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ABSTRACT

Context. Short-duration and long-duration flares are important in terms of their association with coronal heating and coronal mass
ejections, respectively. Sunspot motions in the photosphere have been known to be associated with flare occurrences.
Aims. We study the association between the abnormal rotation rates (longitudinal displacement in a given latitude in contrast with the
rotation of spots around their umbral centre) of sunspots and flare duration.
Methods. We compute the rotation rates of sunspots for different days during their evolution. We consider rotation rates that are in
excess of one standard deviation as abnormal rotation rates. Also, the duration of time between the initial and final stages of the flares
are computed.
Results. Using Kodaikanal Observatory white light picture and GOES soft X-ray flare data, we find that a good association with a
high significance exists between abnormal rotation rates of sunspots and flare durations. In contrast, we find that duration of flare is
independent of sunspot area.
Conclusions. The present study suggests that sub-surface dynamics plays a dominant role in determining the duration and rate of
dissipation of energy during flares.
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1. Introduction

Flares are often divided into two classes: impulsive flares and
long-duration flares. Impulsive flares are short-duration flares
in which the rise to peak flux emission is rapid. Skylab stud-
ies (Sheeley et al. 1983, and the references therein) discuss the
concept of two distinct classes of X-ray flares: long-duration
flares with coronal mass ejections (CME) association and short-
duration flares with no CME association. Cane et al. (1986) clas-
sifies flares with greater than 10% of the peak intensity, which
last for less than one hour, as short-duration events, and flares
that last for more than one hour, as long-duration events. Szajko
et al. (2013) consider flares greater than or equal to 0.3 h as
long-duration events and those lasting less than 0.3 h as short-
duration events. Cheng et al. (2011) have shown that the duration
of flares not associated with CMEs vary between 9−40 min and
flares with associated CMEs vary between 83−188 min. Though
their sample size is rather modest, their study shows an unmis-
takable departure in the flare duration between flares associated
with CMEs with those not associated with CMEs.

However, there is no consensus on the division of flares as
short and long duration. Sheeley et al. (1983) conclude that the
CME probability increases monotonically with the X-ray flare
duration. Hence, it is clear that, irrespective of the classifica-
tion issues, flares of different durations are important in terms
of their association with different phenomena. Impulsive flares
and flares without CMEs are important for their role in coronal
heating (Hudson 1991; Yashiro et al. 2006). In a study by Szajko
et al. (2013), which considered 20 events, the authors note that
all CMEs are associated with long-duration flares with major-
ity of flares lasting longer than five hours. The long-duration
flare associated CMEs are accelerated until the height is greater

than 5Rs (where Rs is one solar radius), which is a higher value
than in typical impulsive CMEs (Bak-Steslicka et al. 2011).
Several studies have shown that radio emission is mostly asso-
ciated with CMEs that have higher speeds (Gopalswamy et al.
2005; Suryanarayana 2012; Szajko et al. 2013), which highlight
the importance of long-duration flares. Chamberlin et al. (2012)
have shown that the total radiated output of flare depends more
on the flare duration than the typical GOES X-ray peak magni-
tude classification.

A study by Bein et al. (2012) notes that the time difference
between the peak time of the flare soft X-ray (SXR) flux and
the peak time of the CME acceleration is smaller than five min-
utes, which indicates a feedback relationship between the CME
acceleration and the energy release in the associated flare. The
long -duration flares are characterised by post flare loops and a
double-ribbon structure (Rust et al. 1980). This type of struc-
ture is also an indication of the reconnecting field lines (Anzer
& Pneuman 1982). At the same time, there is a strong view that
filament or prominence eruptions, flares, and CMEs are the con-
sequence of the dynamic evolution of the coronal magnetic field
(Cheng et al. 2010, and references therein). Though there is a
preponderance of CME association with long-duration flares, the
association of a significant fraction of short-duration flares with
CMEs raises questions on the phenomenon of magnetic recon-
nection as the only basis for long-duration flares. Also, there ex-
ists a lack of statistical evidence to explain the reconnection and
feedback mechanism as well as its physical basis (Sheeley et al.
1983).

