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ABSTRACT 

Magnetic helicity injection and velocity characteristics of rotating sunspots 

by 

Chunming Zhu 

This thesis presents calculations of the magnetic helicity injection due to rotating 

sunspots and a determination of the characteristics of the rotating sunspots in the 

active regions with simple magnetic configurations. 

Four active regions are investigated to study the relationship between rotating 

sunspots and magnetic helicity. The observations indicate that significantly more 

helicity is injected during the period of rotation in polarities with strong magnetic 

field. This may be a result of the emergence of a magnetic flux rope from below the 

solar surface. Moreover, our preliminary study on a large sample of 90 active regions 

shows that the level of flaring activity increases with the rate of helicity injection. 

Finally, a statistical study is carried out to determine the relation between rotating 

sunspots and the emergence of magnetic flux tubes. Among 82 active regions which 

exhibit flux emergence, 93% are associated with rotating sunspots. Among 50 active 

regions without well-defined flux emergence, 60% of sunspots arc observed to be 

rotating, though relatively slowly. In addition, we find that sense of the rotation (i.e., 

clockwise or counter-clockwise) of the sunspots shows a weak hemispherical tendency. 
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Chapter 1 

Introduction 

This chapter presents a brief introduction to sunspot observations and magnetic 

helicity, the main topics of this thesis. In section 1, the general features of sunspots 

are introduced. This is followed by an introduction to magnetic helicity, including its 

definition and calculation in section 2. Finally, some descriptions of the instruments 

of SOHO (the Solar and Heliospheric Observatory) and TRACE (Transition Region 

and Coronal Explorer) that are used in our analysis are included in section 3. 

1.1 Sunspot observations 

Sunspots are magnetic structures that appear on the solar photosphere. They 

are visibly dark spots compared to the surrounding areas. Their average magnetic 

filed strength is about 1000 - 1500 G, but can go as high as 3000 - 4000 G. As 

a result of its intense magnetic field, which inhibits convection of heat to the solar 

surface, a sunspot is about 1600 K cooler than the quiet sun. Because the brightness 

is proportional to the fourth power of the temperature, the sunspots are about 25% 

as bright as the rest of the photosphere, and show up as dark regions (see Alexander, 

2009). 

Sunspots can have a range of sizes (Solanki, 2003), with the diameters of very large 

sunspots as high as 60 Mm. However, the smallest sunpots are only about 3.5 Mm 

in diameter. 



2 

1.1.1 Magnetic structures of sunspots 

Figure 1.1 : Fine structures of a sunspot (Frorn Sobotka, 1997). DB: diffuse back
ground, DN: dark nucleus, LB: light bridge, PG: penurnbral grain, UC: umbral core, 
UD: urnbral dot. 

Each sunspot is composed rnainly of two structures: the umbra which is the dark 

core, and the penurnbra which is the less dark halo. When a sunspot is observed at a 

high spatial resolution (e.g. greater than 1") , sorne fine structures can be identified. 

These sn1all-scale features include: urnbral cores, penurnbral grains, light bridges, 

dark nucleus, u1nbral dots and a diffuse background. These structures are shown in 

figure 1.1. 

1.1.2 Evolution 

Associated with sunspots are regions of high activity powered by the magnetic 

field of the sunspot. These are known as active regions and are evident in enhanced 



3 

emission at all levels in the solar atmosphere. The evolution of sunspots in an active 

region is described in the review paper of Solanki (2003). At the beginning, indi

vidual pores begin to form at the photosphere with the emergence of magnetic flux. 

Later these pores move towards those with the same polarity and coalesce into larger 

ones. When the diameter of a pore exceeds about 3.5 Mm, it begins showing penum

bral structure and becomes a sunspot. Then, after they are completely formed, the 

sunspots start to decay. Observations show that sunspots can stay on the photosphere 

for hours to months. Sunspots of bigger size stay longer than the smaller ones. 

The orientation of the magnetic polarities of the sunspots changes with each solar 

cycle ("" 11 years). This is known as the Hale polarity law (Hale et al., 1919). 

Generally, the polarities of leading and following sunspots (leading and following are 

defined with respect to the direction of solar rotation) in each active region remains 

the same in each hemisphere for a 11-year solar cycle, with the leading polarities 

opposite to those on the other hemisphere. The orientation of the magnetic fields 

reverses at the solar minima between two successive solar cycles. 

In addition, sunspots in each solar cycle show latitude migration, which is known 

as Sporer's law. At the beginning of a solar cycle, the sunspots appear at a latitude of 

about 30°-35° in both hemispheres. Then, as the solar cycle progresses, the locations 

of sunspots' appearance migrate to lower latitude, until they appear within ±10° of 

the solar equator at the end of the solar cycle (Stix, 2002). The latitude migration is 

frequently shown in what is called the butterfly diagram* (Maunder, 1922), as shown 

in Fig. 1.2. 

Another important and interesting phenomenon is called Joy's law, which de

scribes the tilt angle between two polarities of sunspots in an active regions (Hale et 

* http:/ /solarscicncc.msfc.nasa.gov /images/bfiy.gif 
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al., 1919). The axis between the two polarities is nearly toroidal (east-west direction) 

but has a small tilt relative to the east-west direction, with the leading polarity closer 

to the equator. The mean tilt angle increases from lower latitude to higher latitude 

(3.7° near the equator, and 10.8° at 30°-34°). 

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS 

DATE 

Figure 1.2 : The butterfly diagram since May 187 4. The upper panel shows latitude 
migration in every cycle; the lower panel shows the monthly averages of the daily 
sunspot areas. 

1.1.3 Sunspot classifications 

According to the different configurations of the sunspots and sunspot groups, 

different classification schemes have been established, including the Mount Wilson 

Sunspot Magnetic Classificationt and the Zilrich sunspot classification (e.g. Alexan

der, 2009). In this thesis, we restrict our description to the Mount Wilson Sunspot 

t http://www .spaceweathcr .com/ glossary/ ma.gncticclasscs.html 
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Magnetic Classification for simplicity. This was first introduced by Hale et al in 

1919, and is defined as follows. 

a: a unipolar sunspot group. 

{3: a sunspot group having both positive and negative magnetic polarities 

(bipolar), with a simple and distinct division between the polarities. 

1: a complex active region in which the positive and negative polarities are 

so irregularly distributed as to prevent classification as a bipolar group. 

!3!: a sunspot group that is bipolar but which is sufficiently complex that no 

single, continuous line can be drawn between spots of opposite polarities. 

8: a qualifier to magnetic classes indicating that umbrae separated by less 

than 2 degrees within one penumbra have opposite polarity. 

{38: a sunspot group of general beta magnetic classification but containing 

one (or more) delta spot(s). 

/318: a sunspot group of beta-gamma magnetic classification but containing 

one (or more) delta spot(s). 

18: a sunspot group of gamma magnetic classification but containing one 

(or more) delta spot(s). 

The magnetic class of a active region can change with time. For example, AR 9684 

which produced an Xl.O flare associated with a fast coronal mass ejection (CME) on 

Nov.4, 2001, was reported to change from a {3 region to/hand at last a /318 region 

during 6 days of observation (Tian et al., 2006). 

1.1.4 Rotating sunspots 

Observations shows that some sunspots rotate about their center, as shown in 

figure 1.3. This phenomenon was first introduced by J. Evershed in 1910. The 

rotating sunspots in the northern hemisphere tends to show anti-clockwise rotation, 

while those in the southern hemisphere preferentially show clockwise rotation (Hale, 
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1927; Bao et al., 2002). This is generally associated with the magnetic helicity which 

also shows a hemispherical pattern (see later). 

(11) Dominant in Northern Hemisphere 

Lell-handed twist 

-··· -·-·-· ....... ·-·-·-· -·-·-·-···-·-·-· -·-·-·-·-·-·- ·-·-·-· -·-···-···-·-·-·-·-· -·-···-·····-
(IJ) Dominant In Southern Hentlsphere 

( 

"------:;ght-handcd tw;,.( 

Figure 1.3 A diagram for rotating sunspots in the northern and southern hemi
spheres. 

With the help of high spatial and temporal resolution instruments like those on 

SOHO (Domingo et al., 1995) and TRACE (Handy et al., 1999), research with ro

tating sunspots has come to the fore in recent years. Brown et al. (2003) calculated 

the velocity of rotating sunspots of seven active regions using observations from the 

TRACE white-light channel and showed that the sunspots could rotate up to 200° 

during a period of 3-5 days. It was also noted that the rotating sunspots show differ-

ent angular velocities with radius, with the penumbra exhibiting the fastest rotation. 

Brown et al. also pointed out that the method for deducing rotation in the umbra 
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was less accurate due to the general lack of discernible features and data points to 

track. 

Yan et al. (2008) made a classification of observed rotating sunspots based on 

their directions of rotation and relative positions (i.e., in the leading or following 

polarity of an active region). They identified 186 rotating sunspots in 153 active 

regions observed by TRACE and the SOHO /Michelson Doppler Imager (MDI, see 

later) in solar cycle 23. 42% of the rotating sunspots were found to be spinning in 

only one polarity, 22% spinning in both polarities, 22% with one sunspot rotating 

around the other without spin. 

The rotation of sunspots is thought to be related to the emergence of twisted flux 

tubes (e.g. Magara and Longcope, 2001). If so, the velocity of sunspot rotation is 

determined by the twist and emergence rate of the twisted flux tube from beneath 

the photosphere (Brown et al., 2003). Zhao et al. (2003) showed an observation using 

local helioseismology techniques that indicated that the twists often seen at the level 

of the photosphere also exist below the photosphere. 

1.2 Magnetic Helicity 

Magnetic helicity measures how much a set of magnetic flux tubes are sheared 

and/or wounded around each other (e.g. Berger et al., 1984). It is an important 

parameter in solar dynamo theory (Parker, 1955) and has been of great interest in 

the study of solar physics. Magnetic helicity will be defined mathematically in the 

next subsection. An important property of magnetic helicity is that it is approxi

mately conserved in high magnetic Reynolds number plasmas, even in the presence 

of dissipative processes (Berger et al., 1984). The conservation of magnetic helicity 

provides a constraint on the evolution of the magnetic field, making the helicity an 
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important parameter in several MHD relaxation theories used to explain a range of 

solar phenomena, like coronal heating, flares and CMEs. It has also been postulated 

that accumulated magnetic helicity in the solar convection zone, below the photo

sphere, can lead to dynamo saturation, limiting the efficiency of the solar dynamo 

(Brandenburg et al., 2005; Demoulin et al., 2007). 

