580% of their life span of the spot group and, (ii) abnormal rotation rate of abigday?is
required for triggering the flares. The strong relation between the occurrence of abnormal rotation rates of the sunspot groug
and the occurrence of the flares enabled us to estimate the probable region of depth of reconnection below the solar surface.
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1. Introduction magnetic shear may be due to spot motion, either flux err

. . ence or the forward motion gfspots in an inverted magnetic
The sunspots are supposed to be associated with many solz_i Bﬁfigurations. Many studies (Hagyard et al. 1982; Hagy:

tivity phenomena like flares, prominences, coronal mass €18t al. 1984; Venkatakrishnan et al. 1989; Ambastha et al. 19¢
tions, etc. It is believed (Priest 1981; Haisch & Strong 199 o véctormagnetograms, show th’e relevance of magn
Parker 1994) that the magnetic reconnection s one of the ph¥ﬁéar with the eventual triggering of the solar flares. By cc
ical phenomenon in releasing the required amount of flare %ri'dering the He filament as a proxy for the magnetic neutr
ergy. However, it is not known at what level of the solar regi fhe. Sivaraman et al. (1992) quantitatively estimated char
reconnection events take place. Moreover, it is not known VQWthe shear that corresponds with the occurrence of the fl;
some set of sunspots trigger flares and others do not. Tho%mieder et al. (1994) showed that in order to have the fi

following studies indicate the relevance of sunspot motions f8Ecurrences, the following two conditions are necessary: (i)
triggering the flares, much quantitative and statistical eviden ak up motions of dierent polarity regions maintained i
are lacking. In this study, we present the same using daily Tes

. . ) h shear level for the continuous build up of the magne
tions of the bipolar spot groups observed from the Kodalkarmﬁ( and, (ii) the rapid motions and the changes in the magn
observatory. '

) ) sources.
The previous studies (Tanaka & Nakagawa 1973;

Ambastha & Bhatnagar 1988; Sundara Raman et al. 1998) haveMost of the afore mentioned studies clearly indicate that
shown that the proper motions of sunspot pairs can cause @gurrence of the flares is associated with the complex mc
energy build up and provide the required amount of ener§ent and magnetic topology of the sunspots. That means fl
involved in flaring. Sivaraman (1969) has demonstrated tHBRY be attributed not only to magnetic flux build up and recc
the flares coincide with the period of maximum area in tHeection but also to dynamics of the active regions that acqu
evolutionary phase. Zirin & Liggett (1987) have studied th@uring the course of their raising from the convection zone
case ofs spots and showed that such spot groups are the wrds the surface. In order to know whether dynamics of
tential candidates for the great flares. They further concludléNspot groups, especially the rotational dynamics, may ¢

that the driving force for one of the flare precursor such &4/€s to the triggering of flares, we compute the daily rotati
rates of the bipolar sunspot groups during their life spans a

Send gprint requests toK. M. Hiremath, we show in the following study that the abnormal rotation raf
e-mail:hiremath@iiap.ernet.in of the bipolar spots eventually trigger the flares. In Sect. 2,
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Fig. 1. a) The occurrence dates of abnormal rotation rates and the flares. The continuous line is the linear least squarR fiepkeents
occurrence date of abnormal rotation rates Brid the occurrence date of the flarb$.The occurrence day of the abnormal rotation rates and
the flares during the evolution of the bipolar spots. Phepresents the day of the occurrence of the abnormal rotation rate and the squar
represents the day of the occurrence of the flare.

describe the data used and the method of analysis. Results3arResults

presented in Sect. 3 and, conclusions and discussion are pre- . . .
sented in Sect. 4. or the period of observations, we select 57 spot groups which

are associated with the flares. Using Eq. (1), we compute daily
rotation rates. We find that, during the course of evolution of
the spot groups, the spots that have abnormal rotation rates
2. Data and analysis are associated with the flares on that day or later. We also
confirmed that the spot groups which do not have the abnor-
al rotation rates are not associated with the flares. A typical
Kta set that relates dates of the occurrences of abnormal rota-

r .
. T . on rates and correspondingly the dates of occurrence of the
sunspots taken from daily white light pictures and the OCCY3res is presented in Fig. la. The results show a strong as-