The mechanism that triggers a flare is increasingly known
to be due to reconnection processes. However, the process lead-
ing to energy build-up that contributes to flare duration seems to
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lie in the photosphere and sub-photosphere, as indicated in sev-
eral studies (Hiremath 2006; Hiremath & Suryanarayana 2003).
Zirin & Lazaref (1975) reported the occurrence of a series of
flares in association with the motion of a large new p spot with
a speed of over 1000 km h−1. A few flares that lasted between
60 to 90 min have been reported in association with this motion.
McIntosh (1969) showed that the separation of some sunspots
decreased prior to a large proton flare and increased after the
flare. Yan et al. (2012) studied the flare occurrence in association
with the rapid decrease in the distance between the two small
sunspots on October 21, 2003 in which the speeds of spots were
about 4500 km h−1 and 3920 km h−1, for the positive and neg-
ative polarity spots, respectively. Jiang et al. (2012) reported a
spot motion of 3348 km h−1 in association with a flare of 22 min
duration and a halo CME. A similar result was published in a
study using substantial sunspot and flare data from Kodaikanal
Observatory, which examined the association of the minimum
separation between the bipolar sunspots and flare occurrences
(Hiremath et al. 2005). The fact that high numerical flare pro-
ductivity was observed in association with high abnormal rota-
tion rates (ARR) of sunspots, leading to the inference that the
instability experienced by the foot points of flux tubes below the
photosphere (Hiremath & Suryanarayana 2003; Hiremath 2006)
led to high flare productivity as well (Suryanarayana 2010). In
this context, we note that the majority of spots that have leading
and following parts are bipolar (Zirin 1988). Also, from a study
of the magnetograms, Hiremath & Lovely (2007) showed that
the majority of the spot groups first observed on the surface are
bipolar.

An extensive analysis of the rotation of sunspots to the tune
of 10 deg day−1 associated with a flare and CME was published
by Török et al. (2013). The flare duration was 38 min, which is
a reasonably long-duration flare. This pertains to the rotation of
the spots around their umbral centre. Hence, to remove any am-
biguity, we distinguish the terms sunspot rotation and the abnor-
mal rotation rate as follows. The rotation of sunspots around the
umbral centre constitutes the sunspot rotation (Tian & Alexander
2006). In contrast, the abnormal rotation rate represents the ab-
normal longitudinal displacement of a spot in a given latitude
during its evolutionary passage across the solar disk (Hiremath
& Suryanarayana 2003).

While the above studies underscore the association between
the rotation of sunspots or sunspot groups to the occurrence of
flares, in our previous study (Hiremath & Suryanarayana 2003)
we presented a relationship between the occurrences of abnor-
mal rotation rates of sunspots and flares. Therefore, at this stage
it is useful to pay attention to the issue as to whether the rota-
tion of a sunspot around its own axis occurs while the sunspot
experiences the translational motion. The answer appears to be
true at least in some cases. Vemareddy et al. (2012) showed
that sunspots exhibit both translational and rotational motions.
Similarly, rotational, and translational motions of sunspots were
reported by Kumar et al. (2012). However, according to Miller
(1971), the rotation of spots by itself does not appear to be a
predominant factor in flare production, and the relative motion
of the large spots is much more important. Thus it appears that
the occurrence of flares may be associated with both the rotation
of the sunspot around its own axis as well as the abnormal rota-
tion rates. Although we do not attempt to answer, it is certainly
interesting to ask the question as to whether abnormal rotation
rates of sunspots drive the rotation of sunspots around their own
axis, or vice versa, or if both are a result of the flux tubes experi-
encing the instability just below the surface where the rotational
gradient exists (Hiremath 2013, and references therein).

Zhang & Dere (2006) and Cheng et al. (2010) showed that
long-duration flares may result from continual or extended mag-
netic reconnection driven by a positive feedback between the
CME eruption and a fast magnetic reconnection inflow; this pos-
itive feedback does not exist in flares without associated CMEs.
However, many long-duration flares without CME eruption are
reported. Therefore, it is not clear what drives long-duration
flares with no associated CMEs. Also, it is not clear whether this
phenomenon can be observed with every flare associated with
a CME as well as whether the magnitude of the phenomena is
quantifiable to correlate with the duration of the flare. A clear
picture may emerge when the phenomena is examined with a
large sample of comparable duration flare events both with and
without CMEs.