1.2.1 Definitions 

Helicity is defined via an intergal form given by J X· \7 x X d3x (Moreau et al., 

1961). In this context, the magnetic helcity was introduced as 

H = fv A· Bd3x (1.1) 

where A is the vector potential, B the magnetic field strength, B = \7 x A and the 

volume V is bounded by a magnetic surface with Bn = B · ft = 0 ( ft is the normal to 

the surface). 

However, the boundary condition of Bn = 0 is not applicable for most regions of 

interest in solar physics, since, for example, most such regions are driven by magnetic 

flux that crosses the photosphere. As a result, Berger et al. (1984) introduced the 

relative helicity, which can be written as (Finn and Antonsen, 1985) 

H = fv (A · B - Ap · Bp) d3x (1.2) 

Here, Ap is the vector potential of a reference magnetic field, Bp with Bp = \7 x 

Ap. The requirement is Ap,t = A1, i.e., on the surface of the volume V, the vector 

potentials Ap and A have the same tangential components. 

Observationally, the measurement of magnetic field is restricted to the photo

sphere and lower chromosphere. It is· currently impossible to measure the magnetic 

field everywhere within the whole volume. However, in this thesis, since it is the 
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relationship of magnetic helicity injection and sunspot rotation that is under inves-

tigation, what we need is to measure the change rate of maguetic helicity injected 

through the photosphere. 

The evolution of H inside V is (Berger, 1984) 

ddH = 2 ;· Ap x (v x B)· ft dS + dHI 
t 8 dt dis. 

= dHI + dHI + dHI 
dt Sp dt S'" dt ~is. 

( 1.3) 

Its change is mainly due to the helicity transfer through the boundary of this volume 

(helicity flux) and the dissipation in the volume V. When this volume is part of solar 

corona, it is typically bounded below by the photosphere (Sp) and bounded above 

somewhere in the corona ( Sc). 

The helicity dissipation rate dd:ltis. in Eqn.1.3 is 

dHI £ 3 - = - 2c rtJ · B d x 
dt dis. , V 

(1.4) 

However, it is negligible in all the processes occurring in the solar corona (Berger, 

1984), since with a classical resistivity, the minimum dissipation time for a typical 

coronal structure is the order of 105 years. 

The helicity flux through the upper boundary '~/Is" is assumed to be carried away 

from the Sun by CMEs (Demoulin et al., 2007). 

In addition, the helicity flux through the photosphere can be calculated via (Berger 

et al., 1984) 

dHI = 2 { [(Ap · Bt)Vn- (Ap · Vt)Bn] dS 
dt Sp J.'ip 

(1.5) 

where Bn,Bt,Vn,Vt are the tangential and normal components of B and v with respect. 

to the photosphere. Equation 1.5 can be further simplified as 

dHl £ - 1- = -2 (Ap · u)Bn dS 
G t Sp • Sp 

( 1.6) 



with the velocity u is defined as 

Bt 
U = Vt -Vn-B 

n 
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(1.7) 

Here u is tangential to the photosphere and may be interpreted as the footpoint veloc

ity of the flux tubes on the photosphere when the magnetic field is simply advectecl, 

i.e., a combination of the true transverse velocity Vt and the projected velocity from 

the emergence of a twisted structure -vn ~ (Demoulin ct al., 2007). 

~ . 

c 

Figure 1.4 : A diagram showing the twist (b) and writhe (c). 

The magnetic hclicity can generally be decomposed into two terms: tw-ist and 

writhe, i.e., H = Htw + Hw·r· Twist is due to the magnetic field line twisting around 

the axis of the flux tube, which can be illustrated by fixing one end of a rope, 'and 

rotating the other end (see Fig. 1.4a,b* ), while writhe originates from the twist of 

* http://www. bioclassification.org/papers /writhe/2004_Quine. pdf 
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the axis of the flux tube, as in Fig. 1.4c, resulting from the approach of the two ends 

of the twisted rope. As the total helicity is conserved, an increase of the writhe means 

a decrease of the twist. 

1.2.2 Observations of magnetic helicity injection 

Magnetic helicity tends to follow a common tendency called the hemispheric helic

ity rule (Pevtsov, 2008): solar magnetic fields in the northern (southern) hemisphere 

have negative (positive) sign of helicity. Typically, about 70 - 80% of active regions 

follow this hemispherical rule. Several phenomena in the solar atmosphere display this 

pattern. For example, the sunspot whorls (spiral pattern of chromospheric fibrils), 

"magnetic tongues" in emerging active regions, and soft X-ray sigmoids (Demoulin et 

al., 2007). Many mechanisms have been considered to explain this tendency, includ

ing solar differential rotation, the Coriolis force due to solar rotation, solar dynamo 

and turbulent convection in the upper convection zone (known as :E effect). 

Demoulin (2007) reviews recent theoretical and observational relations between 

the magnetic helicity injection and a variety of solar phenomena. Nindos et al. (2004) 

found that the magnetic helicity in active regions that exhibits CMEs is much larger 

than those that produce just confined flares, and that confined flares occur more 

often in active regions with mixed sign of a (a spatial-varying function satisfying 

V' x B = n(r)B when the magnetic field is force-free), indicating a possible relation 

to the mixed sign of helicity. Demoulin suggested that this result may be confirmed 

by mapping out the of magnetic helicity density (the spatial distribution of magnetic 

helicity flux, see later). 

Another interesting result is the asymmetry of helicity injection in emerging active 

regions (Tian and Alexander, 2009). They made a statistical study of 15 active regions 
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and calculated the helicity injection into the leading and following polarities. They 

found the amount of helicity injected into the leading polarity was several times 

(typically 3-10 times) larger than that of following polarity. The authors suggested 

that this mainly resulted from the different speeds of emergence between the two 

polarities. This has been borne out by a numerical simulation (Fan et al., 2009). 

1.3 Instruments 

The data used in this thesis mainly comes from SOHO and TRACE, both of which 

will be given a brief introduction in the following. 

1.3.1 SOHO spacecraft 

SOHO (the Solar and Heliospheric Observatory) is a project of international coop

eration between ESA and NASA. It was designed to answer some fundamental ques

tions about the deep core of the sun, the outer corona, and the solar wind (Domingo 

et al., 1995). SOHO was launched by NASA on Dec. 2, 1995. It orbits around the 

First Lagrangian Point (L1), where it is kept by the combined gravity of the Earth 

and Sun. The L1 point is approximately 1.5 million kilometres away from Earth in 

the direction of the Sun, so that SOHO can have an uninterrupted view of the sun. 

SOHO has 12 complementary instruments onboard, including the Michelson Doppler 

Imager (MDI), the Extreme ultraviolet Imaging Telescope (EIT), and the Large An

gle and Spectrometric Coronograph (LASCO). MDI can measure the longitudinal 

component of the Sun's magnetic field on the photosphere. EIT provides information 

on the evolution of chromospheric and coronal structures. LASCO is a white light 

coronagraph that can be used to observe CMEs between 1.1 to 30 Rc'J· 
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1.3.2 TRACE spacecraft 

TRACE (Transition Region and Coronal Explorer) images the solar corona and 

transition region at high angular and temporal resolution. It was launched in April 

1998, scheduled to allow joint observations with SOHO during the rising phase of the 

solar cycle. 

The telescope on TRACE has a field view of 8.5' x 8.5' (compared to R0 ""' 16') and 

its spatial resolution is 1". It can detect three EUV wavelengths, four UV wavelengths, 

and a white-light channel, observing plasma with temperature from 6 x 103K to 

1 x 107K (Handy et al., 1999), as shown in table 1.1. 

Table 1.1 : TRACE passbands (from Handy et al., 1999). 

Wavelength Emission Bandwidth Thmpera.ture 
(A) ( . .\.) (K) 

111 Fe IX/X 6.4 1.6 2.0x 105 

195 Fe XU/XXIV 6.5 5.0~20x tO·\ 
1.1 2.6x 107 

284 Fe XV 10.7 1.25 4.0x 106 

1216 HI Ly o 84 1.0 3.0x 104 

'1550 C IV 30 6.0~ 25 X 104 

1600 UV Cont, C 11 Fell 275 4.0 IOxlO:i 

1700 Continuum 200 4.0 10x103 

5000 Vrr'hite Light broad 4.0,6.4x 103 

1.4 Outline of this thesis 

This thesis aims to present observations of helicity injection and the associated 

velocity characteristics of rotating sunspots. The flow velocity field in and around 

sunspots is an important parameter for the calculations in this thesis. Consequently, 

Chapter 2 provides a brief description of four flow velocity inversion techniques, in-



14 

eluding the local correlation tracking method (LCT), the Differential Affine Veloc

ity Estimator (DAVE), the minimum energy fit technique (MEF), and the modified 

DAVE method for vector rnagnetograrns (DAVE4VM). Based on the comparisons of 

these techniques, the DAVE method is chosen in our analysis, and the calculation of 

helicity injection rate based on this method is also reviewed in Chapter 2. 

Chapter 3 provides observations on four active regions which contain typical ro

tating sunspots. The results from our calculations present a determination of the 

injection of magnetic helicity through the photosphere. With the accumulation of 

helicity in the solar corona, the active region structures display sigmoid (S-shaped) 

features or eruptive activities like CMEs and flares. Possible explanations relating 

theses solar phenomena to the helicity accumulation are also discussed. 

Sunspot rotation and its underlying physical processes are of primary interest and 

Chapter 4 is devoted to providing the calculations on the rotation speeds and their 

relation to the emergence of the active region. In addition, results on the interesting 

phenomenon of counter-rotating sunspots are presented in this chapter. 

