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Abstract

Magnetic helicity is a physical quantity that measures the degree of linkages
and twistedness in the field lines. It is given by a volume integral over the scalar
product of magnetic field B and its vector potential A. Direct computation of
magnetic helicity in the solar atmosphere is not possible due to two reasons. First,
we do not have the observations at different heights in the solar atmosphere to
compute the volume integral. Second, the vector potential A is non-unique owing
to gauge variance. Many researchers incorrectly inferred twist, a component of
magnetic helicity, from the force-free parameter a. We clarified the physical
meaning of a and its relation with the magnetic helicity. Also, a direct method is
proposed for the computation of global « values of sunspots. An analytical bipole
was generated to study the effect of polarimetric noise on the estimation of various
magnetic parameters. We find that the effect of polarimetric noise, present in the
recent vector magnetograms e.g., from Hinode (Solar Optical Telescope/Spectro-
Polarimeter (SOT/SP)), on the magnetic parameters like a and magnetic energy,

is negligible.

We examined the fine structures of local current and « in the sunspots. Local
« patches of opposite signs are present in the umbra of each sunspot. The am-
plitude of the spatial variation of local « in the umbra is typically of the order of
the global « of the sunspot. We find that the local o and current are distributed
as alternately positive and negative filaments in the penumbra. The amplitude of
azimuthal variation of the local o in the penumbra is approximately an order of
magnitude larger than that in the umbra. The contributions of the local positive
and negative currents and « in the penumbra cancel each other giving almost no
contribution for their global values for whole sunspot.

We have introduced the concept of signed shear angle (SSA) for sunspots and

XX



establish its importance for non force-free fields. The spatially averaged SSA
(SASSA) gives the actual twist present in a sunspot irrespective of the force-free
nature and the shape of the sunspot. We find that the sign of global « is well
correlated with the SASSA of the sunspots but the magnitudes are not.

We find that there is no net current in the sunspots, although there is sig-
nificant twist present in the photospheric magnetic field of the sunspots. The
existence of a global twist for a sunspot even in the absence of a net current is
consistent with the fibril-bundle structure of the sunspot magnetic fields. We also
discovered the curly interlocking combed structure in the azimuthal component
of sunspot magnetic field.

We studied the SASSA of sunspots to predict the flare activity of the asso-
ciated active regions. We studied the evolution of vector magnetic fields using
a large number of vector magnetograms of both, an eruptive and a non-eruptive
sunspot. We arrive at a critical threshold value of the SASSA for each class of
X-ray flare associated with these two sunspots. Thus, the SASSA holds promise
to be very useful in predicting the probability of the occurrence of solar flares.

A good correlation is found between the sign of helicity in the sunspots at
the photosphere and the chirality of the associated chromospheric and coronal
features. This study will be very useful as a constraint while modeling the chro-
mospheric and coronal features.

We find that a large number of sunspots observed in the declining phase
of the solar cycle 23 follow the reverse hemispheric helicity rule. Most of the
sunspots observed in the beginning of new solar cycle 24 follow the conventional
hemispheric helicity rule. This indicates a long term behaviour of the helicity
patterns in the solar atmosphere. However, this needs to be confirmed with the

data sets spanning large number of years.
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Chapter 1

Introduction

The Sun, our nearest star, provides energy directly or indirectly, to each and
every living being on the Earth. It has been worshipped by our ancestors due
to both fear and faith. The Sun is an unique plasma laboratory for us. The
other stars can not be observed as closely as the Sun. The laboratory plasma has
certain limitations, therefore studying Sun provides us the best opportunity to
understand the origin, and nature of astrophysical plasma.

The observations of other heavenly bodies and the Sun started with the time
of Galileo’s invention of the telescope in 1608. Various structures on the Sun,
including sunspots, were observed and reported. The rotation of the Sun with a
period of about 27 days was discovered by him in 1611 by tracking the sunspots.

About 250 years after the discovery of sunspots, Richard Carrington found in
1861, that the Sun was not rotating as a solid body. He observed that the Sun
was rotating faster at equatorial regions in comparison to polar regions. This
phenomenon is known as differential rotation of the Sun.

The observations of the solar atmosphere show various structures e.g., sunspots,
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Figure 1.1: (a): An example of sunspot continuum image observed by Hinode.
(b): The same sunspot as (a) with photospheric transverse vectors over-plotted
on the vertical component of sunspot magnetic field. Blue and red contours
represent the negative and positive polarity with contour levels of £2000, +1500
and +1000 G.

filaments, prominences, plages, surges, sigmoids etc. All these structures are con-
trolled by the magnetic field of the Sun. In the corona, the magnetic forces are
much larger than the other forces like gravity or gradient of plasma pressure.
Here, the magnetic field is forced to adopt a configuration where the gradient of
magnetic pressure cancels the magnetic tension to maintain equilibrium. Such
configurations are called force-free configurations. The field lines are frozen in
the fluid due to high conductivity of plasma.

An example of a sunspot observed in the continuum is shown in Figure 1.1(a).
The corresponding transverse vectors of the magnetic field are also shown in Fig-
ure 1.1(b) overlaid with the contours of vertical components of magnetic field. The

images of filaments and sigmoids observed at chromospheric and coronal heights



respectively in Ha and X-ray wavelengths can be seen in figures in Chapters 7

and 8.

1.1 The Solar Magnetic Field

The Sun possesses both small scale and large scale magnetic fields. The solar
magnetic field plays a major role in all the manifestations of solar activity. In
fact, it is the magnetic field which allows the storage of energy for the Sun to

power the activity and eruptions. In the words of Parker,

If it were not for its variable magnetic field, the Sun would have been

a rather uninteresting star.

The magnetic field on the surface of the Sun can be measured using magne-
tograms obtained from instruments known as magnetographs. These instruments
work mainly on the principle of Zeeman effect, although the Hanle effect has also
been employed in recent times to measure the weak and also the turbulent com-
ponent of the magnetic field.

The measurement of magnetic fields on the surface of the Sun is relatively
easier due to presence of ionized iron lines with high Lande g-factor. Also, the
inversion theories are well developed for the photospheric atmosphere. In other
heights such as the chromosphere and the corona, the complexity of the field lines
can be seen delineated in the intensity observations. However, efforts are made
to measure the magnetic fields at different heights. We focus on the surface-
magnetism of the Sun in the major portion of the present work.

The solar magnetic field is spread on the Sun non-uniformly. Most of the
places on the surface of the Sun, i.e., on the photosphere, contain small amounts

of the observed magnetic flux density and are known as quiet Sun regions. The



sunspots, on the other hand, bear strong magnetic fields. The sunspots are dark
spots on the surface of the Sun where the magnetic field inhibits the convective
transport of energy from below.

It is well known that the sunspots follow an approximately 11 year cycle,
known as the sunspot cycle. They emerge at a higher latitude in the beginning of
any new solar cycle and migrate towards equator as the cycle progresses. By look-
ing at this kind of pattern for 11 years, a butterfly diagram can be constructed.
A. H. Joy found that the tilt of bipolar spots decreases as they emerge closer to
equator and this behaviour of sunspots is named after him as Joy’s law (Hale
et al., 1919). Hale and Nicholson (1925) observed that the leading sunspots in
a hemisphere have one polarity with opposite polarity of the leading sunspots
in the another hemisphere. The vice versa is true for the following polarity.
This behaviour was found to reverse with each sunspot cycle. This is known as
Hale-Nicholson Law or Hale’s polarity law.

The history of the discovery of solar magnetic field goes to early 19" century
since the time of G. E. Hale. Hale (1908a) had an intuition of the magnetic
nature of the spots after observing sunspot whirls. He applied the newly discov-
ered Zeeman effect (Zeeman, 1897) to sunspots and observed Zeeman splitting
of sunspot spectra (Hale, 1908b). Since then, the study of solar magnetic field
has been a topic of intensive research. Now it is well known that solar magnetic
field causes all the solar phenomenon like sunspots, filaments, prominences, solar
flares, coronal mass ejections (CMEs), solar winds etc. Topological changes in
the solar magnetic field are supposed to drive all these events. Helicity is a mea-
sure of the topological complexity of the magnetic field. The helical structures
are observed in the photospheric, chromospheric and also in the corona. An ex-

ample of twisted sunspot in photosphere is shown in Figure 1.1. The helicity is



supposed to be transported from the solar interior to the corona and then to the
interplanetary space. So the study of helicity in the magnetic fields of the Sun is
very important. It may be used as an observational tool for understanding the
fundamental processes like solar dynamo. The measurement of the distribution
and evolution of helicity within active regions allows us to make models for the
coronal activities like CMEs and flares. Thus the study of helicity in the solar
features is important for both understanding the solar dynamo processes as well

as for the space weather.

1.2 The Definition of Helicity

Helicity is a physical quantity that measures the degree of linkage and twisted-
ness in the field. Helicity of any solenoidal (divergence-free) vector field is the
integrated scalar product of the field and its vector potential. In general, for a

field with vector potential X, the helicity is given as
H:/X-VdeV. (1.1)

Similarly the magnetic helicity is a measure of the degree of linkages and twisted-
ness in the magnetic field lines (Moffatt, 1978) and is given by a volume integral

over the scalar product of magnetic field B and its vector potential A.
H:/A-de (1.2)

The term magnetic helicity was introduced by Elsasser (1956) and many of its
important characteristics were studied by Woltjer (1958).

The handedness associated with the field is defined by a term chirality. Helic-
ity is closely related to chirality. If the twist observed on the surface is clockwise,

the chirality is negative and the field bears dextral chirality. The sunspot twist
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direction is decided by the curvature of sunspot whirls (Martin, 1998; Tiwari
et al., 2009b). If the twist is counterclockwise (when we go from sunspot center
towards outside), the chirality is sinistral and sign of helicity is positive. The
reverse is true for the dextral chirality.

A mathematician Calugareanu (1959) proposed a formula (detailed proof was
given by White (1969)) to calculate the total helicity of a field line and it is the

sum of helicity due to twist in the field and helicity due to writhe in the field.
H = (T, + W,)¢’ (1.3)

Self helicity of a field line is the total twist and writhe present in a field line.
‘Twist’ is the extent to which a flux tube twists around one of its edges. ‘Writhe’
is the extent to which the axis of flux tube wraps and coils around itself.

Self helicity is given by N¢? where N is the number of linkages i.e., twist and
writhe in the field line and ¢ is the flux density of the field. Mutual helicity is
the number of crossing of field lines with each other, and it is given by 2N¢?,
where N is the total number of linkages among the field lines. For example, a
closed system containing two field lines interlinked once with zero self helicity
bears total helicity of 2¢2.

Twist component can be computed from the spatially averaged signed shear
angle (SASSA) by utilizing the photospheric vector magnetograms. Many re-
searchers have used force-free parameter o which gives the degree of twist per
unit axial length under certain restrictive conditions. The writhe component of
helicity can only be estimated from the chromospheric and the coronal intensity

observations.



