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There is increasing evidence that various manifestations of solar activity are non-axisymmetric and
mainly occur in two preferred longitude ranges, so called active longitudes. We have earlier analyzed
the longitudinal occurrence of solar X-ray flares observed by GOES satellites using a specially developed
Keywords: dynamic, differentially rotating coordinate system. In this frame, the longitude distribution shows two
Solar X-rays persistent preferred longitudes separated by about 180 degrees whose strength alternates in time
Flares according to the so called flip-flop phenomenon. Here we make the first global statistical analysis to
Active longitudes find the best fitting values for parameters describing the differential rotation of active longitudes of
X-ray flares. We find that the new analysis greatly improves the earlier values for the rotation
parameters, making them consistent between the three different classes of X-ray flares. The improved
parameters also yield a systematically higher level of non-axisymmetry for the longitudinal
distribution, thus increasing the statistical significance of the existence of active longitudes.
Accordingly, a significant amount of X-ray flares of different classes are produced by the same two
active longitudes. We also find a significant difference between the rotation rates in the two solar
hemispheres, with active longitudes rotating faster than the Carrington rate in the northern hemisphere

and slower than the Carrington rate in the southern hemisphere.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

It has been found that various manifestations of solar activity,
such as sunspots (Bumba and Howard, 1965; Balthasar and
Schiissler, 1984; Berdyugina and Usoskin, 2003), heliospheric
magnetic fields (Ruzmaikin et al., 2001; Takalo and Mursula,
2002; Mursula and Hiltula, 2004) and flares (Bai and Cliver, 1990)
are non-axisymmetric and mainly occur in preferred longitude
ranges, so called active longitudes.

Using a specially developed dynamic, differentially rotating
coordinate system, it was found (Usoskin et al., 2005) that two
active longitudes of sunspots separated by about 180" have
existed for the past 120 years. Recently, a similar dynamic system
was used to analyze the longitudinal occurrence of solar X-ray
flares observed by the NOAA/GOES satellites (Zhang et al.,
2007a,b). In this frame, the longitude distribution of flares of
different intensity showed two persistent preferred longitudes
that were separated by about 180" and whose strength alternated
in time similarly to the so called flip-flop phenomenon, which was
first found in fast rotating cool stars (Jetsu et al., 1991) and later in
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the heliospheric magnetic field (Takalo and Mursula, 2002) and in
sunspots (Berdyugina and Usoskin, 2003).

Sunspots and solar flares are different manifestations of solar
magnetic fields, with sunspots being regions of the most intense
photospheric fields and flares being related active regions and
rapid changes in coronal magnetic fields. Since the rotation of
photospheric and coronal structures is different, it is interesting to
study the properties of active longitudes of both types of solar
activity. When studying the first appearance of sunspots in a
dynamic system it was found that such active longitudes, i.e.,
zones where sunspots preferentially first appear, are persistent
for 120 years (Berdyugina and Usoskin, 2003; Usoskin et al.,
2005). These longitudes can also be considered to be regions
where strong magnetic fields are formed. Here we analyze
longitudes of solar X-ray flares using a similar dynamic,
differentially rotating coordinate system. The active longitudes
of X-rays can be considered to be active and complex magnetic
regions which experience fast changes.

In earlier studies the differential rotation parameters describ-
ing the dynamic system obtained for one solar activity variable
such as one X-ray flare class were quite different from those
obtained for another solar activity variable or another flare class
(Zhang et al., 2007b). Moreover, a statistical analysis has so far
been lacking to reliably evaluate whether the rotation parameters
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obtained for any two sets of solar variables are in agreement or
not.

Here we make an improved analysis of the GOES X-ray flare
data in order to find, for the first time, the globally best fit values
of parameters describing the differential rotation of active
longitudes of solar X-ray flares. We also estimate the statistical
errors of their best fit values for the first time. The paper is
structured as follows. The data base is introduced in Section 2. The
improved analysis is described in Section 3, and the best fit
parameters are presented in Section 4. The difference between the
rotation rates of the two solar hemispheres is discussed in Section
5, and the improved non-axisymmetry is depicted in Section 6.
Finally, Section 7 presents our conclusions.