A summary is given in Chapter 5, and some perspective studies are discussed to 

conclude the thesis. 
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Chapter 2 

Determining the velocity of rotating sunspots and 
the associated injection of magnetic helicity 

This chapter is constructed with two sections. The first section mainly focuses 

on the introduction of the available velocity inversion techniques. The second sec-

tion talks about the methods used for determining the angular velocity of rotating 

sunspots, including the DAVE method using magnetogram data and the method of 

Brown et al. (2003) using intensity data from the TRACE white light channel. 

2.1 Methods to calculate magnetic helicity injection 

The evolutions of CMEs and solar flares are thought to be related to the mag-

netic helicity injection through the photosphere (e.g. Hood and Priest, 1979). In 

order to determine the helicity injection rate, the plasma velocity on the photosphere 

is required in association with the magnetic field measurements (see eqn. 1.6, 1.7). 

Several methods have been introduced to accomplish this goal, including the local 

correlation tracking method (LCT, Leese et al., 1970), the Differential Affine Veloc

ity Estimator (DAVE, Schuck, 2006) for line-of-sight (los) magnetograms, minimum 

energy fit technique (MEF, Longcope, 2004), and the modified DAVE method for 

vector magnetograms (DAVE4VM, Schuck, 2008) for vector magnetograms. 
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2.1.1 Velocity inversion techniques: LCT, DAVE, MEF, DAVE4VM 

The LCT method was developed by Leese et al. (1970) to track clouds in the 

Earth's atmosphere, and introduced to solar physics for the measurement of the opti-

cal flow on a series of observations of solar granulation (November and Simon, 1988). 

With the LCT method, the horizontal motion of magnetic field line footpoints in 

active regions was inferred by Chae (2001) from a sequence of los magnetograms. 

In order to correlate images at different times, a series of magneto grams are aligned 

based on the angular velocity of solar differential rotation, which is given by Howard 

et al (1990), as 

w = 2.894- 0.428 sin2 ¢- 0.370 sin4 ¢ prad s- 1 (2.1) 

where ¢ is the solar latitude. In other words, successive magnetograms are clerotatecl 

to a singe reference time. 

For two successive magnetograms with intensity of I(x, r) and I(x, r + 6t), the 

degree of similarity between two subregions can be calculated from their correlation 

function (e.g. Schuck, 2006) 

J 2 2 C(x, u, r) = vV(x- x)[I(x, T + 6t)- I(x- u6t, r)] d X (2.2) 

where u is the local velocity, which is chosen by minimizing eqn. 2.2, vV(x) is a 

window function, typically a two-dimensional Gaussion function, localizing the two 

subregions, and /).t is the time difference between two successive images. 

The next task is to determine the vector potential of the potential reference field 

AP from the magnetic field distribution on the photosphere satisfying 

\7 x Ap · fi. = Bn, \7 · Ap = 0, Ap · fi. = 0 (2.3) 
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Using a discrete Fourier transform F(T) = L,x:,y T(x, y )e-ikx:c-ikyy, the horizontal 

components of Ap can be derived from B as n, ' 

A -1 [ ikv ] p,x = F k 2 · -- 2 F(Bn) 
:c + ky 

A -1 [ -ik:r ] p,y=F k2 .2F(B,) 
a; + ky 

(2.4) 

The helicity injection rate can now be calculated using eqn. 1.6 with the derived 

u and Ap· Chae et al. (2001) calculated the helicity injection rate in AR 8668 with 

this method and found it was an order of magnitude higher than that due to the 

solar differential rotation, indicating that some other transverse flows are present or 

alternatively that the field emerges with significant twist. 

The LCT method is limited in that it assumes that the velocity is constant at 

a. certain position and does not have any contraction, dilation or rotation of the 

magnetic field. In order to incorporate such motions Schuck (2006) developed the 

Differential Affine Velocity Estimator (DAVE) in which an affine flow of the form, 

(2.5) 

is used where 

(Ux Uy) 
W = V'u(x) lx=x= 

v;, Vy 
(2.6) 

The correlation function for the DAVE method becomes 

C(x, u, T) = J W(x- x)[I(x, T + !::::..t)- e-(U,+Vy)f1t I(x- u!::::..t, 7)] 2 d2x (2.7) 

For the minimization of this correlation equation, the vector parameters describing 

the flow (U0 , V0 , Ux, Vy, Uy, V1:) can be achieved. The DAVE method is regarded as 

the most robust of the available techniques and will be used in our calculations to be 

described in subsequent chapters. 
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The minimum energy fit technique (MEF) was introduced to infer the photospheric 

velocity from a series of vector magneto grams (Longcope, 2004). It begins with the 

vertical component of the induction equation, 

(2.8) 

where subscript 'h' denotes the horizontal component, and 'z' denotes the vertical 

component. Two scalar potentials ¢ and 1/J arc introduced to solve the above equation, 

(2.9) 

¢ can be solved from eqn. 2.8 and eqn. 2.9. In order to get an unique velocity field, 

another constraint with the following minimization is provided. 

(2.10) 

't/) and Vz in this functional are solved with standard Jacobi relaxation until the small-

est possible energy T can be found. Then the horizontal velocity vh can be obtained 

from eqn. 2.9, that is 

(2.11) 

An advantage of :rviEF is that it can incorporate velocity information from other 

measurement methods, for example, Doppler velocity and LCT (Ravindra et al, 2008). 

The Doppler velocity is used as an independent constraint on the vertical velocity 'Uz, 

while the LCT velocity used to constrain the horizontal velocity uh. They tested this 

method with different constrained versions of MEF, and found that MEF + LCT +uz 

works better on the flow field than other versions (e.g., MEF+LCT or MEF+uz)· 

Another advantage of MEF is that the velocity is derived from the ideal induction 
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equation and it is suitable for a boundary condition in simulations of fiux emergence 

(Longcope, 2004). 

Schuck (2008) modified the DAVE method to DAVE4VM (the suffix '4VM' denot-

ing that it is for vector magnetic fields), producing a velocity estimator for the vector 

magnetograms. With the horizontal component of the magnetic filed incorporated, 

the three dimensional velocity has the form of, 

uo 1Ix 'Uy 

(:) v(x) = Vo + V:r: Vy 

'Wo 'W;r: Wy 

(2.12) 

Then with the minimization of the error metric C, the velocity can be derived. 

C = / vV(x-x, t-r){atBz(x, t) + "V~t · [Bz(x, t)vh(x- x) -vz(;r- x)B~t(x, t)]} 2 dt d:r 2 

(2.13) 

A brief comparison of the four methods is shown in table 2.1. Because of the better 

accuracy of the DAVE method (\Velsch et a1., 2007) and the limited availability of 

vector magnetic field observations, the DAVE method will be applied throughout this 

thesis. 

Table 2.1 : Comparisons of the velocity inversion techniques 

LCT DAVE MEF DAVE4VM 

magneto gram los los vector vector 

induction eqn. not satisfied statistically satisfied satisfied statistically satisfied 



20 

2.1.2 Helicity flux calculation with DAVE 

The integrand in eqn. 1.6 is called the helicity flux density, GA(x), with GA(x) = 

-2(Ap · u)B,. However, it has been shown that this quantity is subject to the pres-

ence of fake polarities which severely hinder the accuracy of the helicity calculations 

(Demoulin, 2007). To resolve this issue, a new helicity flux density parameter, Ge, 

wa.'3 introduced by Pariat et al. (2005): 

G ( ·) = _ Bn,i 1 [(x- x') X (u- u')]n E' dS' 
e x, 2 I ' 12 n , 7r 8 , X- X 

(2.14) 

Ge can be split into two components, Gi" and Gf1 (Chae 2007), i.e., 

8 AJ Ge(xi) = Gi + Gi (2.LS) 

where Gi" is the self helicity (when x = x' in eqn. 2.14), and Gf1 is the mutual helicity 

(when x =1= x' in eqn. 2.14). With the velocity field derived from the DAVE method 

( eqn. 2.6), these quantities can be written as, 

(2.16) 

(2.17) 

where '*' donates the convolution operation. f and g have the forms of, 

2 2 { 

;r; 

f(;r, y) = .r : Y (2.18) 

2 2 { 

y 

g(:r,y) = ;r : y (2.19) 
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G,f1 can be achieved much faster by applying a Fast Fourier transform for the 

convolutions in eqn. 2.17. With the integral of Ge, the helicity injection rate can 

then be readily determined, via 

dH J dt = GedS (2.20) 

2.2 Methods for measuring the velocity of rotating sunspots 

2.2.1 DAVE with MDI magnetograms 

It has been shown that the DAVE method can be used to track the magnitude 

and directions more accurately than other available methods (Welsch et al, 2007). 

The line-of-sight (los) magnetograms have been recorded routinely by SOHO since 

1996. As a result, the DAVE method is an ideal technique for calculating the rotating 

speed of the sunspots over the course of the SOHO mission. 

Before the los magnetograms can be analysed with this method, they are first dero-

tated and aligned using eqn. 2.1. Then the velocities at each pixel are derived from 

two successive magnetograms, typically separated by 96 minutes. Another important 

procedure is to find the centers of the sunspots about which they are presumed to 

rotate. This can be done by using the weighted average of each pixel in the sunspot 

region of interest. 

Having obtained the velocity profile in the sunspot region and the position of its 

center, the rotation velocity can be derived by an average of the velocities in each 

pixel with a fixed lrl around the center. However, lrl cannot be chosen too small, for 

example, lrl = 2 pixels, since this would make the perimeter, l = 21rlrl ~ 13 pixels, 

too small to accurately derive the velocity of the rotating sunspots. As a result, when 

we choose rotating sunspot samples, the sunspot should be large enough to provide 



22 

enough pixels for inclusion into the averaging procedure. This provides a restriction 

on the sarnple of rotating sunspots. 

2.2 .2 B row n et al. with TRACE white light channe l 

Before the DAVE nwthod was presented by Schuck (2006), a nwthod was demon

strated by Brown et al. (2003) to deterrr1ine the rotating velocity of sunspots. A series 

of photospheric white-light irnages with high spatial and terr1poral resolution were se-

lected for each sunspot in the study. After cletern1ining the center of the sunspot 

and extracting tirne-slices at a chos n radius, the new angle-time plot (a 'stackplot ') 

is constructed for each sunspot. Theu the rotation of the sunspot can be n1easurecl 

fron1 the slopes of the 'diagonal streaks', as shown in Fig. 2.1. 

