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Abstract A statistical study is carried out to investigate the detailed relationship between
rotating sunspots and the emergence of magnetic flux tubes. This paper presents the velocity
characteristics of 132 sunspots in 95 solar active regions. The rotational characteristics of the
sunspots are calculated from successive SOHO/MDI magnetograms by applying the Differ-
ential Affine Velocity Estimator (DAVE) technique (Schuck, 2006, Astrophys. J. 646, 1358).
Among 82 sunspots in active regions exhibiting strong flux emergence, 63 showed rotation
with rotational angular velocity larger than 0.4° h=!. Among 50 sunspots in active regions
without well-defined flux emergence, 14 showed rotation, and the rotation velocities tend
to be slower, compared to those in emerging regions. In addition, we investigated 11 ro-
tating sunspot groups in which both polarities show evidence for co-temporary rotation.
In seven of these cases the two polarities co-rotate, while the other four are found to be
counter-rotating. Plausible reasons for the observed characteristics of the rotating sunspots
are discussed.

Keywords Flares, relation to magnetic field - Sunspots, velocity

1. Introduction

Sunspots are frequently observed to exhibit a prolonged period of rotation about their center
(e.g., Evershed, 1909; Nightingale et al., 2001). Brown et al. (2003) studied seven rotating
sunspots and revealed that some rotated up to a total of 200° around their center over a
period of three to five days.
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Sunspot rotation can contribute significantly to the magnetic helicity injection into the
solar corona, causing a non-potential coronal magnetic field, which is generally believed
to be the energy source for solar flares and CMEs (Rust and Kumar, 1994; Low, 1996;
Canfield, Hudson, and McKenzie, 1999; Pevtsov, 2002; Kazachenko et al., 2009). Zhang,
Liu, and Zhang (2008) studied the rotating sunspot in AR 10486, and suggested that the
rotational motions of sunspots not only transport magnetic energy and complexity from the
low atmosphere to the corona but may also play an important role in the onset of the observed
homologous flares. Yan, Qu, and Xu (2008) performed a statistical study on the relationship
between rotating sunspots and flare productivity, revealing that the rotational motions can
contribute to the energy buildup in solar flares.

Several mechanisms have been introduced to explain the observed sunspot rotation. One
obvious possibility would be the presence of rotating structures in the photospheric flow
field (see discussions in Brown et al. (2003)). An alternative possibility would be that the
observed rotation is an artifact of the emergence of a twisted flux tube with two possible sce-
narios having been proposed: one states that the apparent rotation is a result of the projected
velocity of a twisted flux tube rising through the photosphere (Démoulin and Berger, 2003);
the other states that the flux-tube would be expected to spin about its axis, resulting from a
net axial torque caused by an unbalanced twist density across the photospheric layer (Long-
cope and Welsch, 2000). Simulations (Magara and Longcope, 2003; Gibson et al., 2004;
Fan, 2009) typically show that rotating sunspots are prevalent during the emergence of a
twisted flux tube (2-loop). Brown et al. (2003) pointed out that flux-tube emergence would
be one important mechanism leading to rotating sunspots, but they also pointed out that fur-
ther analysis was needed to determine the primary mechanism responsible for the observed
rotation. Recently, Min and Chae (2009) found that the characteristics and behavior of a ro-
tating sunspot in AR 10930 support the idea that the rotation of the sunspot may have been
driven by the emergence of a pre-twisted flux tube.

The detailed relationship between the emergence of a twisted flux tube and sunspot ro-
tation still remains unclear, and the answer to this question would help us get a better un-
derstanding of the primary mechanisms driving flux emergence and the impact this has on
the photosphere and corona. In this paper, we present a statistical study of the relationship
between the rotation velocity of sunspots and magnetic flux emergence in a large number
of solar active regions. We also identify a number of cases of multiple rotating sunspots in
the same active region. This paper is organized as follows: Section 2 introduces data and
our method for determining sunspot rotating velocity with the Differential Affine Veloc-
ity Estimator (DAVE) method (Schuck, 2006). Section 3 discusses our statistical study on
the relationship of sunspot rotation and flux tube emergence, with active regions contain-
ing multiple rotating sunspots considered in Section 4. We conclude with a discussion in
Section 5.