:;n;;le (Olfgkggarr:;ig%r:\]/ézetﬁgdsél::iﬁ?lo?btizr\:gltgg'ospza;? _ciqtion between the dates of occurrence of the abnormal
servelxtions of daily white light pictures. Using similar criterio? tatlon_ rates an_d th_e dates of oceurrence of the fl.ares.. The
Hiremath 2002) in selecting the sunspot groups, we com "Lorrelation cofficient is found to pe 99.9% with very h|gr_1 sig-
( . . g potg p. ' plﬁtl‘ﬁcance £100%). We also confirmed these results using the
rotation rata; of the bipolar sunspots as follows: Catania and the Greenwich Photoheliographic results. In order
to know at what stage of sunspot’s life time the abnormal ro-
o (liva = 1i) Q) tation rates and the flares occur, we separate the spot groups
YT (te— ) which have dfiferent life spans. In Fig. 1b, we present these re-
sults which illustrate dferent life spans along the axis and
wherel is the heliographic longitude from the central meridiartorresponding occurrence days of the abnormal rotation rates
tis the time of observation,= 1,2, 3,...n, andnis the age of and the flares are plotted along thaxis. The errors are deter-
the spot group. We define life span of a spot group as the tataihed using the formula/(N)Y/2, whereN is the total number
number of days between the first and the last appearance onahilne events of abnormal rotation rates and flares ansithe
same part of the solar disk satisfying the aforementioned crisgandard deviation. The results show that a spot of 4 days life
rion. In the following analysis we use the combined data of tlspan experiences on average abnormal rotation rate and corre
years (19691974), for whole region of heliographic latitudespondingly the occurrence of the flare on second day, life span
of 0° to 40 in both the hemispheres. We defienormal rota- of 6 days spot experiences the same events on third day and sc
tion rateas follows. Fist we compute the daily rotation rat¢s on. To put it in other way, the events of the abnormal rotation
for each pair of the bipolar spots and then compute the meamates of the spots on average occur betweer88& of the life
with their standard deviatiom. If the absolute value of the dif- spans of the sunspots during the course of their evolution. In
ference @ — wj) > 1o, then we consider the correspondingrig. 2a, we present the scatter diagram between the occurrence
rotation rate at that date abnormal rotation rateof the spot. of the abnormal rotation rates and the occurrence of the flares
In order to have good statistics, we combine both the rotatidaring particular day of evolution of the spots. The correlation
rates of the leading and the following spots. is found to be 98.8% with a very high significaneel(00%).

For the present study and for the years 1969-1974, we ¢
sider both the data of positional measurements (heliograp
latitude and longitude from the central meridian) of the bip0|%
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Fig. 2. a) The scatter diagram illustrating the association between the occurrence days of the abnormal rotation rates and the flares
evolution of the spot group. The continuous line is obtained from the linear least square fiR Ifgyeesents occurrence day of abnorm
rotation rates an# is the occurrence day of the flaré3.The magnitude of abnormal rotation rates fdfelient classes of the flares: the squa
representd (faint), theo is n (normal) and thex representd (bright). Here 0 along th& axis represents th® subclass flare. The numbers 1
2, 3, 4 are higher subclass flares.

Based on the size and visual appearance of the intensidy, The magnitude of the abnormal rotation rate of the sp
traditionally, the flares are classified as follows: (i) sf, 1f, 2f, that are associated with the flares is found to~12&/day
3f, 4f; (i) sn, 1n, 2n, 3n, 4n; and (iii) sb, 1b, 2b, 3b, 4b. Since and is independent of filerent classes and sub classes
we considered the dynamic events, it is interesting to know the flares.
whether occurrence of flierent class and subclass of flares de4. A strong association between the abnormal rotation re
pends upon the magnitudes of the abnormal rotation rates of theand the occurrence of the flares enable us to estimate
spots. In Fig. 2b, we present the magnitudes of the abnormal ro-the following discussion) probable depth below the surfa
tation rates for dterent class and sub class of flares. From this where the events of magnetic reconnection that may oct

figure, one can draw the following two important conclusions: ] ]
(i) in order that spot should trigger the flare, abnormal rotatidd'€ usual scenario for occurrence of the solar flares is du