1.2.1 The Textbook Origin of the Magnetic Helicity

The origin of magnetic helicity goes back to Karl Friedrich Gauss, the great
mathematician of the 19" century. He discovered a formula for the linking number
of two curves, known as Gauss linking formula. His motivation for this work was
to track the paths of asteroids and comets (Berger, 1999).

For a random small scale magnetic field b(x,t), the magnetic helicity can be
defined in terms of field as the linkage of its flux using Gauss’s linking formula

(Moffatt, 1969; Berger and Field, 1984; Subramanian and Brandenburg, 2006):

1 X—y 3 3
ha =g [ P00 Ibly) x = e dy (1.4)

Let us define an auxiliary field as

alx) = = [bly) x Yoy (15)

T 4r x —y[3

with V xa=b and V-a = 0. Then we can write Equation 1.4 as,
he = /a b dz. (1.6)

This is the origin of textbook definition of the magnetic helicity. The vector
potential is coulomb gauge and any other gauge can be applied only for a closed

volume.

1.2.2 Some Characteristics of Magnetic Helicity

1.2.2.1 Conservation of Magnetic Helicity

Magnetic helicity is conserved unless the topology changes (Woltjer, 1958). ‘Topol-
ogy’ is a branch of mathematics which deals with different transformations, pre-
serving certain connectivities. Topology of the field lines will change only if the

reconnection takes place (Choudhuri, 1998).
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Thus, for an ideal fluid, the helicity will be fully conserved. Also, if the mag-
netic helicity is constant, a magnetic configuration satisfying the linear force-free
condition (V x B = aB) makes the magnetic energy minimum (Woltjer, 1958).

Taylor (1974) proposed that for a low beta plasma (ratio of plasma pressure to
magnetic pressure), the magnetic helicity is conserved during the relaxation, while
the magnetic energy becomes minimum. The energy dissipation rate ([ —nB2?dV)
is high in comparison to magnetic helicity dissipation rate (=2 [ 7 J-B dV). Thus,
for highly turbulent plasma (R, large and 7 small), the magnetic energy is rapidly
dissipated while the helicity changes a little. This is known as Taylor’s relaxation
theorem.

Also, the magnetic field should be on smaller characteristic scale than the

vector potential for the conservation of helicity.

1.2.2.2 Gauge Invariance in a Closed Volume

If we use a vector potential A’ (= A+ V¢) in Equation 1.2 in place of A, we

will have

0 = /A-BdV+/V-¢BdV
= H+ /gb B -dS (from Gauss divergence theorem)

- " Gff /¢B-ds vanishes).

Thus the vector potential A is Gauge invariant only when field is constrained in

a closed volume.

1.2.2.3 Magnetic Helicity of Open Fields

As in the case of the Sun, the normal components of magnetic fields exist. For

such open fields, Berger and Field (1984) defined a relative magnetic helicity



which is calculated by subtracting the helicity of a reference potential field B,

from the helicity of the actual field B which comes out to be
H, — /(A LA, (B-B,)dV (1.7)

This formula can not really give the magnetic helicity due to limited magnetic

field observations available only at a few heights in the solar atmosphere.

1.3 Helicity of the Solar Magnetic Field

Helical structures in the solar features like sunspot whirls were reported long back
by George E. Hale in 1925 (Hale, 1925, 1927). He found that about 80% of the
sunspot whirls were counterclockwise in the northern hemisphere and clockwise in
the southern hemisphere. Later, in 1941 this result was confirmed by Richardson
(1941) by extending the investigation over four solar cycles. This hemispheric
pattern was found to be independent of the solar cycle. Since the 90’s, the subject
has been rejuvenated and this hemispheric behaviour independent of sunspot
cycle is claimed to be observed for many of the solar features such as the active
regions (Seehafer, 1990; Pevtsov et al., 1995; Longcope et al., 1998; Abramenko
et al., 1996; Bao and Zhang, 1998; Hagino and Sakurai, 2005; Nandy, 2006),
the filaments (Martin et al., 1994; Pevtsov et al., 2003; Bernasconi et al., 2005),
the coronal loops (Rust and Kumar, 1996; Pevtsov and Longcope, 2001), the
interplanetary magnetic clouds (IMCs) (Rust, 1994), the coronal X-ray arcades
(Martin and McAllister, 1996) and the network magnetic fields (Pevtsov et al.,
2001; Pevtsov and Longcope, 2007) etc. The computation of magnetic helicity is
not possible directly from Equation 1.2 due to two major problems as stated in
the beginning. One is that magnetic helicity is a volume integral and observation

available is at a certain layer only. Second problem is that the vector potential
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A is not unique, thereby preventing the calculation of a unique value for the
magnetic helicity from the Equation 1.2. Seehafer (1990) pointed out that the
helicity of magnetic field can best be characterized by the force-free parameter «,
also known as the helicity parameter or twist parameter. The force-free condition

(Chandrasekhar, 1961; Parker, 1979) is given as,
VxB=aB (1.8)

Alpha is a measure of degree of twist per unit axial length under restrictive
conditions. This is a local parameter which can vary across the field but is

constant along the field lines.

1.3.1 Measurement of Solar Magnetic Field and Magnetic

Helicity

It is well known that the reliable measurements of vector magnetic fields are
needed to study various important parameters like electric currents in the active
regions, magnetic energy dissipation during flares, field geometry of sunspots,
magnetic twist etc.

The vector magnetic field is estimated from the observations of polarized line
profiles. The polarization state is completely specified by the Stokes parameters
I, Q, U and V. Here I represents the total intensity (polarized 4+ unpolarized), Q
and U the linear polarization and V represents the circular polarization. First,
the observed Stokes profiles I, Q, U and V are inverted to get the magnetic param-
eters such as field strength, field inclination and the azimuth angle etc. The input
in the inversions is Stokes profiles and a model file which includes guess values for
the atmospheric parameters B, 6, ¢, Doppler velocity (0, here in Milne-Eddington

atmosphere), Source function, Damping constant, Slope of the source function,
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Figure 1.2: A cartoon representation of the geometry of the orientation of fields.
The inclination, transverse field, vertical field, resultant field strength and az-

imuth are shown.

Doppler width, Ratio of center to continuum intensity etc. Outputs are the fit-
ted parameters B, 0, ¢ and the other parameters e.g., Source function, Damping
constant, Doppler width etc. After combining the above parameters, we obtain
all the three components of magnetic field. The inversion codes used for the
polarimetric inversion process are based on the Unno-Rachkowsky (Unno, 1956;
Rachkowsky, 1967) inversion under the assumption of a Milne-Eddington atmo-
sphere (Landolfi and Landi Degl’'Innocenti, 1982; Skumanich and Lites, 1987).
The azimuth determination has inherent 180° ambiguity due to insensitivity of
Zeeman effect to a 180° flip in the azimuth. Various methods can be applied to
remove the azimuthal ambiguity, however none guarantees for full resolution. We
remove this azimuthal ambiguity by using acute angle method.

These parameters are then combined from the following relations to get the

vector field components B,, B, and B.:

B, = Bsin(f)cos(¢) (1.9)
B, = DBsin(0)sin(¢) (1.10)
B, = Bcos(0) (1.11)
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The field geometry is shown in Figure 1.2. We can easily derive these equations
from the diagram shown in Figure 1.2.

As discussed above, the computation of magnetic helicity is not possible di-
rectly due to it being a volume integral and non-uniqueness of vector potential A.
The global twist component can be calculated from the spatially averaged value
of signed shear angle (SASSA). The details of this parameter are given in Section
4.3.

The other measures such as global alpha parameters seem not to be correct
due to non force-free nature of sunspots (Metcalf et al., 1995; Socas-Navarro,

2005) and the absence of net current in sunspots (Venkatakrishnan and Tiwari,

2009).

1.4 Motivation and Outline of the Thesis

The plan of the present thesis is given in the flow chart shown in Figure 1.3. It
gives a glimpse of the thesis.

Most of the data sets used in my thesis are obtained from Solar Optical
Telescope/Spectro-Polarimeter (SOT/SP) aboard space mission Hinode. How-
ever, I have also used vector magnetograms from other telescopes such as Ad-
vanced Spectro-Polarimeter (ASP), Diffraction Limited Spectro-Polarimeter (DLSP),
Solar Vector Magnetograph (SVM) and Vector Spectro-Magnetograph (VSM-
Synoptic Optical Long-term Investigations of the Sun (SOLIS)). The Ha images
observed from the telescopes at USO, BBSO and coronal intensity images taken
from Hinode X-Ray Telescope (XRT) are also used in some portions of the thesis.
All these instruments are described briefly in Chapter 2.

In Chapter 3, we have verified the methodology used in the thesis. The phys-
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Figure 1.3: Flow chart of the plan of the work. First, an analytical bipole is
generated to validate all the methodology used in the study. Then, the global
twist of sunspots and their fine structure is studied. The absence of net current
in presence of global twist is verified as a supplement of the earlier study. The
evolution of sunspot vector magnetic field is studied to find a clue for forecasting
flares by finding the difference between erupting/non-erupting active regions. The
sign of helicity at different heights in the solar atmosphere is examined in the next
study. Then, the relation of the behaviour of sunspots in old and new solar cycle

is studied.
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ical meaning of force-free parameter o has been explained. The relationship
between magnetic helicity and « has been clarified. The effect of polarimetric
noise on the estimation of magnetic parameters such as field strength (B), incli-
nation (@) azimuth (¢) and thereafter vector field components B,, B, and B, are
studied. The accuracy in the measurement of the parameters o and magnetic
energy (E,,) calculated from the recent vector field data has been simulated. All
these issues are clarified in Chapter 3. For this, an analytical bipole is simulated
with known magnetic parameters.

In Chapter 4, we find out the fine structures in sunspots in terms of verti-
cal current and alpha. The contribution of umbral and penumbral twist to the
global twist is determined. We have proposed signed shear angle (SSA) as a new
method for computation of twist of sunspots irrespective of force-free nature of
the sunspots.

In association with the study in Chapter 4, we continued our study of twist
and current in the sunspots. We find very interesting result that no net current
exists in a sunspot even in presence of a significant global twist. This result is
consistent with the fibril bundle nature of the sunspot. We present this result
in Chapter 5. Also, ‘curly interlocking combed structure’ of sunspot field was
discovered. And it is shown in the same chapter that the spatially averaged SSA
(SASSA) gives the twist irrespective of shape of the sunspots.

The evolution of vector fields of the sunspot is studied in Chapter 6. We have
analyzed a series of data sets of NOAA AR 10930 as an eruptive and NOAA
AR 10961 as a non-eruptive example of sunspots. We find critical thresholds of
SASSA for different classes of X-ray flares. The results are very interesting and
important, and are presented in Chapter 6.

Chapter 7 illustrates the association of sign of helicity in connected features at
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different heights in the solar atmosphere. Data sets of chromospheric and coronal
heights are also used in this study. This study gives a constraint for modeling
the chromospheric and coronal structures/features.

In Chapter 8, we try to find the relation, if any, between the behaviour of
active regions (ARs) of old and recently begun new solar cycle. Although, not
many sunspots have emerged in the 24" solar cycle till now, we have used the
available data sets. Most of the sunspots in new cycle are observed and used in
this study.