2. Data and Method

In this study, we use line-of-sight magnetograms from SOHO/MDI (Scherrer et al., 1995),
with temporal resolution of 96 min and spatial resolution of about 2”. There are 2727 ac-
tive regions reported by the National Oceanic and Atmospheric Administration (NOAA)
between December 1997 and December 2005. The distribution of the sizes of these active
regions is shown in Figure 1 (ten active regions with size larger than 1500 millionths of a
solar disk are not included in this figure). The criteria for selection of the active regions in
the study reported here are as follows:
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i) The active region is larger than 300 millionths of a solar disk (shaded dark in Figure 1),
which yields a higher probability of finding large sunspots.
ii) The active region is located near the center of the solar disk, in the region surrounded
by £40° EW and £40° NS (e.g., Chae and Jeong, 2005).
iii) There is no evidence for magnetic saturation in the MDI data, which mainly results from
the low intensity in the umbra and the limitations of the MDI on-board algorithm (Liu,
Norton, and Scherrer, 2007).

As aresult, our study consists of a sample of 132 sunspots contained in 95 separate active
regions.'

The MDI data for a given active region are derotated to remove the effect of solar differ-
ential rotation (Chae and Jeong, 2005). The flow field is calculated using the DAVE method
(Schuck, 2006), which is a robust and accurate velocity inversion technique developed for
use with line-of-sight magnetograms (Welsch et al., 2007). It adopts an affine velocity pro-
file and minimizes deviations in the magnitude of the magnetic induction equation within a
windowed subregion of successive magnetograms. The magnetic-flux-weighted center of a
sunspot (e.g., Tian et al., 2005) is determined by

_ 2x(@i, j)Ba(, j)ds 2y, j)BaG, j)ds
TUTBG s T DB ds
where B, is the normal component of the magnetic field (Chae et al., 2001), x(i, j) and
v(i, j) denotes the position of a pixel on the magnetogram with magnetic field strength of
B, (i, j), and ds is the subregion that the selected sunspot, or polarity, covers.

To determine the velocity, we chose a radial distance, r, from the flux-weighted center
of the sunspot under consideration (see Figure 2). The sunspot rotation profile changes with
respect to radius (Brown et al., 2003), and is found to be slowest in the umbra and fastest
in the penumbra. For clarity, in the present study we concentrate on the umbra-penumbra
boundary, where the magnetic field has magnitude of about 1000 G (gauss) (Solanki, 2003).
The angular velocity @ of a sunspot at a distance r is

Zf'x(v,—v) @

i=1

ey

where V is the flux-weighted velocity within the sunspot, and F is a unit vector.
With this method, we compared four cases (ARs 9004, 9114, 9280, 10030) considered
in the study of Brown et al. (2003). The other three cases are not used due to their position

IWithin this sample, there are 11 sunspots which show an evolution from an emerging to a steady phase as
time proceeds. Because of this, these sunspots appear in two different studies: the emergence study and the
non-emergence study. But when they do, we restrict considerations to the relevant phase.
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Figure 2 Map of velocity 2000
derived from the DAVE
technique (see text) superposed
on the gray-scale map of By from
MDI line-of-sight magnetograms.
The “+” sign denotes the center
of the rotating sunspot. The
dashed circle indicates the radius
chosen to measure the angular
velocity. “Rpn” denotes the
footpoint separation of leading
and following polarities.
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Table 1 Comparison of rotations calculated with the DAVE method (6p) and rotations given in Brown ef al.
(2003) (6B).

AR 9004 AR 9114 AR 9280 AR 10030
Date 19-21 May 2000 8-10 Aug. 2000 23 -26 Dec. 2000 13—17 July 2002
Latitude N15 NO06 N12 N16
(%3 90-120° 120-150° 50-130° 160-200°
p 70° 120° 60° 160°

(AR 8668 and AR 9354) or small area (AR 9077). The result of this comparison is listed
in Table 1. We find that the sunspot rotation calculated with the DAVE method (6p) is con-
sistent with rotation reported in the study of Brown et al. (2003) (6g). The slight difference
could come from the lower resolution of the MDI data we applied here and the data gap in
the TRACE white-light data used in Brown et al. (2003) (e.g., a gap of about 17 h exists in
the study of AR 9004).