Mass motions of the plasma associated with a two ribbon
flare to the tune of 2 to 5 km s−1 was reported by Bagare (1985)
in association with a long-duration flare of 52 min. This leads us
to think that sunspot motions and chromospheric mass motions
could be a result of the sub-photospheric instabilities that ulti-
mately trigger flares. According to Machado & Linsky (1975),
the photospheric heating is often observed during flares and the
energy is comparable with that of chromospheric and coronal
flares. This implies that the energy release in solar flares may
be associated with flux tubes experiencing instability below the
photosphere (Hiremath & Suryanarayana 2003; Hiremath 2006).
Hence, a correspondence may exists between the speed of flux
tubes approaching each other (Hiremath et al. 2005) and flare
duration. In this regard, considering the helioseismic inferences,
it has been concluded that spots experience instability beneath
the surface (Hiremath 2002, and the references therein).

From the work of Martin (1980), it is clear that sufficient sta-
tistical analyses are lacking that account for various changes in
the dynamics of sunspots to flare characteristics. A study about
the abnormal rotation rate of sunspots, and its association with
the occurrence of flares (Hiremath & Suryanarayana 2003), is
an effort towards the same. However, it remains an open ques-
tion as to whether the flare duration is also associated with the
magnitude of sunspot motion. Keeping this view in mind, we
examine the association between the occurrence of abnormal
rotation rates of sunspots and flare duration. The paper is or-
ganized as follows: in Sect. 2, data adopted for the study and
method of analysis are presented. In Sect. 3 we present the re-
sults. Sections 4 and 5 deal with the discussion and conclusions,
respectively.

2. Data and analysis

2.1. Data and methodology

We use the sunspot data from Kodaikanal observatory white
light pictures and GOES SXR flares from the solar geophysi-
cal data archive for the period January−April, 2000. It may be
noted that the year 2000 was the sunspot maximum period, so
the availability of numerous active regions in a short span has
dictated our choice of only four months data. The catalogue of
sunspot data from Kodaikanal Observatory consists of the he-
liographic coordinates, the area of the spot, etc. The catalogue
provides the information on the daily position (heliographic lat-
itude and longitude) and areas of sunspots obtained from the
Kodaikanal Observatory white light images. The spot area is
given in units of millionths of hemisphere (mhs). From a col-
lection of 101 sunspot pairs, we identify 43 sunspot pairs for our
analysis, as the remaining 58 groups last for two days or less,
and hence, abnormal rotation rates cannot be computed.
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Using the method given below, we compute rotation rates
of sunspots. Following the previous studies (Hiremath &
Suryanarayana 2003; Hiremath 2006), we define the rotation rate
Ωi of the bipolar sunspots as follows:

Ωi =
(li+1 − li)
(ti+1 − ti)

, (1)

where li is the heliographic longitude from the central meridian
for each day, ti is the time of observation, i = 1, 2, 3, ...n, and n is
the age of the spot group. We considered data for the region lim-
ited to 0◦ to 40◦ latitudes in both hemispheres, and also within
65◦ in eastern and western longitudes from the central meridian
to reduce the effect due to foreshortening in measurements.

Using Eq. (1), for each sunspot in a pair, we separately com-
pute the daily rotation rates Ωi, mean rotation rate Ω̄ , and stan-
dard deviation σ. If the absolute value of the difference be-
tween the rotation rate Ωi and the mean of the rotation rate Ω̄
is greater than one σ, we consider the corresponding rotation
rate at that date as the abnormal rotation rate δΩ of the spot.
Thus, |Ωi − Ω̄| ≤ 1σ constitutes the non-abnormal rotation rate
(NARR). Admittedly, the distinction between ARR and NARR
is somewhat arbitrary. However, in the present data, we found
no SXR flare associated with NARR. Hence, the choice of 1σ
standard deviation provides a reasonable cut-off for SXR flares.

For all of the spots, the mean rotation rate varies between
12.30−15.52 deg/day and the standard deviation varies be-
tween 0.101−0.919 deg/day. As an example, if the mean rota-
tion rate is 15.52 deg/day in a latitude and the standard devi-
ation is 0.919 deg/day, then the rotation rate outside the range
14.601−16.439 deg/day on any day is regarded as abnormal ro-
tation rate. On the other hand, if the rotation rate for any day is
varying within the range 14.601−16.439 deg/day, the sunspot is
considered to have experienced non-abnormal rotation rate. In
this example, if the rotation rate on a certain day is 16.5 deg/day,
then the rotation rate is abnormal and the magnitude of abnormal
rotation rate is 0.98 deg/day.