2. Data

We study here X-ray flares observed by the NOAA GOES
satellites during the period of 1975-2006. Most of these X-ray
flares were identified by simultaneous optical flare observations.
The NGDC database (http://www.ngdc.noaa.gov/stp/SOLAR/ftpso
larflares.html#xray) provides the location information for the
identified optical flares. We assume that the X-ray flares and
optical flares are co-located and, using the central meridian
distance of optical flares in this database, derive the Carrington
longitudes of X-ray flare source regions.

X-ray flares are classified by their peak intensity. Table 1
shows the X-ray flare classes and the corresponding ranges of
peak intensity. For convenience we sometimes call the C, M, and
X-classes of X-ray flares the C-flares, M-flares and X-flares,
respectively. During the study period of 1975-2006, there were
altogether 23,393 C-flares, 4,426 M-flares, and 402 X-flares.

While the analysis of sunspots can be based on data extending
over 120 years, for X-ray flares we only have three solar cycles of
observations from the time when the GOES satellite series was
initiated. We have not included here X-ray flare data in 2007 and
2008 since there were only few flares above C-class in these years.

3. Improved analysis

We treat in this work the migration of active longitudes with
respect to the Carrington frame more accurately than earlier
(Zhang et al., 2007b). This, together with the global search of
optimum parameters, makes the obtained parameter values more
reliable and consistent than in the earlier studies. We sketch the
new approach below. For more information, we refer to the earlier
studies (Usoskin et al., 2005; Zhang et al., 2007a, b).

On the k th day of the i th Carrington rotation, the migration M
of an active longitude with respect to the Carrington reference
frame is determined by

Ni_
M=T. Z (Qj—Qc)+k(Q2n,—Qc) 9]

Jj=No

where Ny and N;_; denote the numbers of the initial Carrington
rotation and the (i—1) th rotation, T, =27.2753 is the synodic
Carrington rotation period and Q. is the angular rotation rate of

Table 1
X-ray flare classes and their ranges of peak intensities.

Class W/m? ergs/cm?/s

(€ 10°<I<10® 102 <I<107?
M 105 <I<10™ 102 <1< 107!
X 1<10* 1<10"

Carrington system (in sidereal frame 14.1844deg/day and in
synodic frame 13.199deg/day). Qy, are the (sidereal) angular
velocities of the active longitude during the j th Carrington
rotation number N;, which can be simply expressed by

Qn, = Qo—Bsin® (¢, >, )

where ¢; is the peak-intensity weighted average latitude of X-ray
flares during this rotation (Zhang et al., 2007b). For Carrington
rotations with no flare activity the linear interpolation of mean
latitude is used. o, the (sidereal) equatorial angular frequency
and B, the latitude variation parameter, are constants whose
values will be determined by optimization.

Let us assume that one active longitude band is at longitude
Aj on the k th day of the i th Carrington rotation, and at Ay, at
the beginning. Then, using the above migration, we obtain

A1 = (A1 +M)mod 360°, (€))

where mod 360" means modulo 360" within the range [0°, 360°].

The other active Ilongitude is assumed to be at
Ajo = Ajq £180°, i.e., opposite to A;,. The difference between
the longitudinal position of a flare, 4;, which occurred on the k th
day of the i th rotation, and the center of the active longitude
band, Aj;,; or Aj,, is defined as

Aje = min(|Ajx—Ajr 1, 360" — [ A — Ajgr |, | 180" — | Ajg— A |- “4)

In order to illustrate this, we discuss some examples. Assuming
Ay =359 and Ay, =179°, and taking Ay =1" one obtains
Aijx =360°—|Aix—Aj1| =2°. On the other hand, taking Ay =177,
yields correspondingly Ay =180 —|Ajg—Aj1ll = [Aix—Aial =2°.
When Ay =357, Ay = |Ax—Ajja | =2".