In order to determine whether each selected active region is emerging or not during
the observational period, its total unsigned magnetic flux ¢, and distance between the
flux-weighted centers of the leading and following polarities (denoted by “R,,”) are cal-
culated. From our sample of 132 sunspots, we find 82 associated with emerging active re-
gions (i.e., ¢y and Ry, are increasing with time), and 50 are related to active regions in a
post-emergence phase (i.e., ¢y and Ry, maintain at a steady value or decay). We provide a
quantitative description of specific examples of the kinds of behavior observed in this sample
of rotating sunspots in the following sections.

3. Observations

We break the discussion of our observations into the two categories: emerging and non-
emerging active regions.

3.1. Rotation of Sunspots during the Emergence of Active Regions
In this subsection, we focus on the characteristics of the rotating sunspots from our sam-

ple in active regions that exhibit clear evidence for ongoing flux emergence. AR 9563 and
AR 10226 are detailed as examples.
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Figure 3 SOHO/MDI line-of-sight magnetograms of AR 9563. Its position on the solar disk is shown in the
square box (top left panel).
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Figure 4 Angular velocity profile (w, solid line) of the leading sunspot in AR 9563. The increasing total

w0

unsigned magnetic flux (¢ot, “0”) and footpoint separation (Rpp, “x”) indicates this is an emerging active
region.

AR 9563 was observed in the northern hemisphere from 2 to 14 August 2001, lying 20°
from the equator. Figure 3 displays SOHO/MDI magnetograms of AR 9563. From 4 to 6
August, the leading sunspot in AR 9563 was observed to rotate clockwise through a total
angle of about 120°. It is important to note that, as the observations usually do not cover
the full time development of the active regions from initial emergence, the measured total
rotations quoted are expected to be under-estimates in most cases.

Figure 4 shows the rotation speed of the leading sunspot of AR 9563, denoted by the
solid line. During the three-day set of observations, the total unsigned magnetic flux ¢
increased gradually from 2.1 x 10%> Mx (maxwell) to 3.8 x 10?2 Mx, and the footpoint
separation distance Ry, from 34 Mm to 51 Mm, indicating that AR 9563 is emerging during
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Figure 6 Angular velocity profile (w, solid line) of the leading sunspot in AR 10226. The increasing total

w0

unsigned magnetic flux (¢ot, “0”) and footpoint separation (Rpp, “x”) indicates this is an emerging active
region.

this period. The average angular velocity of the leading sunspot is about 1.8° h™!, with a
peak value of 3.7° h~!. Moreover, the direction of its rotation remains clockwise throughout
the observational period.

The leading sunspot in AR 10226 is another example of sunspot rotation occurring dur-
ing the emergence phase of the active region. This active region was located in the southern
hemisphere, with a latitude of about 25° S. Its evolution is shown in Figure 5. During the
period of 80 h after 00:02 UT on 15 December 2002, it rotated in a counter-clockwise di-
rection, through a total angle of 120°. Figure 6 shows the relationship between the time
variation of the angular rotation speed and that of the flux tube emergence for this active re-
gion. The separation between the two polarities increased from 45 Mm to 86 Mm, while the
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Figure 7 Total rotation angle (left) and angular velocity (right) distributions of 82 rotating sunspots associ-
ated with the emergence of active regions.

total unsigned magnetic flux from 2.5 x 10%2 Mx to 5.3 x 10%? Mx, indicating an emerging
active region. The leading sunspot showed strong counter-clockwise rotation with an aver-
age value of 1.5° h~! and a peak value of 3.8° h~! during 16 December 2002. The rotation
speed then gradually slowed down until it stopped rotating at the end of the observation
period. The following polarity became significantly dispersed after 17 December 2002, and
no evident rotation was found in this polarity.

From our total sample, there are 82 sunspots identified to be associated with emerging
active regions (Table 2). Figure 7a shows the distribution of the rotational parameters for
all 82 sunspots. The most pronounced rotation was detected in AR 9114, which had a total
counter-clockwise rotation angle of about 180° over five days. Among these 82 sunspots,
63 are found to be in rotation with an average velocity, at the umbra/penumbra boundary,
greater than 0.4° h™!, as seen in Figure 7b, while the remaining 19 sunspots do not show
well-defined rotation, exhibiting angular velocities < 0.4° h~! and/or frequent changes in
the direction of rotation.