2.2. Estimation of errors in positional measurements

Before the era of digital photography, there are no estima-
tion of errors in either heliographic coordinates (latitude and
longitude) or area measurements. In fact, the sunspot data of
Kodaikanal Observatory we used does not provide the errors
in either sunspot heliographic coordinates or area values. This
fact is also true for sunspot data of the well-known Greenwich
Photo-heliographic Results from which many controversial re-
sults, such as the cycle variation of rotation rates or meridional
circulation, are used to explain the origin of the solar cycle from
the so-called flux transport dynamo mechanism. This despite the
fact that these mechanisms are questionable (Hiremath 2008,
2010).

Prior to the era of digital photography, most of the solar ob-
servatories in the world used to estimate the average position
between two grids in which sunspot is inscribed within a square
box, by overlaying Stonyhurst charts (with spherical grids) man-
ually. With this method of position (either latitude or longitude)
measurements, the error in measurement of longitude can be
characterised by the angle, θ, subtended by the sunspot.

We assume that the ideal sunspot has an intensity profile that
can reasonably be described by a symmetric curve, however, an
actual sunspot deviates from the ideal and exhibits some amount
of asymmetry. We make the assumption that the deviation of the
actual centre of the sunspot compared to the ideal centre is given

by a normal distribution with a standard deviation σl chosen
so that ±3σl covers the entire angular width, θ, of the sunspot.
Hence,

6σl = θ.

This is rearranged to give the error on the position as

σl =
θ

6
·

The width of the sunspot is approximated from the area A of the
sunspot by making the assumption that the sunspot has a circular
shape, and so

A = πr2,

where r is the radius of the sunspot, and so the width, W of the
sunspot is given by

W = 2r = 2(A/π)
1
2 .

Since the measured area of sunspot is in units of millionth’s of
a hemisphere, it should be multiplied by one millionth of hemi-
sphere (2πR2

s × 10−6, where Rs is the radius of sun) to obtain the
area, i.e.,

A = 2πAmR2
s × 10−6,

where Am is the measured area of sunspot. This gives

W = 2(A/π)
1
2 = (8Am)

1
2 Rs × 10−3.

The angle θr subtended by the sunspot is given by

θr =
W
Rs
,

but this is in radians. Converting to degrees (to agree with the
longitudinal measurements)

θ =
180
π
θr =

180
π

W
Rs
=

180
π

(8Am)
1
2 × 10−3.

So the error on latitudinal position is

σl =
θ

6
=

30
π

(8Am)
1
2 × 10−3 ≈ 0.027A

1
2
m·

This means that the error on sunspot position varies with its area
and that sunspots with larger areas also have larger uncertainties
in their longitudinal measurements.

2.3. Estimation of errors in abnormal rotation rate

The equation for the rotation rate Ωi is given by

Ωi =
li+1 − li
ti+1 − ti

·

The exposure time of Kodaikanal images is 0.001 s (Sivaraman
& Gupta 1993) and hence the error in time is very small in com-
parison to the error in longitude, and so can be reasonably ne-
glected. The formula is now of the form f = ax − by, which

has the propagated error σ f =
√

a2σ2
x + b2σ2

y (see Eq. (3.20) in
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(a) (b)

Fig. 1. Occurrence of abnormal rotation rates as a function of latitude (north-south separately in Fig. 1a and north-south combined in Fig. 1b).
The southern latitude is represented by negative values. A red continuous line represents the linear least-squares fit of the form ARR = (1.335 ±
0.007)+ (0.002± 0.001)LAT and ARR = (1.263± 0.023)+ (0.004± 0.001)LAT (where ARR and LAT are the abnormal rotation rates and latitude
of sunspots) for Figs. 1a and b, respectively. The diamond symbol in red represents NARR points in both the figures. The correlation coefficient
and its significance for the least-squares fits are 0.04 and 99.90% for Fig. 1a and 0.06 and 99.99% for Fig. 1b, respectively.

Bevington & Robinson 2003). Hence, the error for the rotation
rate is given by

σΩ,i =
1

ti+1 − ti

√
σ2

l,i+1 + σ
2
l,i,

=
0.027

ti+1 − ti

√
Am,i+1 + Am,i,

where Am,i is the measured area of the sunspot at time ti.
The abnormal rotation rate is given by

δΩi = |Ωi − Ω̄|.
As the process of averaging the rotation rate reduces the error on
the average, the error on a single measurement dominates that of
the average, and so the error on the abnormal rotation rate can
be approximated by the error on an individual rotation rate, i.e.,

σδΩ,i ≈ σΩ,i = 0.027
ti+1 − ti

√
Am,i+1 + Am,i.