Note that earlier studies have missed the second term on the
right-hand side of Eq. (1). So, the mean migration in a Carrington
rotation (the first term on the right-hand side of Eq. (1)) was
considered as the migration of active longitudes from the
beginning to the end of the rotation. Here, fractional rotation of
k days when the flare occurred is taken into account. The second
term in Eq. (1) displays the migration of active longitudes during
the k days of the i th rotation, from which we compute the
longitude at flare occurrence, A, in Eq. (3), rather than using the
mean longitude of rotation A;;, as was done in earlier studies.
Finally, the more precise deviation 4;, in Eq. (4) is obtained by
calculating |4y —Aj |, rather than |4y —Aj|.

The mean deviation is defined as the average squared
difference of flares from the nearest active longitude:

=8 S 5)
ik

where N is the total number of flares in the data set. Changing the
value of Qg in the interval [13.60, 15.0](deg/day) with steps of
0.01, B within [0.0, 5.0](deg/day) with steps of 0.01 and Ag;
within [0°,360°] with steps of 1°, the best fit parameters can be
obtained when the least mean deviation is found. Thus, the mean
deviation of Eq. (5) is used as the merit function of optimization.
We note that this is effectively a two-parameter search since the
third parameter 49; may have an arbitrary value related to the
primary meridian, and is without any physical information.
Applying the search method to every class of X-ray flares, we
obtain the best fit parameters of differential rotation for the three
X-ray flare classes (C-flares, M-flares, and X-flares), separately.

4. Differential rotation parameters

Scanning through the whole range of the three free para-
meters, we have found the globally best fit values for these
parameters. Figs. 1, 2 and 3 depict the values of the mean
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Fig. 1. Values of the mean deviation ¢ (the merit function of optimization) in grey scaling (color coding in web color version) as a function of €y and B for C-class flares of
the northern hemisphere. Only the region around the best fit parameter values are shown.
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Fig. 2. The same as Fig. 1 but for M-class flares of the northern hemisphere.

deviation ¢ in black and white coding (color coding in web color
figures) around the deepest (global) minimum, i.e. around the
best fit values of the Qg and B parameters for the C, M and X-flares
in the northern hemisphere. (Note that Figs. 1, 2 and 3 show only
a part of the full studied parameter range). The best fit values are
found at the center of an elongated area of small values of ¢, and
their errors denote the horizontal and vertical extent of this area,
respectively. E.g., from Fig. 1 one can extract the best fit value and
error for Qo = 14.59 + 0.04 (deg/day) and B=1.43 + 0.5 (deg/day)
for the northern C-class flares. Figs. 1, 2 and 3 also show that, in

agreement with the errors depicted in Table 2, the best fit
parameter area increases from C-flares to M-flares and is largest
for X-class flares. This is due to the smaller number of M-class
flares and, in particular, of X-class flares which leads to smaller
statistics.

The best fit values of g and B are listed in Table 2 for the three
X-ray flare classes separately for the northern and southern
hemispheres. In order to compare the new results with the earlier,
we list the best fit parameters obtained earlier (Zhang et al.,
2007b) in Table 3. Comparing Tables 2 and 3, one can see that the
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Fig. 3. The same as Fig. 1 but for X-class flares of the northern hemisphere.

Table 2
The best fit values of differential rotation parameters €y and B determined for the
three X-ray flare classes for northern and southern hemispheres separately.

Northern Southern
Qo (deg/day)  B(deg/day) Qo (deg/day) B (deg/day)
C-flares 14.59 +0.04 1.43 +£0.50 1439 +0.04 2.80+0.50
M-flares 14.60+0.10 1.62+1.20 14.42 +0.08 3.32+0.80
X-flares 14.60 +0.15 1.76 £ 1.50 1449+ 0.12 3.87+1.30
Table 3

The same as Table 2 but for best fit values obtained earlier (Zhang et al., 2007b).

Northern Southern

Qo B Qo B
C-flares 14.81 3.91 13.79 3.47
M-flares 14.59 3.53 14.33 1.55
X-flares 14.93 3.50 14.50 3.93

new best fit values of the two parameters for the three flare
classes in either hemisphere are more similar to each other than
earlier. E.g., the values of Q, for C, M and X-flares in the northern
hemisphere all agree to within 0.01 (deg/day) while, earlier, their
maximum difference was as large as 0.34 (the difference between
M-flares and X-flares).