The discussion and conclusions are given in Chapter 9. The results are sum-
marized in this chapter. Many questions arose during the above work. We discuss

on the future scope of the associated study in the last section of this last chapter.
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Chapter 2

Brief Description of the

Instruments

2.1 Introduction

I have used different data sets obtained at different solar atmospheric heights in
the thesis. These data are obtained from different telescopes working all over
the world. Although, the chromospheric and coronal intensity data obtained at
certain wavelengths at these heights are used in some part of the thesis, the major
portion of the thesis work is based on the photospheric vector magnetograms.
Most of the sunspot vector magnetograms studied in the thesis, are obtained from
Solar Optical Telescope/Spectro-Polarimeter (SOT/SP) aboard Hinode which is
a space based telescope and was launched on September 23, 2006. However,
some of the vector magnetograms are observed from Advanced Stokes Polarimeter
(ASP), Diffraction Limited Spectro-Polarimeter (DLSP) of Dunn Solar Telescope

(DST), Solar vector Magnetograph at Udaipur Solar Observatory (SVM-USO)
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and the Vector Spectro-Magnetograph (VSM) at Synoptic Optical Long-term
Investigations of the Sun (SOLIS).

The chromospheric Ha data sets have been obtained from various telescopes
operational at various places. Most of the Ha data sets are obtained from Big
Bear Solar Observatory (BBSO) and Udaipur Solar Observatory. The BBSO im-
ages are available at the following link: ftp://ftp.bbso.njit.edu/pub/archive/
A few data sets are UBF Ha images from DST. The Ha images can be seen in
figures in the Chapters 7 and 8.

Coronal X-ray intensity images are taken from X-Ray Telescope (XRT) aboard
Hinode, and Extreme Ultraviolet images are taken from Extreme UV Imaging
Telescope (EIT) on-board SOHO.

The details of all the above mentioned instruments are given in the following

Sections of this Chapter.

2.2 Instruments Used for Photospheric Obser-

vations

As mentioned in the Introduction, we have used the vector magnetograms ob-
tained from the space based instrument SOT/SP (Tsuneta et al., 2008; Shimizu
et al., 2008; Suematsu et al., 2008; Ichimoto et al., 2008) aboard Hinode Kosugi
et al. (2007), and also ground based instruments such as ASP (Elmore et al.,
1992) /DLSP (Sankarasubramanian et al., 2004, 2006) of DST , SVM (Gosain
et al., 2004, 2006) of USO and VSM (Jones et al., 2002) of SOLIS (Keller et al.,

2003). We will describe the above instruments in detail in this Section.
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Table 2.1: Spectro-polarimeter (SP) specifications

Field of view along slit 164” (north-south direction)
Spatial scan range 164"
Slit width 0.16”
Spectral coverage 630.08nm - 630.32nm
Spectral resolution/sampling BOmA/ 21.5mA

Measurement of polarization Stokes [,Q,UV simultaneously with dual
beams (orthogonal linear component)

Polarization signal to noise 103 (with normal mapping)

2.2.1 Solar Optical Telescope/Spectral-Polarimeter: SOT/SP

Solar Optical Telescope (SOT) on-board Hinode(Solar-B) is the largest aperture,
most advanced solar telescope flown in space till date. The SOT consists of
the main 50 cm aperture telescope (Optical Telescope Assembly, OTA) and fo-
cal plane package (FPP). The combined SOT system is optimized for accurate
measurement of the vector magnetic field in the photosphere.

The Spectral-polarimeter (SP) obtains line profiles of two magnetically sensi-
tive Fe lines at 630.15 and 630.25 nm and nearby continuum, using a 0.16” x164”
slit. Spectra are exposed and read out continuously 16 times per rotation of the
polarization modulator, and the raw spectra are added and subtracted onboard
in real time to demodulate, generating Stokes IQUV spectral images. Two spec-
tra are simultaneously taken in orthogonal linear polarizations. When combined
in data analysis after downlink, spurious polarization due to any residual image
jitter or solar evolution is greatly reduced. The slit can move to map a finite
area, up to the full 320” wide FOV.

The SOT/SP specifications are given in Table 2.1.
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The SP is flexible in mapping observing regions, allowing one to perform
suitable observations depending on science objectives (Table 2.2). The SP only
has a few modes of operation: Normal Map, Fast Map, Dynamics, and Deep
Magnetogram.

The Normal or Slow Map mode produces polarimetric accuracy of 0.1% with
the spatial sampling of 0.16” x0.16”. It takes 83 min to scan a 160” wide area
which is enough to cover a moderate-sized active region. The cadence becomes
faster (50 sec for mapping of 1.6” wide area) if the scanning size is reduced. This
would be useful for studying dynamics of small magnetic features. The Fast Map
mode of observation can provide 30-min cadence for the 160” wide scanning with
polarimetric accuracy of 0.1%. But the resolution reduces to 0.32”. The Dynam-
ics mode of observation provides higher cadence (18 sec for 1.6” wide area) with
0.16” resolution, although at lower polarimetric accuracy. In Deep Magnetogram
mode, photons may be accumulated over many rotations of the polarization mod-
ulator, as long as the data doesn’t overflow the summing registers. This allows
one to achieve a very high polarization accuracy in very quiet regions, at the
expense of time resolution.

We have used most of the maps observed in fast mode i.e., with polarimetric
accuracy 0.1% and sampling 0.32” /pixel. However, a few sets of normal mode
are also used in a portion of the study.

The SOT is designed and developed by the international collaboration be-
tween National Astronomical Observatory of Japan (NAOJ), Lockeed Martin
Advanced Technology Center (LM), Mitsubishi Electric Corporation (MELCO),
NCAR High Altitude Observatory (HAO), NASA MSFC, and JAXA. The OTA
was built, tested and calibrated at the Advanced Technology Center of the NAOJ

with Mitsubishi Electric Corporation.
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Table 2.2: Typical mapping mode examples for the SP

Normal map

Time per position
FOV along slit
Sampling along slit
Slit-scan sampling
Polarimetric S/N
Data size

Time for map area

4.8 sec (3 rotations of waveplate)

1647

0.16”

0.16”

10?

918k pixels in 4.8 sec (191k pixel/s)
50sec for 1.6” wide; 83min for 160” wide

Fast map

Time per position

FOV along slit
Sampling along slit
Slit-scan sampling
Polarimetric S/N
Data size

Time for map area

3.2 sec (one rotation for 1st slit position
and another rotation for 2nd slit position)
164"

0.32”

0.32”

103

459k pixels in 3.6 sec (127k pixel/s)

18sec for 1.6” wide; 30min for 160" wide

Dynamics

Time per position
FOV along slit
Sampling along slit
Slit-scan sampling
Polarimetric S/N
Data size

Time for map area

1.6 sec (one rotation of waveplate)
327

0.16”

0.16”

580

179k pixels in 1.6 sec (120k pixel/s)
18sec for 1.6” wide

Deep magnetogram

Time per position
FOV along slit
Sampling along slit
Slit-scan sampling
Polarimetric S/N

many rotations (up to 8 rotations)
1647

0.16”

0.16”

> 103

20



2.2.2 Advanced Spectro-Polarimeter and Diffraction Lim-

ited Spectro-Polarimeter: ASP/DLSP

Both the instruments are on the Dunn Solar Telescope (DST).

2.2.2.1 Dunn Solar Telescope: DST

The DST is the largest of the solar research instruments atop Sacramento Peak.
Approximately 67 meters (220 feet) of this telescope lie out of sight, buried be-
neath the surface of the mountain peak. Sunlight enters the tower through a
76-centimeter (30 inch) window located 41 meters (136 feet) above the ground.
By placing the window so high up, observer avoids distortion of the solar image
from local air turbulence near the ground. There, a pair of movable 1.1-meter (44-
inch) mirrors direct the sunlight down to the 1.2-meter (48-inch) diameter tube
that runs vertically down the center of the observing room floor. The sunlight
is reflected from the concave 1.6-meter (64-inch) main mirror of the telescope
and then back up to the observing room, producing a 51-centimeter (20-inch)
diameter image of the Sun for detailed studies.

The telescope’s entire optical system - from the top of the Tower to the base
of its underground portion - plus the 12 meter (40 foot) diameter observing room
floor, is suspended near the top of the Tower by a mercury-float bearing. The
bearing, in turn, is hung on three bolts, each only 76 millimeters (3 inches) in

diameter.

2.2.2.2 Advanced Stokes Polarimeter: ASP

The Advanced Stokes Polarimeter (ASP) instrument is a joint project between the
National Solar Observatory (NSO) and the High Altitude Observatory (HAO).

The aim of this project is to obtain quantitative measurements of the vector mag-
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netic field in the photosphere and low chromosphere (as high into the atmosphere
as the diagnostics will allow), with spatial resolution that will allow meaningful
interpretation of solar features such a sunspots, pores, and active region struc-
tures.

For a proper analysis to get improved results, we require: (1) high angular res-
olution to resolve the fine-scale structure of solar features; (2) spectrally resolved
line profiles to take advantage of the inherent polarization induced by the Zeeman
effect in solar line profiles and to resolve changes in the polarization profiles due
to the strength and orientation of the field and the thermal structure of the solar
atmosphere; (3) simultaneous measurements of two nearby lines of a multiplet
having differing sensitivity to the Zeeman effect in order to tightly constrain the
field measurement; and (4) a sensitivity to polarization adequate to interpret the
magnetic field of active regions, which is known to be concentrated into slender
flux tubes of high field strength at the photospheric level. These requirements
have been discussed in Lites and Skumanich (1989) and Elmore et al. (1992)

This telescope employs two flat mirrors in an alt-azimuth turret atop a 40 m
tower to direct the solar beam vertically downward through a vacuum chamber
to the primary mirror located 55 m below ground level. The 152 c¢cm dia. f/72
primary forms a solar image just above ground level with an image scale of 266
microns/arcsecond. There is a 76.2 cm dia., 4 cm thick fused silica entrance
window at the front of the turret and a 20 cm dia. exit window at ground level.
The telescope is evacuated to eliminate internal turbulence and thereby minimize
time-variable distortion of the solar image due to “seeing” within the telescope
itself. A mount has been added to the turret which may hold either a large linear
or circular sheet polarizer in front of the entrance window for calibration of the

polarization properties of the DST. This mount also allows the large polarizers
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to be remotely and precisely rotated during calibration measurements.

The polarimetric accuracy of ASP is 0.1%. It takes 15 minutes to one hour
for a full map of active regions depending on their sizes. The sampling of ASP is
approximately 0.3 arcsec/pixel. More details are available in Elmore et al. (1992);

Lites and Skumanich (1989).