of ~2°/day is required and, (ii) triggering of fiérent classes me_lgnetic reconnectiowhere ir_1 magnetic f_qu of opposite po
of flares is independent of magnitudes of the abnormal rotatiGitiés merge together releasing the required amount of ene
rates of the spots. The first result indicates that the abnorffiQWever, it is not known whether reconnection process oc
angular velocity of Zday (~10* cm/s) is sufficient to trigger elth_er above or below the surface. In cht some studies (Z
the flare. In fact this result is consistent with the theoretical e&- Liggett 1987; Leka et al. 1996; Canfield & Pevtsov 200!
pectations (Heyvaerts & Priest 1984) and analysis of the daifificate that reconnection events may be occurring below
movement of the sunspots (Zuccarello 1992) and, the recgHtface. From the following argument and some of the inf

helioseismic (Zhao & Kosovichev 2003) inversions from thgNces drawn, present study gives a definite clue regarding
local helioseismology. reconnection events that may be taking place below the surf;

The helioseismicstudies revealed many facets of structu
and dynamics of the sun. The inversions from the rotatiol
frequency yield the internal rotational profile right from su
face to deep radiative interior with good accuracy. In fact t
We use observations from the Kodaikanal observatory to stuslynspots are also very good indicators that yield the dyne
the association between the rotation rates of the bipolar spigts of the convective envelope. Very recent studies (Javare
during their life span and the occurrence of the flares. For theGokhale 1997; Javaraiah 2001; Hiremath 2002; Sivararn
period of 1969-1974 and for diterent life spans, we computeet al. 2003) show that variation of initial rotation rates derivs
the daily rotation rates); of the spots. Important findings offrom the daily motions of the sunspot groups with respect
the present study are as follows. their life spans is almost similar to the radial variation of inte

nal rotation profile of the solar plasma.

1. During the course of their evolution, the spots that expe- While raising towards the surface, the spots experience
rience abnormal rotation rates are strongly associated wéttpuilibrium at certain region of the convective envelope eve
the occurrence of the flares on the same day or later.  tually bringing their foot points closer that ultimately trigge

2. The abnormal rotation rates and correspondingly triggerittge solar flares by magnetic reconnection. Inequilibrium can
of flares occur during 5880% of life span of the sunspots.attained either by the strong flows or rotational gradient in t

4. Conclusions and discussion
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convective envelope. Since flows are random, spots could halegyard, M. J., Cumings, N. P., West, E. A., & Smith, J. E. 1982, Sol.
experienced inequilibrium every where in the convective enve- Phys., 80, 33

lope and correspondingly spots could have produced the flarggyard, M. J., Smith Jr., J. B., Teuber, D., & West, E. A. 1984, Sol.
during the course of their whole life spans. However, present Phys, 91, 115

study shows that spots produce the flares during a particdii@Sch. B., & Strong, K. T. 1991, Adv. Space. Res, 6(8), 47

period (50-80% of their life span) indicating rotational gra- €YVaerts, J., & Priest, E. R. 1984, AZA, 137, 63

. . . Hiremath, K. M. 2002, A&A, 386, 674
dient only at a particular depth of the convection zone. Fgarlvaraiah ] & Gokhale M. H. 1997 A&A 327 795

example if we Superpose this partl_cular pe_rlod O_f OCCUITeNg&,araiah, J. 2001, Ph.D. Thesis, Bangalore University, India

of abnormal rotations (and flares) in the Fig. 3a in the preyiea, k. D., Canfield, R. C., McClymont, A. N., & Gesztelyi, V. D. L.
ous study (Hiremath 2002), we find tlraagnetic reconnection 1996, ApJ, 462, 547

events that eventually trigger the flares may be taking plap@est, E. R. 1981, in Solar Flare Magnetohydrodynamics, ed. E. R.
around0.935R,, where rotational gradient exists. The specula- Priest (Gordon and Breach Science Publishers), 14

tion that such events taking place arour@35 R, can be tested Parker, E. N. 1994, in Spontaneous Current Sheets in Magnetic Fields

from the detailed MHD calculations. (Oxford University Press), 286
Schmieder, B., Hagyard, M. J., Guoxiang, Ai, et al. 1994, Sol. Phys.,

150, 199
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