3.2. Rotation of Sunspots in the Post-Emergence Phase of Active Regions

Among our selected sunspots, there are 50 in active regions without growth of total unsigned
flux or their polarity separation during the observation. In this subsection, the velocity char-
acteristics of these sunspots are investigated.

AR 9289 was located in the southern hemisphere with a latitude of 5° S (see Figure 8).
From 31 December 2000 to 3 January 2001, its leading sunspot was seen to rotate about 50°
clockwise. The rotation profile is shown in Figure 9. During this period, the total unsigned
magnetic flux showed a slight decrease, from 5.8 x 10?2 Mx to 5.2 x 10?> Mx. The separation
distance of the two polarity centers, Rp,, was almost steady, staying at around 54 Mm.
Both indicate AR 9289 was a post-emergence active region. The leading spot mainly rotated
clockwise, with an average speed of 0.56° h™!' and a peak value of about 1.5° h™!. These
kinds of sunspot are classified as rotating sunspots in the post-emergence phase of active
regions.

Figure 10 gives the distribution of the total rotation angles (Figure 10a) and average angu-
lar velocities (Figure 10b) of the 50 sunspots in our sample of post-emergence active regions
(Table 3). Ten of these sunspots have total rotation angles larger than 40° and 14 rotate with
an average velocity @ > 0.4° h™!. Compared to Figure 7, it is evident that, statistically, after
the emergence of the active region has ceased, the sunspots tend to rotate more slowly than
is typically seen during flux emergence.
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Table 2 Rotation of sunspots
during the emergence of active
regions. L and F indicate leading
and following polarities in an
active region. fp and @ mean the
total rotation angle and average
angular velocity, respectively.

@ Springer

AR Start (UT) Duration (h)  6p () & (Ch™!)
8156 02/14/1998 00:00 120 9 08
8214 05/01/1998 00:00 112 -9  —08
8404(L)  12/07/199820:00 40 50 13
8404(F)  12/07/199820:00 40 60 15
8562 06/01/1999 00:00 103 10 01
8574(L)  06/07/1999 17:36 69 -80  —12
8574(F)  06/07/1999 17:36 69 50 07
8611 06/30/1999 00:00 116 170 15
8614 07/04/1999 23:59 156 -10 00
8651(L)  07/31/199900:00 94 90 —1.0
8651(F)  07/31/199900:00 94 40 04
8760 11/10/1999 00:00 66 10 02
8936 04/02/2000 00:00 115 40 04
8989 05/09/2000 23:59 69 —40  —06
8990 05/09/200023:59 117 9 08
8998 05/18/2000 14:24 31 10 03
9004(L)  05/19/200017:36 52 0 08
9004(F)  05/19/2000 17:36 52 -70  —14
9069(L)  07/09/2000 06:24 37 —40 1.1
9069(F)  07/09/2000 06:24 37 —40  —1.1
9070(L)  07/08/2000 12:48 54 X
9070(F)  07/08/2000 12:48 54 -50  —09
9114 08/05/200023:59 116 185 16
9173(L)  09/27/200023:59 60 ~100  —1.7
9173(F)  09/27/2000 23:59 60 -5 —08
9231 11/16/200023:59 91 1o 12
9368(L)  03/03/2001 23:59 118 0 03
9368(F)  03/03/2001 23:59 118 9 08
9563 08/04/2001 08:03 67 -120  —18
9574 08/11/2001 00:03 66 -70 -1l
9616 09/15/200123:59 93 60 07
9622 09/19/200123:59 45 60 14
9670 10/19/2001 23:59 118 -70  —0.6
9678 10/24/2001 23:59 41 30 07
9692(L)  11/07/2001 19:11 44 50 10
9692(F)  11/07/2001 19:11 44 501
9748 12/23/2001 00:03 66 % 13
9767 01/03/200223:59 51 -4 -07
9800(L)  01/28/200200:00 96 30 03
9800(F)  01/28/200200:00 96 30 03
9885 03/30/2002 00:00 45 50 12
9887(L)  04/01/200200:00 116 0 04
9887(F)  04/01/200200:00 116 20  —0.1
9906(L)  04/13/200208:00 83 -80  —1.0
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Table 2 (Continued)