2.2.2.3 Diffraction-Limited Spectro-Polarimeter: DLSP

The Diffraction-Limited Spectro-Polarimeter (DLSP) is again built in collabora-
tion with the HAO and NSO. It is operated at the NSO (Dunn Solar Telescope)
and is an innovative and contemporary grating polarimeter specifically designed
to meet the high requirements in solar spectro-polarimetry. With the excellent
imaging properties of the instrument and the efficient performance of the high-
order adaptive optics system, a spatial resolution of 0.4 arcsec can be achieved.
Near synchronous G-Band and Ca II K imaging provides valuable photospheric
and low chromospheric information. In order to simplify observations, calibra-
tions and data analysis, the DLSP is limited to one wavelength range in the visible
covering the Fel 630.15 nm and Fel 630.25 nm lines. This unique setup, together
with the latest modifications related to instrument control and data acquisition
implemented to improve its performance, allow for a very quick setup time of
about 15 min only. This is the first step towards the realization of queue observ-
ing, an observing mode imagined for the Advanced Technology Solar Telescope
(ATST). The DLSP is a Facility Research Instrument permanently installed at
Port 2 of the DST.

The DLSP is a dual beam grating polarimeter designed to provide a flexible
image scale. The spectrograph is in an auto collimated configuration (Littrow

mount) with an off-axis parabola (P). The dispersive element is a 79 grooves/mm
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Echelle grating (G) working in high order (36" order). The aperture slit (S) has
a width of 12 micron. The detector (CCD) is a high speed, backside illuminated
split-frame transfer sensor (652 x 494 pixel) manufactured by PixelVision. The
DLSP uses two ferro-electric liquid crystals upfront right after the exit port to
modulate the light beam. A polarizing beam splitter (PBS) right in front of the
detector acts as an analyzer. All optical components are mounted to a base plate.
The whole spectrograph is moved to scan a solar active region.

The DLSP has two operation modes: high and low resolution mode. In high
resolution, the diffraction limit of the DST @630.2 nm is critically sampled with
0.09 arcsec/pixel covering 59 arcsec along the slit. In low resolution, the spatial
sampling is 0.25 arcsec/pixel allowing for a larger FOV of 163 arcsec. In the spec-
tral direction the instrument samples the solar spectrum from 630 nm to 630.4
nm with 2.1 pm per pixel. The smallest step size is matched to the spatial sam-
pling along the slit. Typically, at each slit position, 16 images of 30 ms exposure
time each are accumulated for each of the four modulation states leading to a
total integration time of 2 s. A map of the full FOV (660 steps) is accomplished
in 55 min (5 s per slit position).

The DLSP is permanently installed at port 2 of the DST and is equipped with
its own high-order adaptive optics system. The instrument has a very compact
design which allows to add additional devices next to it on the same optical
table. Typically, observing runs with the DLSP are accompanied by the tunable
Universal Birefringent Filter (UBF) or a simple Lyot filter. Furthermore, the
upfront setup includes two context channels, one for chromospheric observations
in the Ca IT K 393.4 nm line and one for photospheric observations in the G-Band
at 430.5 nm.

More detailed information about DLSP can be found in Sankarasubramanian
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et al. (2003, 2004, 2006).

2.2.3 Solar Vector Magnetograph (SVM-USO)

Two vector magnetograms studied in the thesis are taken from Solar Vector Mag-
netograph (SVM) at Udaipur Solar Observatory (USO). This magnetograph be-
come operational at USO-island in 2007, January. SVM is basically an instru-
ment which makes two-dimensional spatial maps of solar active regions in the
Zeeman induced polarized light of the solar spectral lines. SVM has the following
main components: a Schmidt-Cassegrain telescope, rotating wave-plate polarime-
ter, tunable narrow-band Fabry-Perot filter, calcite analyzer (Savart plate) and
a cooled CCD camera. The primary imaging is done by using a Celestron C-8
(TM) Schmidt-Cassegrain telescope of 8 inch aperture. The focal length of the
telescope is 2032 mm and the resulting output beam is a /10 beam. The telescope
has a pre-filter in front with a 15nm pass-band centered at 630nm wavelength.
A circular aperture of 2 arc-min diameter selects the field of view (FOV) at the
prime focus. This FOV is then modulated by the rotating waveplates of the
polarimeter. The modulated beam is now collimated by a 180mm focal length
lens. This modulated and collimated beam now enters the Fabry-Perot etalon
and order sorting pre-filter. Now the re-imaging lens makes the image on the
CCD camera. Just before the CCD camera a combination of two crossed calcite
beam-displacing crystals is placed for the analysis of polarization. So we get two
orthogonal polarized images of the selected FOV onto the CCD camera. The
vector magnetograms of the two active regions NOAA 10935 and NOAA 10941
are shown in the Figure 7.2.

The schematic of the instrument is given in Figure 2.1. The details about the

instrument can be found elsewhere (Gosain et al., 2004, 2006). The instrument
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Figure 2.1: The schematic diagram of the Solar Vector Magnetograph (SVM)
operational at Udaipur Solar Observatory (USO).

is basically a tunable Fabry-Perot based imaging magnetograph which uses quar-
ter wave-plates as polarization modulator and crossed calcites (Savart plate) as
dual beam analyzer. The simultaneous measurements of orthogonal polarization
components reduce the seeing induced spurious polarization signals. The straight
and symmetric telescope design is used to avoid instrumental polarization to a
great extent. The polarized profiles with single camera exposure can be obtained
with rms noise level of < 0.5% in the continuum. The complete Stokes profile
with 21 samples across the Fe I 6302.5 A line can be performed in less than a
minute with polarization sensitivity of < 0.5% of continuum.

In order to facilitate the data analysis and visualization of the calibrated data
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in a user-friendly and less time-consuming way, we have developed two graph-
ical user interfaces (GUIs). The first one is developed for performing interac-
tive Stokes inversion of the observed profiles using a Milne-Eddington inversion
scheme. While another GUI is developed for visualizing the magnetic field pa-
rameters retrieved by Stokes inversion. The details of both the GUI are discussed
below and can be found in Gosain et al. (2008).

First GUI is developed for interactively inverting the Stokes profiles over the
observed region (see Figure 2.2) under Milne-Eddington atmosphere assumptions
(Socas-Navarro, 2001). However, the complete inversion of the observed region
is highly time consuming, taking about an hour for a single data set. A hybrid
approach is being developed where weak field approximation (WFA) (Jefferies and
Mickey, 1991), is used for those pixels where the polarization signals are below a
particular threshold. This threshold corresponds to the limit up to which WFA is
valid. The threshold value is determined using synthetic Stokes profiles generated
by MELANIE. Whereas for pixels above this threshold, Stokes inversion is used
to retrieve magnetic field. This approach shall save lot of computational time
since WFA is generally valid for major portion of the observed area.

In order to visualize the vector magnetograms, the second GUI has been de-
veloped (see Figure 2.3). The inverted data can be visualized in the form of
arrows showing transverse field strength and direction while contours showing
line-of-sight magnetic field. The quick-look feature is also available for retrieving
magnetic field vector from polarized images in the line wing after determining
suitable calibration constants. Further, the heliographic transformation of the
vector magnetograms observed away from disk center can be performed interac-
tively. The potential field can be calculated and displayed interactively. Also,

the 180° ambiguity resolution can be performed using acute angle method. The
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Figure 2.2: A Graphical User Interface (GUI) for the Milne-Eddington Inversion
of SVM Stokes profiles.

28



interface also provides utilities for calculation of L0, BO and position angle for a

given data and time. Also, one can load full disk images of the sun and determine

the L and B coordinates of active regions interactively by clicking at them.
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Figure 2.3: A Graphical User Interface for visualizing and transforming the in-

verted vector field data.

2.2.4 Vector Spectro-Magnetograph (VSM-SOLIS)

Some of the vector magnetograms obtained from Vector Spectro-magnetograph
(VSM) /Synoptic Optical Long-term Investigations of the Sun (SOLIS) have been
used for the study in Chapter 8. The Milne-Eddington inverted data has been
kept online at: http://solis.nso.edu/vsm/data_summary/DataSumm3.php?stime=
1059717600&etime=0&obsmode [1=6302v&display=1&flares=&sobsmode=1&meonly.

The details of the instrument are as follows:
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The VSM takes high-quality magnetic field observations in the photosphere by
recording the Zeeman-induced polarization of spectral lines. The VSM operates in
four different observing modes at three different wavelengths. The four observing
modes are:

1. Stokes I, Q, U, and V profiles in the Fel 630.15 nm and 630.25 nm lines

2. Stokes I and V profiles in the Fel 630.15 nm and 630.25 nm lines

3. Stokes I and V profiles in the Call 854.2 nm line

4. Stokes I in the Hel 1083.0 nm line and the near-by Sil line

To measure vector magnetic fields outside sunspots in the visible part of the
spectrum, it is indispensable to observe at least two spectral lines with different
Lande g factors. The Fel 630.15 and 630.25 nm lines were chosen because they
are the most appropriate lines to measure vector magnetic fields in quiet as well
as active regions. Other often used lines such as the Fel lines around 525.0 nm are
hampered by molecular blends in sunspots. Furthermore, the Advanced Stokes
Polarimeter (ASP), an instrument discussed above, delivers precise vector field
measurements, has used the Fel lines at 630.2 nm, and the analysis tools have
already been developed for this line pair.

An initial transmission budget for the complete optical system indicated that
a 50-cm aperture telescope with a 10% obstruction is sufficient to achieve the
required polarization sensitivity. Therefore, the aperture was fixed at effectively
50 cm. To match the CCD pixel size of 16 m per pixel (=1 arcsec) an /6.6 is
required.

The specifications of the telescope are given in Table 2.3.

The telescope does not need to be diffraction limited. It is a 50-cm quasi
Ritchey-Chrtien with a two-lens field corrector to provide adequate image quality

over the whole field of view, minimal geometric distortion, equal image size for
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Table 2.3: Specifications of VSM/SOLIS

Parameter Specification Comment Angular
Element 1.00 by 1.00 arcsec

coverage 2048 by 2048 arcsec Slightly larger than full disk
format 2048 by 1 Proposal specified 2000 by 1
geometric accuracy better than 0.5 arcsec rms After re-mapping

instrumental mtf

measurable to + 0.01

total mtf < 0.1 at frequencies > Nyquist

motion in RA 0.25 degrees Added for flat fielding
Temporal

scan rate 0.05-5.0 s/arcsec to provide fast or accurate B,

timing accuracy

better than 1 s

knowledge of start & end of better than 1ms For comparison with other
integration at each slit-pos data and accurate remapping
frequency < 20 minutes for full disk For accurate polarimetry

< 2 minutes for active region

full-disk longitudinal with < 2 minutes To provide fast magnetograms

reduced sensitivity

with VSM

Spectral

spectral lines
spectral resolution

wavelength range

spectral lines

630.15,630.25,854.20,1083nm, Selected suitable spectral lines

200,000
630.15-0.05 to 630.25+0.05nm Were unable to design efficient
854.2 + 0.1 to 1083.0 4+ 0.5nm instrument over full

range of 600 to 1600 nm

at least two simultaneously

Polarimetry
Type 630.2 nm: I,Q, U,V Analysis of vector polarimetry
in 854.2 nm not clear,
854.2 nm: I,V 1083.0 nm: I wider spectral range
in 1083.0nm for polarimetry
sensitivity 0.0002 per pixel in 0.5 s
relative accuracy 0.001
Miscellaneous
image motion stabilization at about 100 Hz To improve spatial resolution
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all wavelengths, and a telecentric beam to minimize field of view effects in the
polarization modulators.