Figure 2.1 : A diagrarn for the rotation velocity deterrnination fron1 tirne-slice n1ethod 

of Brown et al. (2003). 
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With this method, Brown et al. (2003) calculated the velocity of rotating sunspots 

of seveu active regions and showed that the sunspots could rotate up to 200° during a 

period of 3--5 days. In addition, the rotating sunspots show different angular velocities 

with radius, with the penumbra exhibiting the fa.<Jtest rotation. 

Compared to the method described above, one advantage of the DAVE method 

is that it can provide the full velocity field on the photosphere, not just the angular 

velocity. Another one is that it can be directly applied to the los magnetograms from 

SOHO, which has provided observations of the sun for 3 years longer than TRACE 

and has a greater field view, providing more rotating sunspot examples. Moreover, it 

also ties more directly to the magnetic helicity calculation. 
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Chapter 3 

Magnetic helicity injection by rotating sunspots 

3.1 Introduction 

The rotation of sunspots can be decomposed into two parts: in situ rotation and 

the motion of one sunspot region around another, both of which can contribute to 

injection of magnetic helicity through the photosphere (Longcope et al., 2007). As the 

magnetic helicity accumulates, coronal loops related to this active region can display 

energized structures like sigmoids (e.g. Alexander, 2006; Gibson et al., 2004), solar 

flares and CMEs (Forbes, 2000; Nandy, 2008). One important driver mechanism for 

CMEs and filament eruptions is thought to be the kink instability, due to the twist 

of magnetic flux tube exceeding some critical value. For example, Hood and Priest 

(1979) analysed flux tubes under different conditions and found the critical twist is 

3.37!' (1.65 turns) for the force-free field of uniform twist and typically between 27!' 

and 67!' for other fields (see also Gilbert et al., 2007). 

Knowledge of the source regions of CMEs is required for the study of the relations 

between CMEs and active regions. Webb et al. (1987) found that 68% of CMEs 

are associated with eruptive prominences, 47% with X-ray events, and 37% with H a 

flares. Canfield et al. (1999) suggested that CMEs often had source regions with 

sigmoid structures. Subramanian et al. (2001) identified 32 events and provided the 

source regions of these CMEs. The criterion used in that paper include the following 

features: flares, plasma/material motions, EIT waves and eruption of prominences. 
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There are 86 flare related CiviEs identified originating fron1 55 solar active regions 

between 1997 to 2005 (Guo et al., 2007). Wang et al. (2008) presented source regions 

of 57 of the fastest(> 1500krn/s) CMEs frorn 1996 to 2007, and showed a general 

trend between the size of an active region and the likelihood of its producing a fast 

CME. 

In this chapter, observations of 4 active regions with rotating sunspots are shown 

in section 3.2, with rnagnetic helicity injection and other related solar phenornena 

provided. In section 3.3, we present our prelin1inary work on the relation of n1agnetic 

helicity injection and solar flare productivity of the active regions. Finally, a sn1nmary 

is given in section 3.4. 

3.2 Case studies of four active regions 

3.2 .1 AR 9114 

Figure 3.1 : SOHO/MDI observations of AR 9114. 
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Table 3.1 : Location and n1agnetic class of AR 9114. 

Date Position Area rnagnetic type 
2000 Aug. 6 N12E41 230 {3 
2000 Aug. 7 N12E28 250 {3 
2000 Aug. 8 N12E14 160 {3ry 
2000 Aug. 9 N11W01 290 {3ry 

2000 Aug. 10 N11W16 290 {3ry 

AR 9114 is a typical active region with a rotating sunspot observed in the northern 

hen1isphere (Brown et al. , 2003). Its rnagnetic evolution is shown in Fig. 3.1. It 

appeared on the east lirnb on August 3, 2000 , and arrived near the central rneridian 

of t he solar disk on August 8. This active region was a {3 type before Aug. 8, after 

when it becan1e a {3ry region. 
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Figure 3.2 : The rotating velocity of the sunspot in positive polarity of AR 9114. 

In active region 9114 , the leading positive polarity is cornpact with strong magnetic 

field, while the following negative polarity has fragn1ented appearance. During t he 

period of Aug. 6 to Aug. 10, the total rotation of the leading polarity is about 180° 

(Fig. 3. 2, or Brown et al. 2003). The rnaxirr1u1n of the angular speed is about 4 o / h, 
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corresponding to a velocity 0.13 kmjs. After Aug. 9, the rotation slows down to a 

srnall value hard to be detected . 

-2000 -1000 0 1000 2000 -30 -25 -20 -15 -1 0 -5 0 5 
Bn (Gauss) G8 (1 018 Mx2cm-2s-1) 

Figure 3.3 : left: rviap of velocity superposed on the gray-scale nrap of Bn. Right: 
Gray-scale rnap of rnagnetic helicity flux density Ge at 08:03, Aug. 9, 2000. 

The leading polarity shows an anti-clockwise rotation. Take the observation at 

08:03 Aug. 9 (Fig. 3.3) as an exarnple. In the left panel, the gray-scale rnap indicates 

the norn1al component of the n1agnetic field, Bn, with the rnap of tangential velocity 

superposed on it. The dark regions denote the negative rnagnetic fields, and the white 

regions denote positive n1agnetic fields. In order to see the velocity clearly, those 

parts with IBnl less than 60G have been omitted. The arrows show the direction, 

while the length of the arrows indicate the arnplitude of the velocity. Frorn the left 

panel , a strong anti-clockwise rotation is evident in the positive polarity. The right 

panel in Fig. 3.3 shows the map of n1agnetic helicity flux density Ge at the san1e 

tirne. The dark regions denote negative helicity flux density. The dornination of 
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the negative helicity injection can be seen fron1 this 1nap. This location of negative 

helicity injection corresponds to the anti-clockwise rotation of the leading polarity. 
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Figure 3.4 : Magnetic helcity injection rate of AR 9114 during Aug. 6 to Aug. 10, 
2000. + for magnetic helicity rate through positive polarity, 6 for those through 
negative polarity. The solid line is the total helicity injection rate. 

The n1agnetic helicity injection rate during the five-day observations is illustrated 

in Fig. 3.4. First of all, an asymrnetry of the helicity injection (Tian and Alexan-

der, 2009) can be seen in AR 9114. Specifically, the n1agnitude of 1nagnetic hel-

city injection rate through the negative polarities dH _ / dt ( 6 in the figure) is about 

-5 x 1040 M x2 /h, significantly sn1aller than the injection through the positive polari

ties dH+/dt of about -2.4 x 1041 Nfx2 /h (+sign in the figure). This results in a total 

negative helicity injection of about -3.4 x 104
:3 _Af x2 through the photosphere to the 

upper solar atrnosphere. Moreover, dH+/dt has a peak of -7 x 1043 ~A1 ;.c2 /h during 

Aug. 9, 2000, corresponding to the period when thE .. leading sunspot rotates with its 
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n1aximun1 angular velocity (see Fig. 3.2). 

(a) Aug. 7 02:04UT (b) Aug. 9 12:28UT (c) Aug. 9 21:5 UT 

Figure 3.5 : Inversed-S sig1noicl fanned as negative helicity accunn1lates, observed by 
SXT /Yohkoh. 

As a result of the total negative helicity injected through the photosphere, an 

inverse-S shaped sigrnoid is observed to forrn in the solar corona, seen by Yohkoh/SXT, 

as shown in Fig. 3.5. This phenornenon has been confirrned with sirnulations (e.g. 

Gibson and Fan et al. (2004). Fig. 3.6 shows the X-ray flux during the period of AR 

9114 crossing the solar disk. The shaded regions denote the times of flares in AR 

9114. Arnong these, a C2.3 class flare was observed between 15:33 and 17:00 UT, 

Aug. 9 2000. There was a halo CiviE associated with this event, that first appeared 

at 16:30 UT (Guo et al, 2007; Nindos et al., 2003), denoted by a vertical dc1Shed line 

in Fig. 3.6. 
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Figure 3.6 : Soft X-ray flux frorn Aug. 4 to Aug. 15 , 2000. 

As the halo CME propagates through interplanetary space, it was observed as 

a magnetic cloud by the WIND spacecraft (Lepping et al., 1995) at about 1 AU , 

near the Earth. Nindos et al. (2003) estirnated the magnetic helicity of this 1nagnetic 

cloud to be ( -4. 76to -19.0) x 1042 M x2 , which is less than the arnount of total helicity 

injection ( -3.4 x 1043 Mx2
), rneaning that the total helicity frorn AR 9114 is large 

enough to drive this halo CJ\!IE. 

3 .2 .2 AR 10696 

AR 10696 is a strong active region containing rotating sunspots. It appeared at 

the east lirnb on Nov. 3, 2004, located in the northern hernisphere with a low latitude 

of about 10°. The magnetic evolution of this active region can be seen in Fig. 3. 7 

and Table 3.2. It was j3 type with sn1all area on Nov. 3. As it ernerged through the 

photosphere, the area increased rapidly and its n1agnetic geon1etry developed into 

{3 --yf>. The counter-clockwise rotation of the negative polarity can be seen fron1 Fig. 

3.7. After Nov. 7, it began to decay, but maintained a long east-west neutral line 
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with strong gradient, as reported by Big Bear Solar Observatory (BBSO). 

2000 G 

1000 G 

Figure 3.7 : MDI observations of AR 10696. 

Table 3.2 : Location and n1agnetic class of AR 10696. 