AR Start (UT) Duration (h)  6p () & ("h™!)
9906(F)  04/13/200208:00 83 -70  —038
9912(L)  04/20/200209:35 59 —60  —1.0
9912(F)  04/20/200209:35 59 -50 —038
9961 05/23/2002 00:00 62 100 16
10036(L) ~ 07/19/200223:59 85 -30 03
10036(F) ~ 07/19/200223:59 85 10 01
10050 07/26/200223:59 113 -70  —0.6
10087 08/25/200223:59 109 -30  —02
10103 09/09/2002 04:51 63 -50  —0.9
10119 09/16/200223:59 120 130 11
10137 10/01/2002 00:00 104 70 07
10139(L)  10/06/2002 14:27 40 -20 04
10139(F)  10/06/2002 14:27 40 -50  —12
10226 12/15/2002 00:03 80 120 15
10230 12/20/2002 00:00 96 -80  —0.9
10242 01/07/2003 09:39 59 -70 -1l
10290 02/20/2003 00:00 52 —40 038
10319 03/26/2003 20:48 64 30 04
10323 03/29/2003 00:00 66 —60  —0.9
10344(L)  04/26/2003 01:39 91 70 08
10344(F)  04/26/2003 01:39 91 -70  —08
10349 04/29/2003 00:03 72 —60  —0.8
10365(L) ~ 05/25/2003 16:00 67 -20  —03
10365(F)  05/25/2003 16:00 67 —60  —0.9
10410 07/16/2003 01:39 54 -30 05
10421 08/02/2003 00:00 69 70 10
10564(L)  02/21/200423:59 38 10 03
10564(F) ~ 02/21/200423:59 38 -20  —06
10609 05/14/2004 00:00 97 40 04
10656 08/07/2004 23:59 140 150 11
10687 10/24/2004 00:03 93 120 13
10696(L)  11/03/2004 02:58 92 80 09
10696(F)  11/03/2004 02:58 92 10 12
10779 06/16/2005 00:03 48 20 04
10783 07/01/200523:59 93 0 05
10798(L) ~ 08/18/2005 20:47 44 -40 09
10798(F) ~ 08/18/2005 20:47 44 40 09
10826 12/01/2005 00:00 58 40 06

In this section, we investigated 132 sunspots to explore the relationship between the
rotating sunspots and the emergence of the active regions. Among 82 sunspots in emerging
active regions, about 63 showed rotation with @ > 0.4° h™!, while the remaining sunspots
do not show well-defined rotation. Among 50 sunspots in post-emergence active regions,
only 14 are found to rotate with an average velocity larger than 0.4° h~!. This indicates that
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Figure 8 SOHO/MDI line-of-sight magnetograms of AR 9289.
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Figure 9 Angular velocity profile (w, solid line) of the leading sunspot in AR 9289. The slightly decreas-

w0

ing total unsigned magnetic flux (¢ot, “0”) and steady footpoint separation (Rpn, “x”) indicate this is a
post-emergence active region.

rotating sunspots are strongly associated with the process of flux tube emergence, confirming
previous expectations (Longcope and Welsch, 2000; Brown et al., 2003; Min and Chae,
2009).

4. Rotating Sunspots in a Single Active Region
Occasionally, sunspots of both polarities in an active region are observed to rotate (Yan, Qu,
and Xu, 2008); some rotate in the same direction (described as co-rotating sunspots here),

others rotate in opposite directions (counter-rotating sunspots). This section describes some
observations of both types of multiple rotating sunspots in the same active region.
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Figure 10 Total rotation angle (left) and angular velocity distributions (right) of post-emergence sunspots.