2.4. The effect of differential rotation

As the sun rotates differentially, it is interesting to note whether
the magnitude of abnormal rotation rate depends upon the lati-
tude. In Fig. 1a, we illustrate the magnitudes of abnormal rota-
tion rates as a function of north and south latitudes, whereas for
different latitudes in Fig. 1b, we illustrate the combined occur-
rence of magnitude of abnormal rotation rates for both the hemi-
spheres. Both figures show that the occurrence of ARR does not
depend upon the latitude.

2.5. Solar flare data

The SXR data is collected from the solar geophysical data
archive (SGD). A total of 50 SXR flares and 13 Hα flares have
been used. The SXR flares are linked to sunspots on the basis of
the date, time, and coordinates of flare region. The flare data con-
sists of the active region number (NOAA), the heliographic co-
ordinates, the start, peak, end times, and different class of flares.
We obtain duration of associated SXR flare by subtracting the

start time of a given flare from its end time. There are substan-
tial number of flares listed in the SGD, which contain no ac-
tive region number and co-ordinates. From a comparison of the
SGD listing of SXR and Hα flares, it is apparent that active re-
gion numbers and heliographic coordinates of SXR flares relate
to the Hα flares.

For the 43 pairs of sunspots, we find an association of
32 pairs of sunspots with both SXR and Hα flares and six pairs
with Hα flares alone. Hence, 50 ARRs from 32 pairs of sunspots
and 13 NARRs from six pairs of sunspots account for the present
study. The remaining five sunspot pairs have no associated flares
that have matching heliographic coordinates. This may be be-
cause even if there were SXR flares reported in that period, com-
parable Hα flares were not available. In fact, during the lifespan
of the five groups, there were many SXR flares listed in the SGD
but they did not have any information about the position and ac-
tive region number. Therefore, it is likely that these five sunspot
pairs might also be associated with flares either in other energy
ranges or with SXR flares for which the position is unidentified.

In the present study, we use the estimated duration of SXR
flares for the following reason. The onset of SXR flare precedes
the first flare brightening in Hα, and also the SXR flux peaks af-
ter the maximum intensity in Hα occurs. Further, part of X-ray
emission corresponds to a bridge between the two Hα emission
areas located on the opposite side of a neutral line of longitudi-
nal magnetic field. This indicates that the basic shape of flares
is a loop or a system of loops, of which only the loop feet
are visible in Hα line while the loop top is too hot to produce
Hα emission. Furthermore, the Hα flare, which is a chromo-
spheric event, represents the height of about 8000 km s above
the base of chromosphere, whereas the SXR flare accounts for
large heights in corona (Thomas & Teske 1971). Thus, we use
primarily SXR flares as they better reflect the actual flare dura-
tion than Hα flares.

3. Results

As described in the previous section, for each spot during its
evolution, abnormal rotation rates are computed and we note
the corresponding flares that occur between the preceding and
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Table 1. Abnormal rotation rates of sunspots and durations of associated flares.

KKL NOAA Year Month Date ARR ARRerr Flare Flare duration
(deg/day) (deg/day) Class (min)

21449 8829 2000 01 13.33 2.08 0.21 C5.5 19
′′ ′′ ′′ ′′ ′′ 2.12 0.32 C2.6 26
′′ ′′ ′′ ′′ 15.38 2.12 0.24 C1.7 13
′′ ′′ ′′ ′′ 16.33 1.66 0.51 C2.9 14

21474 8858 2000 02 05.31 1.60 0.15 C7.8 19
′′ ′′ ′′ ′′ 08.38 0.67 0.23 C1.9 08
′′ ′′ ′′ ′′ ′′ 1.02 0.12 C3.3 20
′′ ′′ ′′ ′′ 09.42 0.71 0.19 C5.2 08

21484 8872 2000 02 14.31 1.18 0.34 B8.0 12
21492 8882 2000 02 29.31 0.68 0.36 C2.7 08
′′ ′′ ′′ 03 01.33 1.20 0.28 C2.0 13
′′ ′′ ′′ ′′ 02.33 1.70 0.42 C5.5 20
′′ ′′ ′′ ′′ 03.32 2.50 0.26 C2.5 33