In the case of the 630.2-nm wavelength calibration, the polarizer and the wave
plate are rotated with respect to each other and with respect to the entrance slit

while data are recorded at each rotational position.

2.3 Instruments Used for Chromospheric Ob-

servations

As mentioned in the Introduction, the chromospheric Ha data sets also have been
obtained from various telescopes operational at various places. Most of the Ha
data sets are obtained from Big Bear Solar Observatory (BBSO) and Udaipur
Solar Observatory. The processed BBSO images are available at the following
link: ftp://ftp.bbso.njit.edu/pub/archive/. A few data sets are UBF Ha
images taken from DST.

A brief description of these instruments are given below:

2.3.0.1 Big Bear Solar Observatory: BBSO

The Big Bear Solar Observatory (BBSO) is located in Big Bear Lake, California
high in the San Bernardino Mountains. The mountain lake is characterized by
sustained atmospheric stability, which is essential for any dedicated telescopes
and instruments. BBSO is operated by the New Jersey Institute of Technology
(NJIT). Their principal telescope is the 1.6 m clear aperture, off-axis telescope.
Under a separate dome two full-disk telescopes - one for Ha and one for earthshine
are being operated. The Center for Solar-Terrestrial Research (CSTR) at NJIT

studies a range of phenomena from the Sun to the terrestrial atmosphere.
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Table 2.4: Telescope description of BBSO/Ha

Telescope Description

Location: Ash Dome
Telescope Aperture: 10 cm
Filter Bandpass: Zeiss Lyot Filter 0.025 nm
Tunable Filter Range: +/- 0.30 nm
Camera: JAT PULNIX TM4200GE Camera
Detector: Kodak KAT 4021, 2048 x 2048 pixel
Dynamic Range: 12 bit

The telescope description is given in Table 2.4.

2.3.0.2 Spar Ha Telescope at USO

The Udaipur Solar Observatory is situated on an island in the middle of the
Lake Fatehsagar (Location: 240 35.17 : 730 42.8’). The large water body sur-
rounding the telescopes decreases the amount of heating of the surface layers.
This decreases the turbulence in the air mass and thereby improves the image
quality and seeing. The main objective of obtaining the high spatial and tempo-
ral resolution observations of solar photospheric and chromospheric activity is to
understand the various dynamic phenomena occurring on the surface of the Sun.

A 12-foot solar spar with 15-cm aperture telescope is being used for observing
small high resolution chromospheric structures with the help of a narrow passband
Halle-birefringent filter centered at 6563 A He spectral line.

We have used high resolution Ha images taken from Udaipur Solar Observa-
tory (USO) from Spar Telescope. The Spar Telescope uses 1392x1024 ccd with
the pixel resolution of 0.395 arcsec and the SVM has 1024x1024 ccd with pixel
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resolution of 0.98 arcsec. The Spar Telescope has f/15 doublet lens with focal
length of 2.25 meters and objective 0.15 meters. It uses a Ha Halle lyot type filter
with FWHM of 500 mA operating at the wavelength of 6563 A. The telescope
utilizes a 1392x1024 CCD with the pixel size of 6.45 um. The pixel resolution of
the CCD is 0.395 arc-sec and the field of view it covers is 9 arc-min X 7 arc-min.
The Ha images of the active regions NOAA 10930, NOAA 10935 and NOAA

10941, as examples, are shown in the Figure 7.3.

2.3.0.3 Universal Birefringent Filter (UBF-DST)

The Universal Birefringent Filter (UBF) is a Lyot type filter with rotating crystal
elements using quarter wave plates and linear polarizers to tune. The filter is a
very flexible instrument to use. The UBF can be used as a primary or secondary
instrument on the Port 4 optical bench or a secondary limited range tunable filter
on the Port 2 additional science bench. The following information relates to the
UBEF in its standard configuration.

The specified tunable range of the UBF is from 4000 to 7000 Angstroms. The
suggested operating range of the UBF is 4900 to 6700 Angstroms.

Field of View:

Port 4 primary/secondary science bench: 169 x 169 arcsec for intensity or
velocity mode. Port 2 secondary science bench: 180 x 180 arcsec for intensity or
velocity mode. Port 2 UBF wavelength range is limited to 4500 - 6000 Angstrom.
Modes of UBF Operation Intensity Mode: direct imaging with wavelength scan-
ning (direct filtergrams). Magnetic Field Mode: imaging of opposite circular po-
larizations (Zeeman Splitting). Velocity Mode: imaging of red and blue shifted
transmission profiles (Doppler Effect).

Magnetic Field Mode:
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a. Magnetic Field Mode - Simultaneous Imaging;:

To study magnetic fields, the filter is tuned to the wing of a Fraunhofer line
which exhibits a strong Zeeman splitting. A Wollaston prism positioned in front
of the UBF forms two images in opposite circular polarization. It is essential that
these two images be generated before the filter since the filter itself destroys the
polarization properties of the incident image caused by the Zeeman effect. If the
Zeeman splitting is zero, the difference in intensity between the two images will
be zero. If the Zeeman splitting is not equal to zero there will be an intensity
difference. This difference is proportional to the Zeeman splitting and therefore
to the magnetic field strength.

b. Magnetic Field Mode - synchronized Non-simultaneous Imaging;:

This magnetic field mode is the application most commonly used at the DST.
A Wollaston prism is not used in this process. Images of opposite circular polar-
ization are registered in a timed sequence with the average lapse time between
the exposure end of the first state and the exposure beginning of the second
state being approximately 1500 milliseconds. This mode utilizes a linear polar-
izer positioned directly in front of the UBF and a (quarter) wave plate positioned
upstream of the polarizer. Image “sets” consist of sequential exposures taken at

two quarter wave plate positions (+/-45.0 of the entrance polarizer axis).

2.4 Instruments used for Coronal Observations

The coronal intensity images are also used in two Chapters (7 and 8) of the Thesis.
The X-ray images are taken from X-ray Telescope (XRT: Golub et al. (2007);
Kano et al. (2008)) aboard Hindoe (Kosugi et al., 2007). The coronal images in

other wavelengths are taken from Extreme Ultra-Violet Imaging Telescope (EIT:
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Table 2.5: As-built XRT performance parameters

Parameter Requirement As-built
Optical design Single mirror pair Generalized asphere
Wavelength range 6 — 60 A Bare zerodur
Entrance diameter  341.7 + 0.1 mm 341.7 mm
Focal length 2708 + 2 mm 2707.5 mm
Focus knowledge + 0.050 mm + 1.4 mm
Field of view 35 arcmin Optimized over 15 arcmin
Encircled energy 68% at 0.5 keV 68% at 0.56 keV
diameter 1.57 arcsec 2.3 arcsec
Effective area 1.0 cm? 1.9 cm?

Delaboudiniere et al. (1995); Defise et al. (1995)) aboard SOHO (Bonnet and

Felici, 1997). A brief information of these instruments are give below:

2.4.1 X-Ray Telescope (XRT-Hinode)

The X-ray Telescope (XRT) aboard Hinode is the highest resolution solar X-ray
Telescope that has been ever flown till date. The scientific objectives of the XRT
are: 1. to understand the trigger mechanism of CMEs, 2. relation of CMEs to
magnetic field structures, 3. dynamics of fine structures, 4. to infer the cause of
coronal heating (whether is due to loop-loop interaction?), 5. to understand flare
energetics, 6. photospheric-coronal coupling etc.

The XRT utilizes both entrance aperture pre-filters and focal plane analy-
sis filters. The visible-light-blocking requirement for the XRT is 10-12, which
translates into a requirement for the pre-filter and analysis filters of 10-6 each.

As-built XRT performance parameters are given in Table 2.5.
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More details of XRT instrumentation are available in Golub et al. (2007).

2.4.2 Extreme Ultraviolet Imaging Telescope (EIT-SOHO)

The Extreme Ultraviolet Imaging Telescope (EIT) is operating on-board the So-
lar and Heliospheric Observatory (SOHO) spacecraft since January 1996. EIT
provides EUV intensity images of corona in four narrow channels: 171 (Fe IX and
Fe X), 195 (Fe XII), 284 and 304 A.

At the focal plane of the telescope, a 1024 x 1024 pixel CCD detects the
solar radiation. This detector was specially processed for EUV sensitivity en-
hancement. FEach collecting element has a 2.6 x 2.6 arcsec viewing angle over
the solar corona observed from the SOHO spacecraft. The instrument underwent
a ground-based calibration program that provided a complete calibration of the
system (Defise et al., 1995), in order to fulfill all the scientific objectives of the
instrument. Since the first months of operations, that started in early 1996, the
instrument has been operating nominally.

The Extreme Ultraviolet Imaging Telescope (EIT) provides the best images
of the coronal layers of the Sun. Such pictures are obtained regularly in the
four bands covered by EIT which span temperatures ranging from 80 000 IS to
2 million K. They allow a continuous observation and the most detailed view of
the coronal magnetic field structures.

We are thankful to the scientific teams of all the above instruments and wish

to acknowledge their support for providing the data for the present study.
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Chapter 3

Effect of Polarimetric Noise on
the Estimation of Twist and
Magnetic Energy of Force-Free
Fields

3.1 Introduction

In this chapter, we estimate the error in the calculation of field strength, inclina-
tion and azimuth and thereafter in the calculation of the vector field components
B,, B, and B,. Then we estimate the error in the determination of global «
parameter due to noise in polarimetric profiles constructed from the analytical
vector field data. We have also estimated the error in the calculation of magnetic
energy derived using virial theorem, due to polarimetric noise.

The physical meaning of the force free parameter o has been clarified in Sec-
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tion 3.2. The relation of a to magnetic helicity has been explained in Section 3.3.
We then discuss a direct method for calculation of a single global « for an active
region in Section 3.4. An analytical bipole has been generated for this study, so
that all the input magnetic parameters are known and the methodology can be
validated. We describe the method of simulating an analytical bipole field in the
Section 3.5. Section 3.6 contains the analysis and the results. Error estimation
in global « is given in section 3.7. In section 3.8, we discuss the process of esti-
mating the error in the virial magnetic energy. Section 3.9 deals with discussion
and conclusions.

As described in Chapter 1, the magnetic helicity H,, is given by a volume
integral over the scalar product of the magnetic field B and its vector potential
A (Elsasser, 1956).

Hm:/VA~BdV (3.1)

with B= Vx A.