Table 3 Rotation of sunspots

after the emergence of active AR Start (UT) Duration (h)  6p () @ (h™!)
regions.
8558 06/01/1999 00:00 116 0 0.0
8739 10/23/1999 23:59 96 10 0.1
8742 10/27/1999 23:58 92 —40 —0.4
8882 02/24/2000 23:59 119 —40 —-0.3
8921 03/24/2000 00:00 114 50 0.4
8955(L) 04/14/2000 23:59 117 —60 —-0.5
8955(F) 04/14/2000 23:59 117 —-30 —0.2
8970 04/25/2000 00:00 115 —20 —-0.2
8998 05/18/2000 14:24 49 0 0.0
9033 06/10/2000 00:00 93 —10 —0.1
9046 06/19/2000 00:00 113 -30 —-0.3
9062 06/29/2000 00:00 94 10 0.2
9097(L) 07/22/2000 01:35 116 —20 —-0.2
9097(F) 07/22/2000 01:35 116 40 0.3
9176 09/30/2000 23:59 90 0 0.0
9289 12/30/2000 23:59 89 —50 —0.6
9454 05/14/2001 00:00 104 10 0.1
9678 10/26/2001 17:00 75 10 0.1
9717 12/01/2001 23:59 94 0 0.0
9767 01/07/2002 03:00 46 —20 —0.4
9871(L) 03/17/2002 00:00 115 —140 —-1.2
9871(F) 03/17/2002 00:00 115 0 0.0
9945 05/10/2002 23:59 94 —40 —0.4
9961 05/25/2002 14:00 54 50 1.0
9973 06/01/2002 00:00 117 —40 —-0.3

The leading positive-polarity sunspot and following negative-polarity sunspot in
AR 10696 (Figure 11) were both observed to rotate counter-clockwise during the period
from 3 to 6 November 2004. This active region was located in the northern hemisphere with
latitude of 9° N. Figure 12 displays the angular velocities of both sunspots in this active re-
gion. The leading polarity showed an average velocity of 0.9° h~! and a total rotation angle
of about 80°, while the following polarity showed an average velocity of 1.2° h~! and total
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Table 3 (Continued)

AR Start (UT) Duration (h)  6p () & ("h™!)
10061 08/07/2002 23:59 96 20 02
10095(L) ~ 09/02/200223:59 71 —60  —0.8
10095(F)  09/02/200223:59 71 0 00
10139(L)  10/09/2002 06:30 50 -10  -03
10139(F)  10/09/200206:30 50 -0 -02
10207 12/01/2002 00:00 117 —40  —04
10290 02/22/2003 04:00 60 -30  —04
10325 04/01/2003 00:00 127 10 01
10337 04/23/2003 00:03 119 -30  —03
10349 05/02/2003 00:03 48 10 02
10365(L) ~ 05/28/2003 11:00 38 10 03
10365(F)  05/28/2003 11:00 38 30 09
10380 06/10/2003 23:59 91 10 ol
10424(L)  08/04/2003 23:59 114 -0 —0.1
10424(F)  08/04/2003 23:59 114 30 03
10517 12/04/2003 00:03 109 10 01
10528 12/21/2003 23:59 92 -30 03
10540 01/16/200423:59 117 80 07
10551 02/07/200423:59 43 0 00
10554 02/11/200423:59 83 0 00
10564 02/23/2004 15:00 20 0 00
10693(L)  10/31/200400:00 116 30 02
10693(F)  10/31/200400:00 116 10 o1
10743 03/12/200523:59 34 10 02
10826 12/03/2005 10:00 30 20 08

rotation angle of about 110°. Both total unsigned magnetic flux and the separation distance
between the two sunspots increased rapidly, indicating these were co-rotating sunspots in
an emerging active region. This scenario, in which sunspots in the active region rotate in the
same direction, is believed to be effective for magnetic helicity injection and the subsequent
storage of magnetic energy in the corona (e.g. Yan, Qu, and Xu, 2008).

AR 8574 is an example of an active region in which the sunspots were observed to rotate
in the opposite direction. Its evolution is shown in Figure 13. It is evident that this active
region emerges quickly from 6 to 10 June 1999. Figure 14 gives the rotation profile of the
two polarities in AR 8574. During 69 hours after 17:36 UT in 7 June 1999, the leading
polarity rotated about 80° clockwise with average rotational velocity @ = —1.2° h~!, while
the following one (dashed line) rotated about 50° counter-clockwise with @ =0.7° h™!.