21512 8906 2000 03 10.42 1.82 0.18 C3.4 19
′′ ′′ ′′ ′′ 12.33 2.25 0.39 C2.5 24
′′ ′′ ′′ ′′ 13.32 1.52 0.25 C6.8 15
′′ ′′ ′′ ′′ 14.32 1.70 0.32 C1.9 25
′′ ′′ ′′ ′′ 16.42 1.80 0.27 C6.2 21
′′ ′′ ′′ ′′ 17.30 2.10 0.33 C1.7 35
′′ ′′ ′′ ′′ 22.31 1.90 0.41 X1.1 22

21543 8939 2000 04 02.42 0.83 0.24 C2.4 10
21549 8948 2000 04 07.33 2.09 0.37 C2.2 19
′′ ′′ ′′ ′′ 08.34 2.59 0.28 C1.9 30
′′ ′′ ′′ ′′ 09.31 1.46 0.45 M1.1 15

following day of the ARR. We present typical occurrences
of abnormal rotation rates for seven pairs of sunspots and
flares in Table 1. The columns in Table 1 are: (i) Kodaikanal
(KKL) sunspot group number; (ii) corresponding NOAA num-
ber; (iii) year of observation; (iv) month of observation; (v) date
of observation; (vi) ARR; (vii) error in ARR; (viii) flare class
and (ix) duration of flares.

Occurrence of abnormal rotation rates of individual spots of
a bipolar pair is often associated with the minimum longitudi-
nal separation between the two spots. To check this observed
phenomena with the present data, the typical daily longitudinal
separation between a pair of sunspots in AR8824 is computed
and presented in Fig. 2. with abnormal rotation rates and associ-
ated flares. A similar trend as in the previous studies (Hiremath
et al. 2005; Hiremath 2006) is also observed in the present ex-
ample. These results confirm the results of previous studies that
abnormal rotation rates of individual spots in a pair is often asso-
ciated with minimum separation between bipolar spots. Further,
sunspots that experience abnormal rotation rates are also asso-
ciated with minimum longitudinal separation and occurrence of
flares on that day.

To examine the association between the occurrence of ab-
normal rotation rates of sunspots and the occurrence of flares,
we plot, in Fig. 3a, the number of flares that occurred against
the occurrence number of abnormal rotation rates of all the spot
groups. There is a strong association between the occurrence of
abnormal rotation rates and the occurrence of flares. For exam-
ple, for every six abnormal rotation rates, a corresponding eight
flares occurred. Also, a good correlation with a high significance
bears testimony to a distinct association between the occurrence
of abnormal rotation rates experienced by a given spot during its
lifespan and the occurrence of flares. Similarly, Fig. 3b illustrates
the occurrence number of non-abnormal rotation rates and the
occurrence number of flares. In contrast, there is a pronounced
lack of proportionality of flare occurrences with the increase in

Fig. 2. Graph illustrating the occurrence dates of abnormal rotation
rates, flares, and minimum separation of the leading and trailing
sunspots in AR8824 (Kodaikanal Number 21448). The dashed line in
green, dash-dotted line in yellow and the continuous line in red rep-
resent the rotation rates of leading and following spots and minimum
separation, respectively. The vertical lines represent flare occurrences
on those dates.

the non-abnormal rotation rates of different spots. For error bars
in each data point of Figs. 3a and b, the occurrence number of ab-
normal rotation rates and non-abnormal rotation rates are binned
in the interval of 1−2, 2−3, etc., and in each bin, the occurrence
number “n” of flares are collected, the respective averages, stan-
dard deviations σb , and the error bars σb/

√
n in each bin are

computed.
Since, the occurrence of flares is strongly associated with the

occurrence of abnormal rotation rates of sunspots, it is interest-
ing to know whether an association exists between magnitudes
of abnormal rotation rates and flare durations.
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(a) (b)

Fig. 3. Binned data of number of abnormal rotation rates and number of flares is illustrated in Fig. 3a. The red continuous line is a linear least
squares fit of the form nFbin = (−1.489 ± 0.561) + (1.292 ± 0.151)nARRbin (where nFbin and the nARRbin are the number of flares and the number
of abnormal rotation rates respectively). Binned data of number of non-abnormal rotation rates and number of flares is illustrated in Fig. 3b. The
red continuous line is a linear least squares fit of the form nFbin = (1.136 ± 0.264) + (0.051 ± 0.048)nNARRbin (where nFbin and nNARRbin are the
number of flares and the number of binned non-abnormal rotation rates respectively). The correlation coefficient and its significance for the least
square fits are 0.95 and 99.74% respectively for Fig. 3a and, 0.25 and 93.2% for Fig. 3b, respectively.