Date Position Area magnetic type 
2004 Nov. 3 N08E47 110 (3 
2004 Nov. 4 N12E28 270 ,6{ 
2004 Nov . 5 N09E19 580 f3r6 
2004 Nov. 6 N09E06 820 !3r6 
2004 Nov. 7 N09W08 910 f3r6 
2004 Nov. 8 N08W22 650 f3r6 

During Nov. 4 to Nov. 6, the negative polarity is cornpact, while the positive 

polarity is distributed (see Fig. 3. 7). Fig. 3.8 illustrates the tangential velocity of the 

magnetic elements (on the left) and the rnagnetic helicity density at 14:27 UT, Nov. 
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4. The n1agnetic elernents in the negative polarity (clark region in the figure on the 

left) are rotating around the center in the counter-clockwise direction as the center 

n1oves toward to the west (right). The counter-clockwise rotation of the corn pact 

negative polarity contributes a large mnount of negative helicity injection at this 

tirne. Moreover, the rnotion of the positive polarity also added negative helicity into 

the upper atn1osphere (dark region on the right of rnap of helicity flux density). 

-2000 -1000 0 1000 2000 -40 -30 -20 -1 0 0 10 
Bn (Gauss) 

Figure 3.8 : left: 1\!Iap of velocity superposed on the gray-scale n1ap of En. Right: 
Gray-scale n1ap of n1agnetic helicity flux density Ge at 14:27, Nov.4. 

The total arnount of the helicity injection is about -6.3 x 1043 ]\/] ;r 2 during these 

5 days. dH+/dt is less than -2 x 1041 .NI:.c2 /h for rnost of the tirne, while dH_jdt 

usually exceeds -8 x 1041 M x2 
/ h for 3 days frorn Nov.4 to Nov. 7, which results in 

the asymmetry of the helicity injection (Fig. 3.9). The injection of n1assive negative 

helicity into the north hernisphere obeys the hernispheric helicity rule (e.g . Pevtsov, 

2007). 
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Figure 3.9 : :Niagnetic helcity injection rate of AR 10696 during Nov. 3 to Nov. 7 
2004. + for rr1agnetic helicity rate through positive polarity, D. for those through 
negative polarity. The solid line is the total helicity injection rate . 

AR 10696 was quite an active source of rnany strong flares and CiviEs (Fig. 3.10). 

Three halo C1v1Es with velocities greater than 1500krn/ s are reported to originate 

from this active region (e.g. Wang et al., 2008; denoted by the vertical dashed lines 

in Fig. 3.10). These fast CJ\tiEs and their related flares are listed in Table 3.3. For 

example, on Nov. 7, 2004, a X2.0 flare occurs between 15:42 UT and 16:15 UT, and 

a halo CME with velocity of 1759 kn1js was observed at 16:54 UT. 

Table 3.3 : Fast halo C:NIEs and associated flares frorn AR 10696. , 

Date F start Fend position Fclas s TcME 'VCME(kmjs) 
2004-11-07 15:42:00 16:15:00 N09W17 X2.0 16:54:05 1759 
2004-11-09 16:59:00 17:32:00 N08W51 :NI8.9 17:26:06 2000 
2004-11-10 01 :59:00 02 :20:00 N09W49 X2.5 02:26:05 3387 
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Figure 3.10 : Soft X-ray flux frorn Nov . 3 to Nov. 13 2004. 

(a) (b) (c) 

Figure 3.11 : The evolution of a kinked filarnent in AR 10696 observed by TRACE 
1600A on Nov. 10 , 2004, shown in the square box. 

Williarns et al. (2005) studied the halo CME which is accornpanied by a X2.5 

flare on Nov. 10, 2004. They suggested that this Cl\IIE resulted fron1 the release of a 

previously confined filament; and the driver of its expansion is n1ost probably the kink 

instability. The evolution of this fi larnent is shown in Fig. 3.11. The configuration of 

this kinked filarnent shows a correspondence to the total negative helicity injection of 
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AR 10696. In order to better qualify the relation of this halo CME and the n1agnetic 

helicity injection, further work is needed. 

3.2.3 AR 9906 

2000 G 

1000 G 

Figure 3.12 : JVIDI observations of AR 9906. 

AR 9906 is an ernerging active region first observed on the east lin1b on Apr. 11, 

2002. It was located in the southern hernisphere, cornposed of a negative leading 

polarity and positive following polarity. The n1agnetic observations fron1 SOHO /lVIDI 

are provided in Fig. 3.12. With the area of this active region increasing frorn Apr. 

11 to Apr. 16, its rnagnetic type changes frorn {3 into cornplex /3!8 (see Table 3.2.3). 

The rnaps of tangential velocity and rnagnetic helicity injection are shown in Fig. 

3.13. At 12:48 UT, Apr. 15 2002, the rnagnetic helicity is injected n1ainly fron1 three 

regions: the first two are the two polarities with clockwise rotation, while the third one 

is the newly en1erged and fast rnoving negative polarity near the following polarity. 
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So in this case, both the clockwise rotations and the braiding motion contributes to 

the positive helicity injection into the southern hernisphere corona. 

Table 3.4 : Location and rnagnetic class of AR 9906. 

Date Position Area rnagnetic type 
2002 Apr. 12 S16E40 80 {3 
2002 Apr. 13 S16E26 190 {3ry 
2002 Apr. 14 S15E13 470 {3ry6 
2002 Apr. 15 S15W02 640 {3ry6 
2002 Apr. 16 S15W14 690 {3ry 

-2000 -1000 0 1000 2000 -10 0 10 20 
Bn (Gauss) 

Figure 3.13 : left: Map of velocity superposed on the gray-scale n1ap of En. Right: 
Gray-scale n1ap of rnagnetic helicity flux density Ge at 12:48 , Apr .15. 

The rnagnetic helicity injection is also in1balanced for AR 9906, with the anwunt 

frorn the rotating leading polarity significantly larger than that frorn the following one 
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(Fig. 3.14) . For this event , both polarities contribute to the positive helicity injection. 

From Apr. 12 to 16, 2002 , the total1nagnetic helicity injection is 9.2 x 1043 .NJ x2 . 
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Figure 3.14 : Magnetic helcity inject ion rate of AR 9906 during Apr. 12 to 16. 
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Figure 3.15 : Soft X-ray flux frorn Apr. 11 to Apr . 22 , 2002. 
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Along with the accurnulation of the rnagnetic helicity in the solar corona, AR 9906 

began to display stronger solar activity. The observation of X-ray flux is shown in 

Fig. 3.15. The shaded regions denote the solar flares in AR 9906 , while the ver-

tical dashed lines show the time when SOHO /LASCO observed halo CI'v1Es (see 

http:/ /cdaw.gsfc.nasa.gov/CME_list/). These halo CMEs (see Table 3.5) erupted 

after Apr. 15 , 2000 , when there had already been a large arnount of rnagnetic helicity 

injected in to AR 9906. 

Table 3.5 : Halo CMEs and associated flares fron1 AR 9906. 

Date F starl; F end position F class TcME Vctvf E( kn~/ s) 
2002-04-15 03:05:00 05:06:00 S15W01 l'v11.2 03:50:05 720 
2002-04-17 07:46:00 09:57:00 S14W34 M2.6 08:26:05 1240 
2002-04-21 00:43:00 02:38:00 S14W84 X1.5 01:27:20 2393 

3.2.4 AR 9165 

On Sep. 15, 2000, AR 9165 appeared at about N12E30 as a j3 type, and evolved 

into (3"'( in association with the growth of the area. This active region had a large tilt 

angle, aln1ost perpendicular to the equator. After Sep. 16, this active region began 

to decay (see Fig. 3.16). 
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Figure 3.16 : SOHO /MDI observations of AR 9165. 

The rnagnetic helicity injection frorn AR 9165 is prirnarily due to two regions , as 

shown in Fig. 3.17. The first source is the largest dark region in the rnap of helicity 

injection, which corresponds to a counter-clockwise rotation of the negative polarity. 

The second one is the comparably srnaller dark region, clue to the clockwise rnotion 

of the positive polarity around the negative one, i.e., the braiding rnotion. Both of 

the motions brought negative helicity frmn the convection zone into the northern 

hen1isphere. 

The helicity injection rnainly occurred during the ernerging period between Sep. 

14 and Sep. 17, which is illustrated in Fig. 3.18. The peak value of the injection is 

a bit rnore than -6 x 1041 M:x;2 /h during Sep. 15, with a large portion due to the 

rotation of the negative polarity. This results in the asyrnrnetry of n1agnetic helicity 

injection for AR 9165. 
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Figure 3.17 : left: Map of velocity superposed on the gray-scale map of Bn. Right: 
Gray-scale rnap of rnagnetic helicity flux density Ge at 22:24, Sep. 14. 

The total n1agnetic helicity injection is about -2.4 x 1043 Jl;f x2 . Fig. 3.19 gives 

the X-ray flux frorn the GOES satellite during the observations of AR 9165. Nindos 

et al. (2002) identified 5 CMEs associated with this active region. A M5.9 clas. · 

flare was observed beginning at 04:07 UT, peaking at 04:17 UT on Sep. 16 , 2000. 

Then a halo Cl\1E with a velocity of 1215 k1nj s was reported at 05:18 UT (Guo et 

al., 2007), denoted by a vertical dashed line in Fig. 3.19. This halo CME was also 

observed by WIND satellite at 1 AU near the Earth on Sep. 18. The average rnagnetic 

helicity of the rnagnetic clouds in 2000 is about -7.7 x 1042 J\,1 x2 (Nindos et al. , 2002). 