Although the spread of the Qg values in the southern
hemisphere is somewhat wider (0.1 deg/day) than in the northern
hemisphere, it is greatly reduced in comparison to the earlier
results (0.71 deg/day). Moreover, the new best fit values of y and
B for the three flare classes all agree with each other within the
estimated errors. No similar analysis was made earlier for X-ray
flares but, using the newly obtained errors, the earlier three
values would differ from each other by several standard
deviations. Accordingly, the best fit values of the two differential
rotation parameters determined by new analysis are more
consistent than earlier.

Note that the elongated areas in Figs. 1, 2 and 3 show that Qg
and B are strongly correlated. Accordingly, independent errors of
these two parameters are even considerably (typically an order of
magnitude) smaller than the correlated errors depicted in Table 2.

Let us now calculate the (sidereal) angular frequency Qy, at the
mean latitude. Note that the correlation between 4 and B also
tends to reduce the differences in angular velocity Qy, between
the three flare classes in either hemisphere. In fact, using the
average flare latitude of 17°, the northern C-class flares have the
angular frequency Qy, =14.468 £+ 0.002 (deg/day). Correspond-
ingly, Qn, =14.462 +0.006 (deg/day) for northern M-flares and
14.450 + 0.021 (deg/day) for northern X-flares. Thus the max-
imum difference in Qp, between the three flare classes is
0.018 deg/day which is within the error bars. The fact that the
best fit parameter values, and in particular, the derived Qy, values
are so similar for the three flare classes with so different statistics,
gives additional support of the new method.

5. North-south asymmetry

Fig. 4 shows the best fit parameter range for the C-class flares
of the southern hemisphere. As shown in Table 2, in the
southern hemisphere the best fit values for Qo and B differ
between the three X-flare classes more from each other
than in the north. Therefore, the effect of the above
discussed strong correlation between the Q, and B becomes
more notable in the south. The obtained angular velocities Qy, in
the south at the mean latitude 17° are 14.151 + 0.002 (deg/day)
for C-flares, 14.136+0.005(deg/day) for M-flares, and
14.159 + 0.021 (deg/day) for X-flares. Accordingly, the largest
difference is only 0.023 (deg/day) which is within the error bars,
similarly as in the northern hemisphere. The fact that the best fit
parameter values, and in particular, the derived Qy, values are so
similar for the three flare classes with so different statistics, gives
strong support of the new method.

Note also that, as suggested by the different best fit values for
Qo and B for the two hemispheres (see Table 2), the angular
velocities Qy, of active longitudes are also different for the
northern (about 14.468deg/day) and southern (about
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Fig. 4. The same as Fig. 1 but for C-class flares of the southern hemisphere.

14.151deg/day) hemispheres. This difference is statistically
significant (by more than 10 standard deviations), and indicates
that, at least during the interval studied here, the active
longitudes in the northern hemisphere rotate, on an average,
faster than the southern hemisphere. Note also that, interestingly,
the northern hemisphere rotates faster than the Carrington
rotation rate and the southern hemisphere slightly slower than
that. The corresponding sidereal and synodic rotation periods are
24.88 days and 26.71 days for the north and 25.44 days and 27.35
days for the south.

6. Quantifying non-axisymmetry

We define the measure of non-axisymmetry I" in the same as
earlier:
NN,
Ni+Ny’
where N; and N, denote the number of flares occurring within

and outside of the two active longitude taken here as two 90°
wide bands as follows:

N1 = Zl if (Mik_/likl <45° or 3603—|).,‘k—/1,'k| < 450), (7)
ki

©6)