It is well known that the vector potential A is not unique, thereby preventing
the calculation of a unique value for the magnetic helicity from the Equation
3.1. Seehafer (1990) pointed out that the helicity of magnetic field can best be
characterized by the force-free parameter «, also known as the helicity parameter
or twist parameter. The force-free condition (Chandrasekhar, 1961; Parker, 1979)
is given as,

VxB=aoB (3.2)

Alpha is a measure of degree of twist per unit axial length (see Section 3.2). This

is a local parameter which can vary across the field but is constant along the field

lines. The physical meaning of a will be explained in the next section.
Researchers have claimed to have determined the sign of magnetic helicity on

the photosphere by calculating alpha, e.g. pes; (Pevtsov et al., 1995), averaged
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alpha e.g. < a, > = < J,/B, > (Pevtsov et al., 1994) with current density
J, = (V x B),. Some authors have used current helicity density H. = B, -J, and
Qg (Bao and Zhang, 1998; Hagino and Sakurai, 2004, 2005). A good correlation
was found between ayes; and (o) by Burnette et al. (2004) and Leka et al. (1996).
But the sign of magnetic helicity cannot be inferred from the force-free parameter
« under all conditions as we have described in Section 3.3.

It is well known that the reliable measurements of vector magnetic fields are
needed to study various important parameters like electric currents in the active
regions, magnetic energy dissipation during flares, field geometry of sunspots,
magnetic twist etc. The study of error propagation from polarization measure-
ments to the calculation of vector field parameters is very important (Lites and
Skumanich, 1985; Klimchuk et al., 1992). Klimchuk et al. (1992) have studied the
effects of realistic errors e.g., due to random polarization noise, crosstalk between
different polarization signals, systematic polarization bias and seeing induced
crosstalk etc. on known magnetic fields. They derived analytical expressions for
how these errors produce errors in the estimation of magnetic energy (calculated
from virial theorem). However, they simulated these effects for magnetographs
which sample polarization at few fixed wavelength positions in line wings. It is
well known that such observations lead to systematic under-estimation of field
strength and also suffer from magneto-optical effects (West and Hagyard, 1983).
Whereas in our analysis, we simulate the effect of polarimetric noise on field pa-
rameters as deduced by full Stokes inversion. The details are discussed in the
section 3.8.

Pevtsov et al. (1995) found large variations in the global o values from re-
peated observations of the same active regions. It is important to model the

measurement uncertainties before looking for physical explanations for such a
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scatter.

In a study by Hagyard and Pevtsov (1999), the noise levels in the observed
fields were analyzed, but a quantitative relationship between the uncertainties in
fields and the uncertainties in global «a value were not established. They could
only determine the extent to which the incremental introduction of noise affects
the observed value of . However, for the proper tracking of error propagation,
we need to start with ideal data devoid of noise and with known values of a and
magnetic energy. We follow the latter approach in our present analysis.

Here, we estimate the accuracy in the calculation of the a parameter and the
magnetic energy due to different noise levels in the spectro-polarimetric profiles.
Modern instruments measure the full Stokes polarization parameters within the
line profile. Basically there are two types of spectro-polarimeters : (i) Spectro-
graph based e.g., Advanced Stokes Polarimeter (ASP : Elmore et al. (1992)),
Zurich Imaging Polarimeter (ZIMPOL : Keller et al. (1992); Povel (1995); Stenflo
(1996); Stenflo and Keller (1997)), THEMIS-MTR (Arnaud et al. (1998)), SOLIS
- Vector Spectro-Magnetograph (VSM : Jones et al. (2002); Keller et al. (2003)),
Polarimetric Littrow Spectrograph (POLIS : Schmidt et al. (2003)), Diffraction
Limited Spectro-polarimeter (DLSP : Sankarasubramanian et al. (2004, 2006)),
Hinode (SOT/SP : Tsuneta et al. (2008)), etc. and (ii) Filter-based e.g., Imag-
ing Vector Magnetograph (IVM) at Mees Solar Observatory, Hawaii (Mickey
et al., 1996), Solar Vector Magnetograph at Udaipur Solar Observatory (SVM-
USO)(Gosain et al., 2004, 2006) etc.

Earlier magnetographs like Crimea (Stepanov and Severny, 1962), MSFC
(Hagyard et al., 1982), HSP (Mickey, 1985), OAO (Makita et al., 1985), HSOS
(Ai and Hu, 1986), Potsdam vector magnetograph (Staude et al., 1991), SET

(Sakurai et al., 1995) etc. were mostly based on polarization measurements at
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a few wavelength positions in the line wings and hence subject to Zeeman satu-
ration effects as well as magneto-optical effects like Faraday rotation (West and
Hagyard, 1983; Hagyard et al., 2000).

The magnetic field vector deduced from Stokes profiles by modern techniques
are almost free from such effects (Skumanich and Lites, 1987; S’anchez Almeida,

1998; Socas-Navarro, 2001).

3.2 Physical Meaning of Force-Free Parameter

(87

Taking surface integral on both sides of Equation 3.2, we get

a/dS-B _ /dS-VxB

= fdl -B  (from Stokes theorem) (3.3)
or,
§dl-B
= 3.4
o = 1% (3.4

where @ = [dS - B is the magnetic flux.

Figure 3.1: A cross-section of cylindrical flux tube with w as its radius.

In the cylindrical coordinate we can write Equation 3.3 as

27rwB¢

Tw?B,
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2B,
— 3.5
=B. (3.5)

where z and w are axial and radial distances from origin, respectively The

equation of field lines in cylindrical coordinates is given as :

B. By

T wdo (3.6)
or,

B¢ Wd¢

— = 3.7

B, dz (3.7)
Using Equations 3.5 & 3.7, we get

do
=2 — 3.8
a=2— (3.8)

From Equation 3.8, it is clear that the o gives twice the degree of twist per unit
axial length. If we take one complete rotation of flux tube i.e., ¢ = 27, and loop

length \ ~ 10 meters, then
2 X 2T
o =
A

(3.9)

comes out of the order of approximately 10~® per meter.

3.3 Correlation Between Sign of Magnetic He-

licity and that of «

Equation 3.2 can be written as

VxB = «oVxA)

= V x (0A) (3.10)
giving vector potential in terms of scalar potential ¢ as
A=Bat'+Vo (3.11)
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which is valid only for constant «.

Using this relation in Equation 3.1, we get magnetic helicity as

H, = /(Bof1 1Y) BdV

= [Batav + / (B- V)¢ dV (3.12)
We know the following vector identity
V- (¢B) =¢(V-B)+(B- V) (3.13)

where 15 term in right hand side (RHS) is zero. Second term in the right hand

side of Equation 3.12 can be written as,

/(B-V)gbdv - /v-(qu)dv
- /(qu)-ndS (3.14)

(from Gauss Divergence Theorem) which is equal to zero for a closed volume
where magnetic field does not cross the volume boundary (n - B = 0) provided
that ¢ remains finite on the surface. Therefore, we get magnetic helicity in terms
of o as

H,, = /B%rl v (3.15)

which shows that the force free parameter o has the same sign as that of the
magnetic helicity. However, if n-B # 0, then the contribution of the second term
in Equation 3.12 remains unspecified since ¢ can be any arbitrary scalar function.
Thus it is not correct to use a to determine the sign of magnetic helicity for the

half space above the photosphere since n - B # 0 at the photosphere.
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3.4 A Direct Method for Calculation of Global

(87

Taking the z-component of magnetic field, from the force-free field Equation 3.2,
«a can be written as,
(V x B),

= 1
a B (3.16)

For a least squares minimization, we should have

Y (a—ay)? = minimum
or, ag = (1/N)> « (3.17)

where « is the local value at each pixel, ay is the global value of a for the
complete active region and N is total number of pixels.
Since Equation 3.17 will lead to singularities at the neutral lines where B, ap-

proaches 0, therefore the next moment of minimization,
> (o — ay)?B2 = minimum (3.18)

should be used. From Equation 3.18, we have

0

Doy

(Z(a — ag)ng) =0 (3.19)

which leads to the following result,

S5 — 5e)B. 5.20)
> B? '

ag:

This formula gives a single global value of  in a sunspot and is the same as a(?)

of Hagino and Sakurai (2004). We prefer this direct way of obtaining global «
which is different from the method discussed in Pevtsov et al. (1995) for deter-

mining apes;. The main advantages are: (1). the singularities at neutral line are
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automatically avoided in our method by using the second moment of minimiza-
tion and (2). the computation of constant « force-free fields for different test
values of « is not required. Hagino and Sakurai (2004) used a different parameter
all) to avoid the effect of Faraday rotation in sunspot umbrae. However, modern
inversion techniques using complete Stokes profiles are free of this problem.

It must be noted that one can generate different values of o, using higher
moments of minimization, e.g., by weighting J, with B?, with n=3, 5, 7, ... etc.
The higher moments will be more sensitive to spatial variation of B,. Such large
and complex variation of B, is found generally in flare productive active regions
(Ambastha et al., 1993; Wang et al., 1996; Hagyard et al., 1999). Thus we can
try to use higher order o, as a global index for predicting the flare productivity
in active regions.

Finally, to compute o, we need all the three components of magnetic field
which is obtained from the measurements of vector magnetograms. Here we
use the analytically generated bipole, as discussed in the following section, with
known values of all the magnetic parameters to investigate the effect of polari-

metric noise.

3.5 Generation of Theoretical Bipole

We use the analytic, non-potential force-free fields of the form derived by Low
(1982). These fields describe an isolated bipolar magnetic region which is obtained
by introducing currents into a potential field structure. This potential field is
produced by an infinite straight line current running along the intersection of the

planes y = 0 and z = -a, where negative sign denotes planes below the photosphere
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z = 0. At the photosphere (z = 0), the field has the following form :

B, = —% cos () (3.21)
B Bya?
B, = T(yzoicfz% so(r) — (y%aa?) sin ¢(r) (3.22)
Bya? B ‘
B. = 7@;7‘:’;2) cos ¢(r) — % sin (1) (3.23)

where By is the magnitude of the field at origin and r? = 2% 4+ 3% + a®. The
function ¢(r) is a free generating function related to the force-free parameter «

(see Equation 3.2) by
49
dr

(3.24)

which determines the current structure and hence the amount and location of
shear present in the region. By choosing ¢(r) = constant = w/2 we can obtain a
simple potential (current-free, &« = 0) field produced by the infinite line current
lying outside the domain. Steeper gradient of ¢(r) results in a more sheared
(non-potential) field.

In Equation 3.24, the sign on the right hand side is taken positive in the paper
by Low (1982) which is a typing mistake (confirmed by B. C. Low, 2008, private
communication). We mention this here to avoid carrying forward of this typo as
was done in Wilkinson et al. (1989).

A grid of 100 x 100 pixels was selected for calculating the field components.
The magnitude of field strength at the origin has been taken as 1000G and the
value of ‘a’ is taken as 15 pixels (below the photosphere, z = 0).

The simulated field components with corresponding contours are shown in the
Figure 3.2.

Here we use the following function (e.g., Wilkinson et al., 1989) for the gen-

eration of the field components (B,, B,, B.):
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Figure 3.2: Contours of the field components overlaid on their gray-scale images.
The contour levels are 100, 500 and 800 G of magnetic fields. The red and blue
contours denote the ‘positive’ and ‘negative’ polarities, respectively. The green
box in B, shows the area which is selected for the calculation of global . For

details see the text.