So the total rnagnetic helicity of these five CMEs is about -3.8 x 104
;3 Jl;f x2

, which is 

con1parable to the rnagnitude of the total helicity injection fron1 AR 9165, considering 

the possible unclerestirnation of the helicity calculation with the rnagnetograrns of 96 

rninutes (Tian et al., accepted) and the uncertainties of the total helicity of these five 
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CMEs. So the accumulation of negative helicity in AR 9165 n1ight be a driver for the 

observed C:NIEs. 
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Figure 3.18 : :Niagnetic helcity injection rate of AR 9165 during Apr. 14 to 18, 2000. 
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Figure 3.19 : Soft X-ray flux from Sep. 15 to Sep. 18, 2000. 
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Table 3.6: Summary of the rotating sunspots in the four active regions. 

active region AR 9114 AR 10696 AR 9906 AR 9165 

date Aug. 6 10, 2000 Nov. 3 7, 2004 Apr. 12 16, 2002 Scp. 1418, 2000 

latitude N12 N09 S16 N12 
rotation 180° goo 150° 50° 
direction 0 0 0 0 
max flare C2.3 X2.0 Ml.2 M5.9 
Ht(Mx2 ) -3.4 X 1043 -6.3 X 1043 9.2 X 1043 -2.4 X 1043 

sigmoid kinked filament fast CMEs fast CMEs 
feature CME fast CMEs mag. clouds 

mag. cloud 

The properties of the rotating sunspots in the four active regions are summarized 

in Table 3.6. Three active regions were located in the northern hemisphere and had 

negative total helicity injection, while one active region (AR 9906) in the southern 

hemisphere had positive total helicity injection. This result corresponds to the hemi

spheric helicity rule (e.g. Pevtsov, 2007). For the four active regions discussed, large 

helicity injections occurred during the period of rotation in polarities with strong 

magnetic field. This may be a result of the emergence of a twisted magnetic flux 

rope. For AR 9114 and AR 9165, magnetic clouds associated with these active re-

gions are observed, and the helicity estimation (e.g. Nindos et al, 2003) shows that 

the total magnetic helicity injection in each active region and the helicity carried by 

the magnetic clouds are comparable. 

3.3 Relation of helicity injection and solar flare index 

Several studies have been done to study the magnetic helicity change and its 

relationship to solar flares. Moon et al. (2002) proposed that a sudden helicity 

injection may trigger flares. Kusano et al. (2003) suggested annihilation of magnetic 
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helicity as a triggering mechanism for flares. Here we give our preliminary study on 

the relation of the magnetic helicity injection and the flare productivity of the active 

regions. 

To quantify the flare productivity of each active region, we adopt the daily soft 

X-ray flare index (Antalova, 1996), which is defined by weighting the flares of classes 

B, C, M, and X a..':l 0.1, 1, 10, and 100, respectively. The flare index is written as 

A= (1oos<x) + ws<M) + 1s<c) + o.1s<8))/T 

where S(j) = '2:~1 r?) is the sum of the peak intensities of a certain class (i.e., sum 

of digits after the letters B, C, M, X) and T is the total days of observation of the 

active region. Here the observation results by GOES satellites are used to calculate 

the flare index. In order to study the relation between the helicity injection and the 

daily flare index, the magnitude of daily total helicity injection (Hd) is adopted, i.e., 

Hd = Ht/T, where Ht is the total helicity injection during the period of T (unit: 

days). 

z z 

40 41 42 43 44 0 2 3 
logHd (Mx2/day) logA 

(a) (b) 

Figure 3.20 : Distribution of the daily magnetic helicity injection Hd (a) and the flare 
index A (b) for 90 ARs, with the x-axis shown in the logarithm. 
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There are 90 active regions chosen for this study (the criterion of these ARs is 

introduced in chapter 4). The distributions of the daily helicity injection and the 

flare index are shown in Fig. 3.20. The average value of the daily helicity injection is 

about 3.2 x 1042 Nf x 2 j day, and the flare indexes mainly distribute between 0 and 30. 
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Figure 3.21 : Plot showing relation of magnetic helicity injection and solar flare index. 
o ( *) denotes the active region which contains sunspot with angular velocity greater 
(smaller) than 0.3°/ h. 

Fig. 3.21 shows the relation between the daily helicity injection and the flare index. 

In this figure, circles (asterisks) denote the faster (slower) sunspots with average 

rotating speed greater (less) than an arbitrary value of 0.3° /h. Generally, the slower 

sunsp9ts have lower daily magnetic helicity injections (5.0 x 1042 M x 2 /day) and show 

less flare productivity (A < 25, shown by horizontal dotted line). The daily helicity 

injection of the faster rotating sunspots covers a wide range, from 1.0 x 1041 to 
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18.0 x 1043Mx2 jday, while the flare index ranges from 0 to 105. For most active 

regions (except two), the relationship can be bounded by two boundaries, shown 

as dashed lines in Fig. 3.21. We see that as the daily helicity injection increases, 

the active regions tends to show higher flare activity. The width between the two 

boundaries may result from some delay (a few days) between the storage of free 

energy due to magnetic helicity injection and the solar productivity, so that while the 

helicity injection is observed to be large, the flare index may be still small. Further 

studies need to be done for better understanding of this phenomenon. 

3.4 Discussion 

In order to study the relation of rotating sunspots and magnetic helicity injection, 

four active regions (AR 9114, AR 10696, AR 9906, AR 9165) are investigated in 

this chapter. Among the four cases, three were located in the northern hemisphere 

and had negative total helicity injection, while one active region (AR 9906) located 

in the southern hemisphere had positive total helicity injection. So all these four 

active regions correspond to the hemispheric helicity rule (e.g. Pevtsov, 2007). The 

magnetic helicity injection can result from two motions: the rotation of sunspot and 

their braiding motion around another. For the four active regions discussed, large 

helicity injections occurred during the period of rotation in polarities with strong 

magnetic field. This may be a result of the emergence of a twisted magnetic flux 

rope. Moreover, the asymmetry of magnetic helicity injection (Tian and Alexander, 

2009) between two polarities is confirmed here in the four cases, with the total helicity 

injection through one polarity usually three times larger than that through the other 

one. 

For AR 9114 and AR 9165, magnetic clouds associated with these active regions 
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are observed by the WIND spacecraft near the Earth. The helicity estimation (e.g. 

Nindos et al, 2003) shows that the total magnetic helicity injection in each active 

region and the helicity carried by the magnetic clouds are comparable. 

There are 90 active regions chosen ·for the preliminary study of magnetic helicity 

injection and the flare productivity for the active regions. The slower sunspots show 

lower daily magnetic helicity injections and have less flare productivity. While both 

the daily helicity injection and the flare index of the faster rotating sunspots covers 

a wide range. 
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Chapter 4 

Observations of the velocity of rotating sunspots 

4.1 Introduction 

Sunspots are frequently observed to exhibit a prolonged period of rotation about 

their center (e.g., Brown et al., 2003). Several mechanisms have been introduced to 

explain this phenomenon. For example, Bao et al. (2002) summarized possible ex

planations, such as the observed differential rotation of the solar surface, the Coriolis 

force due to solar rotation, the a-effect where structures are twisted as they rise 

through the solar convection zone to emerge as sunspots, and local surface flows. 

Simulations (Magara et al., 2001; Gibson et al., 2004; Fan, 2009) typically show that 

rotating sunspots are prevalent during the emergence of a twisted flux tube (0-loop). 

Brown et al. (2003) pointed out that flux-tube emergence would be one important 

mechanism for rotating sunspots, but they also pointed out that further analysis wa.'l 

needed to determine the primary mechanism responsible for the rotating sunspots. 

Moreover, theoretical studies showed that the flux-tube would be expected to spin 

about its axis, resulting from a net axial torque, when the tube's twist varies along its 

axis (Longcope et al., 2000); Fan (2009) confirmed this study with a 3D simulation. 

The relation between the emergence of the twisted flux tube and sunspot rotation 

still remains unclear, and the answer to this question would help us get a better 

understanding on the the solar dynamo and flux emergence processes occurring below 

the solar surface. In this chapter, we present a statistical study of the relation between 
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the rotation velocity of the sunspots and the emergence of the active regions. In 

addition, the phenomenon of multiple rotating sunspots in the same active region is 

shown and discussed. 

4.2 Relation between rotating sunspots and emergence of 

active regions 
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Figure 4.1 : Size distributions of the active regions from Dec., 1997 to Dec., 2005. 

In this study, we apply the SOHO /MDI line-of-sight magnetograms, with tempo-

ral resolution of 96 minutes and spatial resolution of about 2". There are 2727 active 

regions reported by NOAA (National Oceanic and Atmospheric Administration) be

tween Dec. 1997 and Dec. 2005. The size distributions of these active regions are 

shown in Fig. 4.1 (ten active regions with size bigger than 1500 millionths of a solar 

disk are not included in this figure). The criteria for selection of the active regions are 

a..<> following: 1) size of each active region is bigger than 300 millionths of solar disk 

(shown as dark in Fig. 4.1); 2) the active region is located near the center of the solar 
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disk, in the region surrounded by ±50EW and ±50NS; 3) there is no evidence for 

magnetic saturation in the MDI data; 4) active region has a simple bipolar magnetic 

configuration. As a result, 132 sunspots in 95 active regions were selected for this 

study* . 

Before we proceed to the calculation of the flow field with the DAVE method (see 

chapter 2), all images of an active region are cropped and derotated, so that the effect 

of solar differential rotation has been effectively excluded. 

In order to determine whether each selected active region is emerging or not, the 

distance (denoted by "Rpn") between the flux-weighted centers of the leading and 

following polarities is calculated. One thing to mention is that, the active regions 

usually show morphological asymmetries (Fan 1993,; Tian & Alexander 2009), i.e., 

the leading sunspots tend to be coherent and compact, while the following sunspots 

tend to be dispersed and fragmented. As a result, the magnetic flux weighted center 

(e.g. Tian 2005) is determined as the centroid position of the particular magnetic 

polarity, using 

~x(i,j)Bn(i,j)ds 
X - =-::::::---:=-'-:----'':--:'---'-
c- ~Bn(i,j)ds 

& 
~ y(i, j)Bn(i,j)ds 

Yc = ~ Bn(i,j)ds 
( 4.1) 

where Bn is the normal component of the magnetic field (based on the assumption 

that the strong magnetic field is normal to the solar surface, e.g., Solanki, 2003), 

x;( i, j) and y( i, j) denotes the position of a pixel on the magnetogram with magnetic 

field strength of Bn(i,j), and ds is the subregion that the selected sunspot or the 

polarity covers. 

* Among these samples, there are 12 sunspots which show evolutions from the emergence to non
emergence phase as time goes on. 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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We provide a quantitative description of specific examples of the kind of behaviours 

observed in this sample of rotating sunspots in the following subsections. 

4.2.1 Rotation of sunspots during the emergence of active regions 

AR 9563 was observed in the northern hemisphere from Aug. 2 to Aug 14, 2001, 

lying 20° from the equator. From Aug. 8 to Aug.ll, it was near the center of the 

solar disk, and had a bipolar magnetic configuration, i.e., a f3 type sunspots group. 