Ny = Zl if (Mik_/likl > 45" and 3609_Mik_/1ik| > 453) (8)
ki

We have depicted the non-axisymmetry parameters I" and the
related percentages of the three X-ray flare classes that occurred
within the active longitudes, i.e., the ratios Ny /(N; +N;) in Table 4.
For comparison with these new results, the earlier values for the
same parameters are shown in Table 5. Northern and southern
hemispheres are treated separately, as above. One can see in
Tables 4 and 5 that the new, improved analysis method has
increased the non-axisymmetry of active longitudes in all three
X-ray classes and for both hemispheres. This is another
demonstration of the fact that the new method indeed can
disclose the actual, non-asymmetric situation better than the
earlier method. It is also interesting to note that, despite the
hemispheric difference in rotation rate, the amount of non-

Table 4
Non-axisymmetry parameters for three X-ray flare classes in the two hemispheres.
North South
r Ny /(N1 +N3) r N1 /(N1+N3)
C-flares 0.24 +0.02 62% + 1% 0.20 +0.03 60% + 2%
M-flares 0.32 +0.04 66% + 2% 0.27 +£0.01 64% + 1%
X-flares 0.58 + 0.05 79% + 3% 0.59+0.10 79% + 5%
Table 5

The same parameters as in Table 4 but according to earlier calculations Zhang et al.
(2007b).

North South

r N1/(N1+N2) (%) r N1 /(N1+Na) (%)
C-flares 0.15 58 0.14 57
M-flares 0.27 63 0.20 60
X-flares 0.55 78 0.49 74

asymmetry is very similar in the two hemispheres. The new
method yields also here a slightly more similar and consistent
result. The non-asymmetry parameters increase with X-ray flare
class in both hemispheres, confirming that stronger
manifestations of solar activity tend to concentrate more to
active longitudes (Zhang et al, 2007a,b). Non-axisymmetry
increases gradually from 0.20 to 0.24 for C-flares to 0.58-0.59
for X-flares, which implies that nearly 80% of X-flares originated
at the active longitudes during the last three solar cycles. This
gives interesting possibilities for improved prediction of flares and
other space weather events (Zhang et al., 2008).
Non-axisymmetry in dynamo models has been studied in
many papers. Both non-axisymmetric (Riidiger and Elstner, 1994;
Bigazzi and Ruzmaikin, 2004; Riidiger et al., 2003) and axisym-
metric (Stix, 1971; Ivanova and Ruzmaikin, 1971; Moss, 1999,
2005) dynamo models can excite non-axisymmetric magnetic
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fields. Another alternative to explain the active longitudes is a
non-axisymmetric magnetic structure which is affected by
differential rotation but still rotating quasi-rigidly (Berdyugina
et al., 2006). However, despite these developments more work is
still needed to solve the problem.

7. Conclusions

We have made here a corrected, global analysis to find the best
fit values of parameters describing the rotation of the active
longitudes producing solar X-fay flares. The global analysis yields
parameter values that are highly consistent for the different flare
classes. The best fit values of Q, parameters for C, M and X-flares
agree within 0.01 deg/day in the northern hemisphere and within
0.10deg/day in the south. Moreover, the three X-ray classes
depict angular frequencies that are closely similar to each other
(within 0.01deg/day in the northern hemisphere and 0.02 deg/
day in the south), the difference being within the error bars.
Accordingly, we found for the first time that active longitudes
having the same rotation rates are responsible for all the three
X-ray flare classes. This gives strong support for the success of the
improved method and the extracted parameter values. Moreover,
the improved parameters yield a higher level of non-axisymmetry
for the longitudinal distribution, thus increasing evidence for the
existence of active longitudes.

Interestingly, we also found that the active longitudes rotate at
significantly different average angular frequencies in the two
hemispheres. Using the mean flare latitude of about 17°, we found
that the sidereal and synodic rotation periods are
2488 +0.01days and 26.71+0.01days in the north and
25.44 +0.01days and 27.35 +0.01days in the south. Thus, the
active longitudes in the north rotate significantly faster than the
Carrington rate and in the south slightly slower than that.

Finally, we note that the existence of persistent active
longitudes can also help us to understand more about how solar
activity affects the interplanetary environment. In the future, it
will also allow to make better forecasts of, e.g., magnetic storms
and geomagnetic activity. It is also clear that persistent existence
of active longitudes and their north-south asymmetric rotation
provides interesting observational constraints upon realistic solar
dynamo models.
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