= < 2
= g , T>3a (3.26)

Results for the fields generated by different ¢(r) are quantitatively similar. In
this way we generate a set of vector fields with known values of a.

Most of the time one of the bipoles of a sunspot observed on the Sun is compact
(leading) and the other (following) is comparatively diffuse. Observations of the
compact pole gives half of the total flux of the sunspot and is mostly used for the
analysis. One can derive the twist present in the sunspot using one compact pole
of the bipolar sunspot for constant . Thus we have selected a single polarity of
the analytical bipole as shown in Figure 3.2 to calculate the twist.

Fine structure in real sunspots is difficult to model. Our present analysis
applies to the large scale patterns of the magnetic field regardless of fine structure.

However, we address the fine structures in real sunspots in the next Chapter.
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All the following Sections in this Chapter discuss the analysis and results

obtained.

3.6 Profile Generation from the Analytical Data

and Inversion

Using the analytical bipole method (Low, 1982), the non-potential force-free field
components B,, B, & B, in a plane have been generated and are given as in
Equations 3.21, 3.22 & 3.23. We have shown B,, B,, & B, maps (generated
on a grid of 100 x 100 pixels) in Figure 3.2. From these components, we have
derived magnetic field strength (B), inclination () and azimuth (£ : free from
180° ambiguity). In order to simulate the effect of typical polarimetric noise in
actual solar observations on magnetic field measurements, and to study the error
in the calculation of a and magnetic energy, we have generated the synthetic
Stokes profiles for each B, v and £ in a grid of 100 x 100 pixels, using the He-
Line Information Extractor “HELIX” code (Lagg et al., 2004). This code is a
Stokes inversion code based on fitting the observed Stokes profiles with synthetic
ones obtained by Unno-Rachkovsky solutions (Unno, 1956; Rachkowsky, 1967) to
the polarized radiative transfer equations (RTE) under the assumption of Milne-
Eddington (ME) atmosphere (Landolfi and Landi Degl’Innocenti, 1982) and local
thermodynamical equilibrium (LTE). However, one can also use this code for
generating synthetic Stokes profiles for an input model atmosphere. The synthetic
profiles are functions of magnetic field strength (B), inclination (), azimuth
(€), line of sight velocity (vies), Doppler width (vpepp), damping constant (I'),
ratio of the center to continuum opacity (1), slope of the source function (Sg4q)

and the source function (Sy) at 7 = 0. The filling factor is taken as unity. In
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our profile synthesis only magnetic field parameters B, v, £ are varied while
other model parameters are kept same for all pixels. The typical values of other

thermodynamical parameters are given in Table 3.1.

Table 3.1: Model parameters for generating synthetic profile

Model Parameter Value
Doppler velocity, vi.s (ms™!) 0
Doppler width, vpey, (mA) 20
Ratio of center to continuum opacity, 7, 20
Source function, S, 0.001
Slope of the source function, Sg.qq 1.0
Damping constant, I" 1.4

We use the same parameters for all pixels. Further, all the physical parameters
at each pixel are taken to be constant in the line forming region. However, one
must remember that real solar observations have often Stokes V area asymmetries
(Solanki, 1989; Khomenko et al., 2005) as a result of vertical magnetic and velocity
field gradients present in the line forming region. This has not been taken into
account in our simulations.

A set of Stokes profiles with 0.5% and 2.0% noise for a pixel is shown in
Figure 3.3.

The wavelength grid used for generating synthetic spectral profiles is same as
that of Hinode (SOT/SP) data, which are as follows: start wavelength of 6300.89
A, spectral sampling 21.5 mA /pixel, and 112 spectral samples. We add normally
distributed random noise of different levels in the synthetic Stokes profiles. Typ-
ical noise levels in Stokes profiles obtained by Hinode (SOT/SP) normal mode
scan are of the order of 1072 of the continuum intensity, I. (Ichimoto et al., 2008).

We add random noise of 0.5 % of the continuum intensity I. to the polarimetric
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Figure 3.3: Example of Stokes profiles with 0.5% (left column) and 2.0% (right
column) noise along with the fitted profiles. The input parameters for the associ-
ated pixel are as follows : field strength= 861 G, inclination=101°, azimuth=19°.

The corresponding output parameters are 850 G, 101°, 19° for 0.5% noise and
874 G, 99°, 19° for 2.0% noise.
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profiles. In addition, we also study the effect of adding a noise of 2.0% level to
Stokes profiles as a worst case scenario. We add 100 realizations of the noise of
the orders mentioned above to each pixel and invert the corresponding 100 noisy
profiles using the “HELIX” code.

The guess parameters to initialize the inversion are generated by perturbing
known values of B, v and £ by 10%. Thus after inverting 100 times we get 100
sets of B, v & £ maps for the input B, v & & values from bipole data. In this
way we estimate the spread in the derived field values for various field strengths,
inclinations etc. First, the inversion is done without adding any noise in the
profiles to check the accuracy of inversion process. We get the results retrieved
in this process which are very similar to that of the initial analytical ones. The
scatter plot of input field strength, inclination, azimuth against the corresponding
retrieved strength, inclination, azimuth after noise addition and inversion is shown
in Figure 3.4 (upper panel). Typical B,, B, & B, maps with different noise levels
are shown in the lower panel. As the noise increases B,, B, & B, maps become
more grainy.

From the plots shown in Figure 3.4, we can see that the error in the field
strength for a given noise level decreases for strong fields. This is similar to the
results of Venkatakrishnan and Gary (1989). As the noise increases in the profiles,
error in deriving the field strength increases. We find that the error in the field
strength determination is ~ 15% for 0.5% noise and ~ 25% for 2% noise in the
profiles. Inclination shows more noise near 0° & 180° than at ~ 90°. The error
is less even for large noisy profiles for the inclination angles between ~ 50°-130°.
The reason for this may be understood in the following way. Linear polarization
is weaker near 0 and 180° inclinations and is therefore more affected by the noise.

The azimuth determination has inherent 180°ambiguity due to insensitivity of
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Zeeman effect to orientation of transverse fields. Thus in order to compare the
input and output azimuths we resolve this ambiguity in &,,; by comparing it with
&n 1.e., the value of &,,; which makes acute angle with &, has been taken as
correct. We can see azimuth values after resolving the ambiguity in this way
show good correlation with input azimuth values. Some scatter is due to the
points where ambiguity was not resolved due to 90° difference in &;, and &,,;.

First, the o, was calculated from the vector field components derived from
the noise free profiles to verify the method of calculating global alpha and also
the inversion process. We have used the single polarity to calculate global alpha
present in sunspot as discussed in Section 3.5. We retrieved the same value of ay
as calculated using the initial analytical field components.

From the Figure 3.5, we can see that the effect of noise on the field components
is not much for the case of 0.5% noise but as the noise in the profiles is increased
to 2.0%, the field components, specially transverse fields, show more uncertainty.
The vertical field is comparatively less affected with noise. The scatter plot in
Figure 3.5 shows that the inversion gives good correlation to the actual field
values. The points with large scatter are due to poor “signal to noise” ratio in
the simulated profiles. The mean percentage error in the further discussions is

given in terms of weighted average of error.

3.7 Estimation of the Error in the Calculation

of Global Alpha («,)

We calculate the percentage error in global alpha each time after getting the
inverted results, for both the cases when 0.5% and 2.0% (of I.) noise is added in

the profiles, by the following relation:
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Figure 3.4: Scatter plot (upper panel) between the field strength, inclination and
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A .
Y ) = L2 %9 100 (3.27)

Qg Qg

where a7 is calculated global alpha and «ay is the analytical global alpha.

The histogram of the results obtained is shown in Figure 3.6.
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Figure 3.6: Histogram of the percentage error in the calculation of o, with 0.5%

and 2.0% noise (of 1) in polarimetric profiles, respectively.

First, we inverted the profiles without adding any noise and calculated o, from
retrieved results to compare it with the ‘true’ o, calculated from the analytically
generated vector field components. We get less than 0.002% difference in the
both o, values.

For the case of 0.5% noise in polarimetric profiles we get a mean error of 0.3%
in the calculation of o, and error is never more than 1%. Thus the calculation
of oy is almost free from the effect of noise in this case. Hence, by using data
from Hinode (SOT/SP), one can derive the accurate value of twist present in a

sunspot.
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If 2.0% noise is present in the polarization, then maximum ~ 5% error is
obtained. Weighted average shows only 1% error. Thus the estimation of alpha
is not influenced very much even from the data obtained with old and ground
based magnetographs. In any event it is unlikely that a realistic error will be

large enough to create a change in the sign of o.

3.8 Estimation of the Error in the Calculation

of Magnetic Energy (E,,)

The magnetic energy has been calculated using virial theorem. One form of the
general virial theorem (Chandrasekhar, 1961) states that for a force-free magnetic
field, the magnetic energy contained in a volume V is given by a surface integral

over the boundary surface S,

1 2 _i 1 2. _ . ‘1
/S—WB dV—47T/[QBr (B-r)B]- @ dS (3.28)

where r is the position vector relative to an arbitrary origin, and n is the normal
vector at surface. Let us adopt Cartesian coordinates, taking as z=0 plane for
photosphere. This assumption is reasonable because the size of sunspots are
very small compared to the radius of the Sun. If we make the further reasonable
assumption that the magnetic field strength decreases with distance more rapidly
than r~%/2 whereas a point dipole field falls off as r=3, then the Equation 3.28 can
be simplified to Molodensky (1974)

1, 1
/ B dudydz = / (¢B, +yB,)B, dzdy (3.29)

where x and y are the horizontal spatial coordinates. B,, B, & B, are the vector
magnetic field components. This Equation 3.29 is referred as the “magnetic virial

theorem”.
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Thus magnetic energy of an active region can be calculated simply by substi-
tuting the derived vector field components into the surface integral of Equation
3.29 (Low, 1982, 1985, 1989). Magnetic field should be solenoidal and force-free
as is the case for our analytical field. So the energy integral is independent of
choice of the origin.

If all the above conditions are satisfied then the remaining source of uncer-
tainty in the magnetic energy estimation is the errors in the vector field mea-
surements themselves. So, before the virial theorem can be meaningfully applied
to the Sun, it is necessary first to understand how the errors in the vector field
measurements produce errors in the calculated magnetic energies.

Earlier, the efforts were made to estimate the errors (Gary et al., 1987; Klim-
chuk et al., 1992) for magnetographs like Marshall Space Flight Center (MSFC)
magnetograph. Gary et al. (1987) constructed a potential field from MSFC data
and computed its virial magnetic energy. Then, they modified the vector field
components by introducing random errors in B,, B, and B, and recomputed
the energy. They found the two energies differ by 11%. Klimchuk et al. (1992)
approached the problem differently. They introduced errors in the polarization
measurements from which the field is derived instead of introducing errors to
magnetic fields directly. In this way they were able to approximate reality, more
closely and were able to include certain type of errors such as crosstalk which
were beyond the scope of the treatment by Gary et al. (1987). They found that
the energy uncertainties are likely to exceed 20% for the observations made with
the vector magnetographs present at that time (e.g., MSFC).