During these 4 days, the leading sunspot in AR 9563 was observed to rotate clockwise, 

though a total angle of about 130°. 
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Figure 4.2 : Angular velocity profile (solid line) of the leading sunspot in AR 9563. 
The increasing footpoint separation (dashed line) indicates this is an emerging active 
region. 

Fig. 4.2 shows the rotation speed of the leading sunspot of AR 9563, denoted by 

the solid line, while the separation distance between the two polarities is denoted 

by the dashed line (we use the same notation for the following figures). During the 

4-day set of observations, the separation distance increases gradually from 34 Mm to 

58 Mm, indicating that AR 9563 is emerging during this period. The average angular 

velocity of the leading sunspot is about 1.4 o I h, with a peak value of 3° I h. Moreover, 
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Figure 4.3 : Angular velocity profile (solid line) of the leading sunspot in AR 10226. 
The increasing foot point separation (clashed line) indicates this is an emerging active 
region. 

the direction of its rotation remains clockwise throughout the observatio_nal period. 

This, then, is an example of a rotating sunspot in an emerging this active region. 

The leading sunspot in AR 10226 is another example of sunspot rotation occurring 

during the emergence of the active region. It was in the southern hemisphere, with 

a latitude of about 25° S. During the period of 80 hours after Dec. 15, 2002, it 

predominantly rotated counter-clockwise, through a total angle of 102°. Fig. 4.3 

shows the relation of the angular rotation speed to the emergence of AR 10226. The 

separation between the two polarities increases from 45 Mm to 80 Mm, indicating an 

emerging active region. Over the first ten hours, this sunspot shows slow clockwise 

rotation with a peak value of about 1 o /h. After that, it begins to show strong 

counter-clockwise rotation with a peak value of 3. 7°/ h during Dec. 16, 2002. Finally, 

the rotation speed gradually slows clown until it stops rotating at the end of the 

observation. 

However, not all the sunspots are found to show well-defined rotation during 

emergence. For example, a sunspot in the following polarity of AR 10036, which wa..'l 



52 

a fJ'Y6 type active region, and shown in Fig. 4.4, exhibited a more complex rotation 

pattern. AR 10036 was located at the latitude of about 10° S. During the 80 hours of 

observations from the start of July 20, 2002, its total rotation is less than 10°, with 

the average velocity of about 0.07° /h, while the separation distance grew from 41 Mm 

to 50 Mm. Moreover, the direction of rotation is seen to change sign several times. In 

this study, we describe this kind of sunspot as a non-rotating during flux emergence 

(such complex rotation profiles require further and more sophisticated analysis). 
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Figure 4.4 : Angular velocity profile (solid line) of the leading sunspot in AR 10036. 
The increasing footpoint separation (dashed line) indicates this is an emerging active 
region. 

From our total sample, there are 82 sunspots identified to be associated with 

emerging active regions. Fig. 4.5(a) shows the rotation distribution of all 82 sunspots. 

The strongest rotation is detected for AR 9114, which had a total counter-clockwise 

rotation of about 180°. Among these sunspots, 76 are found be be rotating with 

average velocity greater than 0.2°/ h, as seen in Fig. 4.5(b), while the remaining 6 

sunspots do not show well-defined rotation, exhibiting total rotations ;S 10° and/or 

changes in rotating directions. Moreover, 59 sunspots exhibit rotations ranging from 

20° to 100°. It is important to note that, as the observations usually do not cover the 
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whole emergence of the active regions, the real total rotations quoted are expected to 

be under-estimates. 
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Figure 4.5 : Total rotation (left) and angular velocity (right) distribution of 82 rotat
ing sunspots associated with the emergence of an active regions. 

In sum, among 82 active regions showing a growth of the separation of their two 

polarities, about 93% are associated with rotating sunspots, while the remaining 7% 

do not show well-defined or have complex rotational velocity profiles. This shows that 

rotating sunspots are strongly related to the emergence of flux tubes, confirming the 

expectations of Brown et al. (2003). 

4.2.2 Rotations of sunspots after the emergence of the active regions 

Among our selected sunspots, there are 50 sunspots that do not show a growth 

of their polarity separation. 30 of these sunspots are rotating, while the rest do not 

show well-defined rotation. Both examples are described in the following. 

AR 9289 was located in the southern hemisphere with a latitude of 5°S. From Dec. 

31, 2000 to Jan. 3, 2001, its leading sunspot was seen to rotate about 50° clockwise. 



54 

The rotation profile is shown in Fig. 4.6. During this period, the separation distance is 

almost steady, staying at around 54 Mm. The leading spot mainly rotates clockwise, 

with an average speed of 0.56° jh and a peak value of about 1.5° jh. 
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Figure 4.6 : Angular velocity profile of the leading sunspot in AR 9289. 
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Figure 4.7 : Angular velocity profile of the leading sunspot in AR 10517 from Dec. 
4, 2003 to Dec. 7, 2003. 

Fig. 4. 7 shows the velocity profile of the leading sunspot in AR 10517 from Dec. 4 

to Dec. 7, 2003. This active region was in the southern hemisphere with a latitude of 

about 7°S. It has a peak velocity of about 1 o / h, but it changes direction several times 
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during the course of the observation, leading to a very small total rotation angle of 

less than 10° and the average velocity of about 0.08°/ h. 

Fig. 4.8 gives the distribution of total rotations (4.8(a)) and average angular ve

locities ( 4.8(b)) of all 50 sunspots that do not display a growth of separation distance 

between the leading and following polarities. 80% of these sunspots have total ro-

tations less than 40° and 82% rotate with an average velocity of less than 0.5° /h. 

Compared to Fig. 4.5, it is evident that, statistically, after the emergence of the 

active region has ceased, the sunspots tend to rotate slower than those that rotate 

during the emergence. 
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Figure 4.8 : Total rotation (left) and angular velocity distribution (right) of rotating 
sunspots after emergence. 

In this section, we investigated 132 sunspots in 95 active regions to study the 

relationship between the rotating sunspots and the emergence of the active regions. 

Among 82 active regions which exhibit flux emergence, 93% are associated with ro

tating sunspots, showing a strong relation between the rotating sunspots and the 
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emergence of the flux tubes. Around 60% of 50 sunspots without well-defined emer-

gence of the active regions, are observed to be still rotating, though relatively slowly. 

4.3 Multiple rotating sunspots in the same active region 

Occasionally, sunspots of both polarities in an active region are observed to be 

rotating; some rotate in the same direction (described as co-rotating sunspots here), 

others rotate in the opposite directions (counter-rotating sunspots). This section 

describes some observations of both types of multiple rotating sunspots in the same 

active region. 

4.3.1 Co-rotating sunspots 
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Figure 4.9 : Multiple rotating sunspots of both polarities in AR 10696. 

The leading and following sunspots in AR 10696 rotated counter-clockwise during 

the period from Nov. 3 to Nov 6, 2004, as shown in Fig. 4.9. This active region 

was located in the Northern hemisphere with latitude of go N. The peak values of 

the calculated rotation speed of both sunspots are about 3°/ h. The leading polarity 
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(denoted with dashed line) has an average velocity of 0.83° jh and a total rotation of 

about 80°, while the following polarity (solid line with'+') has an average velocity of 

0.94° /hand total rotation of about 90°. 

The scenario, in which sunspots in the active region rotate in the same direction, 

is believed to be more conducive for magnetic helicity injection and the subsequent 

storage of magnetic energy in the corona (e.g., Yan et al, 2008). For example, the 

co-rotating region discussed here, AR 10696, exhibited very strong coronal activity. 

Fig. 4.10 gives the X-ray flux between 0.1- -0.8 nrn from Nov. 3 to Nov. 12, 2004, 

from the GOES satellite. There were 62 flares with magnitude greater than B6.8 

reported during these days, shown as the shaded regions on Fig. 4.9. One X2.0 flare 

was reported by GOES and NOAA, from 15:42 to 16:15, Nov. 7; and another X2 .. 5 

flare began at 01:59 on Nov. 10, 2004. 

03-Nov 05-Nov 07-Nov 09-Nov 11-Nov 
Start Time (03-Nov-04 00:00:00) 

Figure 4.10 : GOES satellite observation of X-ray flux from Nov. 3 to Nov. 12, 2004. 
The shaded regions denote the flares in AR 10696. 
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Table 4.1 : Co-rotating sunspot groups. 'L': leading polarity, 'F': following polarity, 
Bt: the total rotation, ve: average angular velocity, type: showing the active region is 
emerging or stable. 

active region Bt V(J type 
8404(L) 34 0.56 emerging 
8404(F) 60 1.05 emerging 
8955(L) -62 -0.53 stable 
8955(F) -29 -0.25 stable 
9368(L) 42 0.34 emerging 
9368(F) 89 0.75 emerging 
9800(L) 29 0.3 emerging 
9800(F) 27 0.24 emerging 
9906(L) -156 -1.68 emerging 
9906(F) -64 -0.71 emerging 
10139(L) -48 -1.2 emerging 
10139(F) -18 -0.43 emerging 
10696(L) 78 0.83 emerging 
10696(F) 88 0.94 emerging 

In our sample of 95 active regions, there are 7 active regions found to contain 

co-rotating sunspots, as listed in Table 4.1. Six of these active regions are found to 

be emerging. The rotation of the two polarities can be quite different, such as in AR 

10139, where the velocity of the leading polarity rotated about 3 times as fast as the 

following one. 
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4.3.2 Counter-rotating sunspots 
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Figure 4.11 : Velocity profiles of sunspot rotation in AR 8574, an example of counter
rotating sunspot groups. 
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Figure 4.12 : GOES satellite observation of X-ray flux from Jun. 6 to Jun. 15, 1999. 
The shaded regions denote the flares in AR 8574. 

Fig. 4.11 gives the rotation profile of the two polarities in AR 8574, an example of 

counter-rotating sunspots. From this figure, we can see that during the first 20 hours, 

the sunspots rotate in the same direction. After that, the rotation direction of the 
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following spot reverses. The leading polarity (solid line with '+') rotates about 180° 

clockwise, while the following one (dashed line) rotates about goo counter-clockwise. 