Fig. 4. Scatter plot illustrating the magnitude of abnormal rotation rates
of sunspots and duration of associated flares. The red continuous line is
a linear least-squares fit of the form τ = (1.984±0.332)+(9.075±0.191)
δΩ, where τ and δΩ are the duration of flares and magnitude of abnor-
mal rotation rates of the spots, respectively. The diamond symbol in red
represents NARR points. The correlation coefficient and its significance
are 0.74 and 99.99%, respectively.

As the errors in the durations of X-ray flares are not avail-
able, we compute these as follows. The flare energy curve con-
sists of one-minute intervals of the X-ray flux. The start and end
times of the flare are derived from one-minute average X-ray
measurements from GOES, hence, an inherent scale error of
σt = 0.5 min exists, so we have start time t0 ± 0.5 minutes and
end times t1 ±0.5 min. Thus, the duration d = t1 − t0 has an error

σd =

√
σ2

t1 + σ
2
t0 =
√

0.52 + 0.52 ≈ 0.7 min.

A scatter plot illustrating the variation in magnitudes of abnor-
mal rotation rates δΩ of sunspots and the flare durations τ is
presented in Fig. 4. This figure shows that, with a high sig-
nificance (99.99%), an association exists between the magni-
tudes of abnormal rotation rates of sunspots and the durations

of SXR flares. Our conclusion from this illustration is that there
is a strong association between the magnitude of ARR and flare
duration.

As noted earlier (Sect. 2), the distinction between the ARR
and NARR is rather arbitrary. As we found no SXR flare in
association with NARR events, we searched for the same in
Hα flares in the SGD catalogue on the date of occurrence of the
NARR. The Hα flare durations are shown as additional points
in the Fig. 4 (diamond symbols in red) associated with respec-
tive NARR events, which are in the range of 0 to 1 deg/day.
The same data set is also represented as red symbols in Figs. 1
and 5, respectively. The combined data (ARR and NARR) em-
phasizes the association between the deviation of rotation rates
of sunspots from their mean rotation rates and flare durations.

To verify if any association exists between the areas of spots
and abnormal rotation rates and also between the areas of spots
and the flare duration, we plot the abnormal rotation rates and
flare durations against the sunspot areas in Fig. 5. We find that
no significant association exists either between the sunspot areas
and magnitude of abnormal rotation rates or between the sunspot
areas and flare durations. Since the error in the measurement
of sunspot area cannot be estimated accurately, we assumed the
same to be approximately equal to one unit at the smallest sig-
nificant digit of the area of a given spot.

4. Discussion

Several physical mechanisms have been proposed to explain the
genesis of flares. It is believed that the energy is stored in the
corona as magnetic energy, which is released as a flare within
a short span of time. The annihilation of the magnetic field re-
sults in the abrupt release of flare energy. The annihilation of the
magnetic field, however, is possible only with reconnection of
field lines, which can be expected only in a metastable config-
uration, such as twisted fields and sheared fields. The magnetic
energy of an active region, which produces a large flare is esti-
mated to be about 1033 erg. The instability may occur in a single
twisted flux tube if the effects of electric currents are consid-
ered. Since the magnetic field is assumed to be force-free, the
currents go along the tube. A measurement of the longitudinal
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Fig. 5. Scatter plot illustrating the durations of flares τ (upper panel) and
the magnitude of abnormal rotation rates ARR (lower panel) versus the
area A of the sunspots. In both the panels, the red continuous line repre-
sents linear least-squares fit of the form τ = (16.153± 0.244)+ (0.014±
0.001)A (upper panel) and δΩ = (1.579 ± 0.018) + (0.001 ± 0.000)A
(lower panel). The diamond symbol in red represents NARR points.
Correlation co-efficient and its significance for the least-squares fit
are 0.12 and 99.99% (upper panel) and 0.14 and 99.99% (lower panel),
respectively.

and transverse components of the magnetic field structure, re-
veals that vertical currents of the order of 1011 A exists in the
neighbourhood of sunspots. In a rope of ∼5000 km diameter,
which corresponds to the size of the bright flare patches, the cur-
rent should exceed 2 × 1011 A. The photospheric motions can
drive strong coronal currents responsible for storing magnetic
energy. The energy may be released very quickly if currents are
interrupted. However, the mechanism of this current dissipation
is yet to be understood. This is obvious because the field anni-
hilation mechanism is incompatible since many flares occur in
a simple dipole configuration (Švestka 1975, and the references
therein).