In our sample of 95 active regions, there are seven co-rotating sunspot groups and four
counter-rotating sunspot groups, as listed in Table 4. The rotation of sunspots in a given
active region can be significantly different, such as in AR 8651, where the leading-polarity
sunspot rotated about twice as fast as the following one. The co-rotation of two sunspots
in the emerging active region has a relatively simple explanation and is in fact expected
from the straightforward emergence of a uniformly twisted flux tube (Longcope and Welsch,
2000; Gibson et al., 2004; Fan, 2009). But the presence of counter-rotating sunspots is some-
what of a surprise given that they are expected to result from the emergence of a mono-
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Figure 12 Multiple rotating sunspots in leading positive polarity (solid line with “+”) and following negative
polarity (dashed line) in AR 10696. The sign “{” denotes total unsigned magnetic flux ¢ror, and “x”” denotes
footpoint separation of the two investigated sunspots.

lithic magnetic flux tube. This behavior is not captured by the currently available flux emer-
gence simulations (Gibson et al., 2004; Fan, 2009). A possible explanation for the observed
counter-rotating sunspots is discussed in the last section.

5. Summary and Discussion
In order to determine the relationship between rotating sunspots and the emergence of mag-
netic flux tubes in solar active regions, 132 sunspots in 95 active regions were investigated.

Among 82 sunspots in emerging active regions, 63 showed rotation with average angu-
lar velocity larger than 0.4° h~'. When considering 50 sunspots without notable flux tube
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Figure 14 Multiple rotating sunspots in the leading positive polarity (solid line with “+”) and following
negative polarity (dashed line) in AR 8574. The sign “{” denotes total unsigned magnetic flux ¢ror, and “x”
denotes footpoint separation of the two investigated sunspots.

emergence, the rotation of these tend to stop early in the observation period or be relatively
slow. This indicates that a strong relationship exists between sunspot rotation and flux emer-
gence in active regions. Whether this observed relationship is a result of the emergence of
a monolithic twisted flux tube or the generation of rotational surface flows driven by the
emergence is still an outstanding question. Both mechanisms would imply a strong relation-
ship between rotating sunspots and the emergence of active regions, as found in the analysis
presented in this paper. However, an interesting phenomenon is that there are still about 14
of post-emergence sunspots with average rotating velocity larger than 0.4° h~!. For these
active regions without well-defined emergence, the projected velocity, if present, would be
expected to be small, so the presence of rotating sunspots after the end of the emergence
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Table 4 Rotating sunspot groups. 6p and @ mean the total rotation angle and average angular velocity,
respectively.

AR Start (UT) Duration (h) Leading polarity Following polarity
() eChhH ) aCHh

8404 12/07/1998 20:00 40 50 1.3 60 1.5
9069 07/09/2000 06:24 37 —40 —1.1 —40 —1.1
9070 07/08/2000 12:48 54 -50 -0.9 -50 -0.9
9173 09/28/2000 00:00 60 —100 —-1.7 -50 -0.8
9906 04/13/2002 08:00 83 —80 -1.0 =70 -0.8
9912 04/20/2002 09:35 59 —60 -1.0 -50 -0.8
10696 11/03/2004 02:58 92 80 0.9 110 12
8574 06/07/1999 17:36 69 —80 —-1.2 50 0.7
8651 07/31/1999 00:00 94 -90 —-1.0 40 0.4
9004 05/19/2000 17:36 52 40 0.8 =70 —1.4
10344 04/26/2003 01:39 91 70 0.8 =70 —-0.8

suggests that the balance of the twist near the photosphere has not yet been reached, or is
interrupted as a result of some other processes, such as solar flares (Y. Fan, private commu-
nication).

There are 11 active regions identified to contain multiple rotating sunspots. Seven show
co-rotation, and the remaining four show counter-rotation. The co-rotation of two sunspots
has a simple explanation related to the emergence of a monolithic twisted flux tube. How-
ever, the reason for the counter-rotating sunspots requires further consideration. One pos-
sibility relates to the theory of Longcope and Welsch (2000), when the twists of the two
polarities (footpoints of the assumed sunspot flux tube) are asymmetric. In this case, the
twist would transfer from one polarity to the other through the connecting loop in the corona
(see also Fan, Alexander, and Tian, 2009), eventually leading to opposite signs of the twist
gradient normal to the solar surface, causing the appearance of counter-rotating sunspots
(Y. Fan, private communication). Further study will help us to have better understanding of
this scenario.
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