A series of C elass flares were reported in this active region, but no other stronger 

ones were produced, as shown in Fig. 4.12. 

Table 4.2 lists 7 counter-rotating sunspot groups we found. Among these groups, 

6 are in emerging active regions, while AR 9097 does not show significant polarity 

separation indicating that no, or minimal, flux emergence is taking place. AR 8574 

showed the largest rotations, with the leading polarity rotating about 180°. 

Table 4.2 : Counter-rotating sunspot groups. '1': leading polarity, 'F': following 
polarity, Bt: the total rotation, fie: average angular velocity, type: showing the active 
region is emerging or stable. 

active region et ve type 
8574(1) -180 -1.17 emerging 
8574(F) 94 0.68 emerging 
8651(1) -91 -0.96 emerging 
8651(F) 24 0.26 ernergmg 
9004(1) 40 0.95 emerging 
9004(F) -42 -0.97 emerging 
9070(1) 79 1.04 emerging 
9070(F) 31 0.41 emerging 
9097(1) -23 -0.2 stable 
9097(F) 37 0.32 stable 
10344(1) 97 1.0.5 emerging 
10344(F) -44 -0.5 emerging 
10798(1) -38 -0.87 emerging 
10798(F) 35 0.74 emerging 

In sum, 14 multiple rotating sunspot groups have been found in our study, includ-

ing 7 co-rotating sunspot groups and 7 counter-rotating ones. Co-rotating sunspots 

are expected from the emergence of monolithic flux tubes, such as described by the 
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simulations of emerging uniformly twisted flux tubes done by Gibson et al. (2004). 

However, the counter-rotating sunspots pose a more difficult problem. One possi-

bility relates to the theory of Loncope et al. (2000), which considers the case 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 one 

through the connecting loop in the corona (see also Fan, Alexander & Tian 2009), 

• eventually leading to opposite signs of the twist gradient normal to the solar surface, 

causing counter-rotating sunspots (private communication, Fan, 2010). 
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Figure 4.13 : Velocity profiles of sunspot rotation in AR 9173. 
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The rotating velocity profile of sunspots in AR 9173 could be an example of this 

scenario. The negative polarity (dashed line) continually rotates clockwise, while 

the positive polarity ('+' line) rotates clockwise in the first 60 hours, but changes 

into counter-clockwise rotation gradually in the following hours. However, how the 

asymmetrical twisted flux tube forms is still a mystery. Does it already exist under the 

convection zone prior to emergence, or is it formed through some processes happening 

in the convection zone? The answers to these questions are still not clear and need 

further consideration. 
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4.4 Hemispherical tendency of sunspot rotations 

As the clockwise (counter-clockwise) rotation of sunspots implies positive ( nega

tive) magnetic helicity injection (e.g., Mandrini et al., 2004), and the hemispherical 

tendency expected from previous helicity studies (e.g. Pevtsov et al., 1995). So in 

this section, we study the hemispherical tendency of sunspot rotations. 
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Figure 4.14 : Sunspot rotating tendency in both solar hemispheres. Negative veloc
ity describes clockwise rotation, while positive velocity describes counter-clockwise 
rotation. 

Fig. 4.14 shows the plot of latitude versus average velocity distribution of 98 ro-

tating sunspots. In the northern hemisphere, there are 24 sunspots rotating counter

clockwise ( Vrot > 0), and 20 sunspots rotating clockwise ( Vrot < 0); In the southern 
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hemisphere, 25 sunspots rotate counter-clockwise, while 29 sunspots rotate clock

wise. About 55% of the rotating sunspots in the northern hemisphere show counter

clockwise rotation, while 54% of the rotating sunspots in the southern hemisphere 

show clockwise rotation. So the rotations show a slight hemispherical tendency. 

But the tendency here is weaker than the study of Pevtsov et al (1995), who 

measured the linear force-free field parameter a and showed that 76% of the active 

regions in the northern hemisphere have negative helicity, and 69% in the southern 

hemisphere have positive helicity. To better answer the hemispherical tendency ob

served for other solar phenomena, we would perform a study involving the braiding 

motions of sunspots, which could also contribute the magnetic helicity injection. 

4.5 Discussion 

In order to find the relation between rotating sunspots and the emergence of the 

active regions, 132 sunspots in 95 active regions were investigated. Among 82 ac

tive regions which exhibit flux emergence, 93% are associated with rotating sunspots, 

showing a strong relation between the rotating sunspots and the emergence of the flux 

tubes. Around 60% of 50 sunspots without well-defined active region emergence are 

observed to be still rotating, though relatively slowly. The rotating sunspots could 

be result from the projected velocity of emerging twisted flux tube (e.g., Demoulin et 

al., 2007) or from the existence of a twist gradient normal to the solar surface (Long

cope et al., 2000). Both mechanisms would imply a strong relation between rotating 

sunspots and the emergence of active regions, as found in the analysis presented in 

this thesis. For the active regions without well-defined emergence, the projected ve

locity, if present, would be small, so the presence of rotating sunspots after the end of 

the emergence suggests that the. balance of the twist near the photosphere has not yet 
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been reached, or is interrupted as a result of some processes, like solar flares (private 

communication, Fan, 2010). 

There are 20 sunspot groups with both polarities investigated from the selected 

cases. Seven cases show co-rotating rotations, and another seven show counter

rotation. The co-rotation of two sunspots has a simple explanation related to the 

emergence of a twisted flux tube. However, the reason for the counter-rotating 

sunspots still need further consideration. Furthermore, among these 20 cases, 14 

leading polarities have faster rotation than their following ones, indicating that the 

leading polarities tend to rotate faster than the following polarity (Tian and Alexan

der 2009). This result corresponds to the simulation result of Fan et al. (2009), which 

demonstrated that the leading leg of the flux tube had a higher rise velocity, resulting 

to a higher rotating velocity observed in this polarity. 

To study the hemispherical tendency of sunspot rotations, 98 rotating sunspots 

are investigated. About 55% of the rotating sunspots in the northern hemisphere 

show counter-clockwise rotation, while 54% of the rotating sunspots in the south

ern hemisphere show clockwise rotation. This corresponds to a weak hemispherical 

tendency. 
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Chapter 5 

Concluding remarks and future work 

This thesis focuses on the magnetic helicity injection due to the rotating sunspots 

and the characteristics of the rotating sunspots in the active regions with simpler 

magnetic configurations. This chapter summarizes the main results of present work 

for this thesis and discusses future studies. 

5.1 Datasets and the flow velocity inversion techniques 

The magnetograms used in this thesis are mainly from SOHO /MDI, which was 

launched on Dec., 1995. The spatial resolution of the data applied here is about 2 arc

seconds and the temporal resolution is about 96 minutes. The magnetograms allows 

us to calculate the flow field on the solar surface with a few flow velocity inversion 

techniques, like LCT, DAVE, MEF, and DAVE4VM. Based on the comparisons of 

these methods and their availability for the line-of-sight magnetograms, the DAVE 

method has been chosen for our study on the rotating sunspots. 

As the successor of SOHO/MDI, SDO/HMI (SDO: solar dynamic observatory; 

HMI: Helioseismic and Magnetic Imager) was launched on Feb. 11, 2010. The 

DAVE4VM method, which is thought to be able to recover 95% of the magnetic helic

ity rate (Schuck, 2008), would be coupled with the high resolution of the SDO /HMI 

data (1" and 90 seconds* ) to provide higher sensitivity and more accurate calculations 

* http:/ fjsoc.stanford.edu/ doxygenJ1trnl 
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of the helicity injection in active regions. 

5.2 Magnetic helicity injection and rotating sunspots 

In chapter 3, four active regions (AR 9114, AR 9165, AR 9906, AR 10696) are 

investigated to study the relation of rotating sunspots and magnetic helicity. For 

these four cases, more helicity was injected during the period of rotation in polarities 

with strong magnetic field, which may result from the emergence of the flux rope. 

Together with the result of the helicity carried by the magnetic clouds (e.g. Nindos et 

al, 2003), it suggests that the active regions have comparable helicity budget for the 

magnetic clouds. Moreover, our preliminary study on 90 active regions shows that 

both the daily helicity injection and the flare index cover a wide range; and the upper 

and lower bounds of the flare index increase with the daily helicity injection. 

Solar flares are thought to be able to redistribute the magnetic helicity in the 

solar corona, while CMEs are thought to take the magnetic helicity away from the 

sun (e.g. Demoulin et al., 2007). So, as the onset of flares or CMEs, the balance of 

twist at the interface between the interior and the corona could be broken, so that 

the rotation rate of the sunspots are supposed to be change (private communication, 

Fan, 2010). This would be investigated in the future work. 

5.3 Characteristics of rotating sunspots 

Chapter 4 gives a statistical study on the relation between rotating sunspots and 

the emergence of the flux tubes (in our study, the emergence is determined by the 

growth of the distance between two polarities in one active region), 132 sunspots 

in 95 active regions were investigated. Among 82 active regions which exhibit flux 

emergence, about 93% are rotating sunspots; while around 60% of 50 sunspots without 
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well-defined flux emergence are observed to be still rotating, though relatively slowly. 

Our result shows that two mechanisms, the projected velocity of emerging twisted 

flux tube (e.g., Demoulin et al., 2007) and existence of twist gradient normal to the 

solar surface (Longcope et al., 2000), can contribute to the observed rotation of the 

sunspots. Both mechanisms could play important roles for the rotating sunspots in 

emerging active regions, so that a strong relation would be expected. For the active 

regions without well-defined emergence, the observed rotation of sunspots suggests 

that the balance of the twist near the photosphere has not been reached, or has been 

interrupted as a result of some processes, like solar flares (private communication, 

Fan, 2010). 

Moreover, about 55% of the rotating sunspots in the northern hemisphere show 

counter-clockwise rotation, while 54% of the rotating sunspots in the southern henli

sphere show clockwise rotation. This corresponds to a weak hemispherical tendency. 
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