A study by Stenflo (1969) shows that the kinetic energy of
the rotational motion of sunspots can be transferred to electro-
magnetic energy in filamentary currents. This study further in-
dicates that the time needed for preconditioning the solar at-
mosphere for a flare varies within wide limits. For small flares,
timescales of the variation of current dissipation may be of the
order of minutes; for large flares, timescales may be of the order
of hours or days.

Present consensus is that magnetic reconnection in a very
compact region with oppositely directed magnetic flux is be-
lieved to result in annihilation of the field, leading to release of
flare energy that accelerates particles to high energy (Hiremath
2009, and references therein). In this compact region, because
of the low Reynolds number, the dissipative process dominates
whereas outside the reconnection region the electric field is non-
dissipative because of the high Reynolds number.

While these issues highlight the different physical mech-
anisms explaining the localized energy dissipation processes,
the causative factors for these phenomena are yet to be identi-
fied. Most of these studies believe that flare energy released is
because of the magnetic reconnection in the corona, although
there are no unambiguous observational evidences. On the other
hand, contribution to the energy build-up because of a vari-
ation of magnetic field structure and subsurface dynamics of

the sunspots cannot be ruled out. While various reconnection
processes, including the emerging flux, are the likely candidates
for triggering energy release processes in flares, the contribu-
tory factor to the actual energy build-up process appears to come
from photospheric and subphotospheric dynamics (Hiremath
2006).

Therefore an alternative view to the phenomena of energy
build-up that leads to flare occurrences, in general, and flare du-
ration, in particular, is presented below. The increase and de-
crease in the areas of sunspots is understood in terms of whether
the spots originate in the region of positive or negative rotational
gradient (Hiremath & Lovely 2010; Hiremath 2013, and refer-
ences therein) just beneath the surface. This implies that the
change in the areas of the sunspots is a rather gradual process
along with the passage of the foot points through the width of ro-
tational gradient beneath the surface. However, the occurrence of
abnormal rotation rates of sunspots is a result that could be due
to the flux tubes experiencing instability just below the surface
where rotational gradient exists around the region of 0.935Rs
(Hiremath & Suryanarayana 2003; Suryanarayana 2010). This
explains the result, presented in Fig. 5, that areas of the sunspots
do not have a major role in causing abnormal rotation rates as
well as the variation of flare duration. This result also agrees
with the results by Hiremath et al. (2006) that among different
quantities that vary, such as the areas, abnormal rotation rates,
longitudinal extents, and number of small spots produced, the
abnormal rotation rates during sunspot’s evolutionary phases is
the predominant factor that triggers the flares. In fact, McIntosh
(1970) has noted that even small sunspot groups may be associ-
ated with major flares if their spot motions are especially large
and lead to an increasing gradient across the neutral line.

A possible scenario to explain the strong association between
ARR and flare duration is as follows. While ascending from
the deep interior towards the surface, the flux tubes approaching
each other beneath the surface result in compression and pump-
ing of the plasma to coronal heights where it dissipates in the
form of flares. This implies that there is proportionality between
the compression speed of the plasma due to abnormal longitu-
dinal displacement of the sunspots below the surface and the
rate of dissipation of energy and hence the duration of the flares.
However, a detailed understanding of the processes involved is
beyond the scope of the present work.

5. Conclusion

Using sunspot and SXR flare data from Kodaikanal Observatory
and the archive of solar geophysical data, respectively, we stud-
ied the association between the occurrence of abnormal rotation
rates of sunspots and flare duration. We find that with a high sig-
nificance, a strong association exist between the magnitude of
abnormal rotation rates of sunspots and flare duration. In conclu-
sion, it appears that the duration of dissipation of energy during
a flare is dictated by the dynamics and energy involved in rela-
tive motions of magnetic features against the dominance of local
convective processes.
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