Here, our approach is very similar to that of Klimchuk et al. (1992) except
that we consider full Stokes profile measurements to derive the magnetic fields like

in the most of the recent vector magnetographs e.g., Hinode (SOT/SP), SVM-
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USO etc. as mentioned earlier. We begin with an analytical field, determine
polarization signal as explained in earlier parts, introduce the random noise of
certain known levels (0.5% & 2.0% of I.) in the polarization profiles, infer an
‘observed’” magnetic field after doing the inversion of the noisy profiles, compute
an ‘observed’ magnetic energy from the ‘observed’ field and then compare this
energy with the energy of the ‘true’ magnetic field. The percentage error is

calculated from the following expression:

AE,, Ef — B,
— =_m = x1 .
7 (%) F X 100 (3.30)

where E’ is ‘observed’ energy and E,, is ‘true’ energy. All the above processes

have been described in detail in Section 3.6.
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Figure 3.7: Histogram of the percentage error in the calculation of magnetic
energy when 0.5% and 2.0% noise (of I.) is present in polarimetric profiles, re-

spectively.

Figure 3.7 shows the uncertainty estimated in the calculation of magnetic

energy in two cases when error in the polarimetric profiles is 0.5% and 2.0% of
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I.. Needless to say, we first checked the procedure by calculating the magnetic
energy from the vector fields derived from inverted results with no noise in the
profiles. We found the same energy as calculated from the initial analytical fields.

We can see that the magnetic energy can be calculated with a very good
accuracy when less noise is present in the polarization as is observed in the modern
telescopes like Hinode (SOT/SP) for which very small (of the order of 1073 of I..)
noise is expected in profiles. We find that a mean of 0.5% and maximum up to
2% error is possible in the calculation of magnetic energy with such data. So, the
magnetic energy calculated from the Hinode data will be very accurate provided
the force-free field condition is satisfied.

The error in the determination of magnetic energy increases for larger levels of
noise. In the case of high noise in profiles (e.g. 2.0% of 1.) the energy estimation
is very much vulnerable to the inaccuracies of the field values. We replaced
the inverted value of the field parameters with the analytical value wherever the
inverted values deviated by more than 50% of the ‘true’ values. We then get the
result shown in the right panel. We can see that the error is very small even in

this case. The mean value of error is ~ 0.7%.

3.8.1 Estimate of Energy Release in Different Classes of

X-ray Flares

With the simplifying assumption that all classes of soft X-ray flares have a typical
duration of 16 min (Drake, 1971), we can see that the energy released in the
different classes of flares will be proportional to their peak power. Since X-class
flares typically release radiant energy of the order of 1032 ergs (Emslie et al.,
2005), therefore M-class, C-class, B-class and A-class flares will release radiant

energy of the order of respectively 103!, 1030, 10% and 10?® ergs. These estimates

60



will have to be modified for individual events depending upon the duration of the

event.

3.9 Discussion and Conclusions

We have discussed the direct method of estimating oy, from vector magnetograms

274 moment of minimization. The higher order moments also hold

using the
promise for generating an index for predicting the flare productivity in active
regions.

The global value of a of an active region can be measured with a very good
accuracy by calculating o,. Accurate value of a can be obtained even if one
polarity of a bipole is observed.

The magnetic energy calculation is very accurate as seen from our results.
Very less error (approximately 0.5%) is seen in magnetic energy with 0.5% noise
in the profiles. Thus we conclude that the magnetic energy can be estimated with
very good accuracy using the data obtained from modern telescopes like Hinode
(SOT/SP). This gives us the means to look for magnetic energy changes released
in weak C-class flares which release radiant energy of the order of 10% ergs (see
Section 3.8.1), thereby improving the statistics.

These energy estimates are however subject to the condition that the photo-
spheric magnetic field is force-free, a condition which is not always met with. We
must then obtain the energy estimates using vector magnetograms observed at
higher atmospheric layers where the magnetic field is force-free (Metcalf et al.,
1995).

The 180° azimuthal ambiguity (AA) is another source of error for determining

parameters like o, and magnetic free energy in real sunspot observations. The
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smaller the polarimetric noise, the smaller is the uncertainty in azimuth determi-
nation, thereby allowing us to extend the range of the acute angle method used
in our analysis. On the other hand it is difficult to predict the level of uncertainty
produced by AA. Influence of AA is felt more at highly sheared regions which
will anyway deviate from the global alpha value. Thus, avoiding such pixels will
improve determination of a,. Magnetic energy calculation at such pixels could
be done by comparing energy estimates obtained by ‘flipping’ the azimuths and
choosing the mean of the smallest and the largest estimate of the energy. Here
we assume that half the number of pixels have the true azimuth. This is the best
one can do for a problem that really has no theoretical solution allowed by the
Zeeman effect (but see also, Metcalf et al. (2006) and references therein). Obser-
vational techniques such as use of chromospheric chirality (Lépez Ariste et al.,
2006; Martin et al., 2008; Tiwari et al., 2008) or use of magnetograms observed
from different viewing angles could perhaps resolve the AA .

Patches of both signs of alpha can be present in a single sunspot (Pevtsov
et al., 1994; Hagino and Sakurai, 2004). In those cases the physical meaning of
o, becomes unclear. Efforts are needed to understand the origin of such complex
variation of o in a sunspot. Real sunspots show filamentary structures. If this
structure is accompanied by local variations of «, then does the global « result
from correlations in the local a values? Or, are the small scale variations due to
a turbulent cascade from the large scale features? The answers to these questions
are beyond the scope of our present study. Modeling sunspots with such complex
fine structures is a great challenge. However, we address the question of fine
structure of twists in real sunspots observed from HINODE (SOT/SP), in the
next Chapter.

For the present, we demonstrate that the global alpha of an active region can
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be accurately measured without ambiguity in its sign. Furthermore, the high
accuracy of magnetic energy estimation that can be obtained using data from
modern instruments will improve the probability for detecting the flare related
changes in the magnetic energy of active regions. The azimuth determination is
also very accurate as seen by the Monte Carlo simulations, and is independent of

the formal uncertainties of the inversion process.
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Chapter 4

Global Twist of Sunspot
Magnetic Fields Obtained from
High-Resolution Vector

Magnetograms

4.1 Introduction

After simulating the measurement uncertainties of the field parameters using
an analytical bipole model in the last chapter, we proceed to study the vector
magnetic fields of the real sunspots in this chapter.

As stated in the earlier Chapter 1, the twist patterns in the sunspots and asso-
ciated features have been observed for a long time (Hale, 1925, 1927; Richardson,
1941) with a hemispheric preference of their chirality, which is independent of so-

lar cycle. Since the 90’s, the subject has been intensively revisited and the similar
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behaviour of hemispheric patterns for various solar features have been reported
by many researchers (Pevtsov and Longcope, 2001; Hagino and Sakurai, 2004;
Bernasconi et al., 2005; Nandy, 2006; Pevtsov and Longcope, 2007, and refer-
ences therein). However, this hemispheric behaviour needs further investigation
due to some inconsistencies reported for different phases of a solar cycle and also
for data sets obtained from different magnetographs (Hagino and Sakurai, 2005;
Pevtsov et al., 2008).

For a force-free field, the global twist per unit axial length is given by the
force-free parameter « (see Section 3.2 for details). Some recent studies (Tiwari
et al., 2008, 2009b,c) (see also Chapter 7) have shown that the global « of an
active region bears the same sign as its associated features/structures observed at
chromospheric and coronal heights. The chromospheric and coronal sign of twist
is inferred from the topological chirality sign of the observed features. This leads
us to believe that some finite amount of the photospheric global twist exists on
the scale of sunspots. However, the structures in the sunspot fields revealed by
modern vector magnetographs with high spatial and spectral resolution compels
us to make a careful revaluation of global o and its physical meaning.

Since the photospheric field is not force-free (Metcalf et al., 1995; Socas-
Navarro, 2005), we need an alternative measure of the twist other than a. We
introduce the concept of signed shear angle (SSA) for sunspot magnetic fields in
this Chapter and show how the sign of the spatially averaged SSA (SASSA) is
directly related to the sign of global «, irrespective of the force-free nature of the
sunspot fields.

The presence of oppositely directed current densities in a single unipolar
sunspot was first shown by Severnyi (1965). For a detailed investigation of local

a distribution in three sunspots using 46 vector magnetograms, see Pevtsov et al.
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(1994). Recently, Su et al. (2009) reported an interesting pattern of fine struc-
tures in the « distribution within one active region (AR) using Hinode data with
higher resolution. We present a comprehensive study of 43 sunspots with high
resolution and establish the negligible contribution of such fine structures to the
global twist. For this purpose we will rely on J, and « values.

The helicity hemispheric rule or more precisely twist hemispheric rule is
claimed to be established by many researchers (Seehafer, 1990; Pevtsov et al.,
1995; Abramenko et al., 1996; Bao and Zhang, 1998; Longcope et al., 1998;
Hagino and Sakurai, 2005; Nandy, 2006) and has recently been a matter of some
debate (Hagino and Sakurai, 2005; Pevtsov et al., 2008). A model developed by
Choudhuri et al. (2004) predicts deviation from the twist hemispheric rule in the
beginning of the solar cycle. However, some observers claim this deviation from
the hemispheric rule may be present in different phases of different solar cycles
(Pevtsov et al., 2008). We have studied forty three AR’s (as shown in Table 4.1)
mostly observed during the declining phase of the solar cycle 23. All but five
follow the reverse twist hemispheric rule, while 5 regions follow the conventional
rule.

In the following section (Section 4.2), we discuss the data sets used. We define
the signed shear angle (SSA) in Section 4.3. Section 4.4 describes the analysis
and results obtained. Finally in Section 4.5 we present our conclusions for this

chapter.

4.2 The Data Sets Used

We have used the vector magnetograms obtained from the Solar Optical Tele-

scope/ Spectro-polarimeter (SOT/SP: Tsuneta et al. (2008); Shimizu et al. (2008);
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Suematsu et al. (2008); Ichimoto et al. (2008)) onboard Hinode Kosugi et al.
(2007) and the Advanced Stokes Polarimeter (ASP; Elmore et al. (1992)) as well
as the Diffraction Limited Spectro-polarimeter (DLSP; Sankarasubramanian et al.
(2004, 2006)) of the Dunn Solar Telescope (DST). Standard and well-established
calibration procedure was adopted for ASP/DLSP data. The procedure for ob-
taining the vector fields from the ASP/DLSP data are described elsewhere (El-
more et al., 1992; Sankarasubramanian et al., 2004, 2006).

The Hinode (SOT/SP) data have been calibrated by the standard “sp_prep”
routine available in the Solar-Soft packages. The prepared polarization spectra
have been inverted to obtain vector magnetic field components using an Unno-
Rachkowsky (Unno, 1956; Rachkowsky, 1967) inversion under the assumption
of Milne-Eddington (ME) atmosphere (Landolfi and Landi Degl’Innocenti, 1982;
Skumanich and Lites, 1987). We have used the inversion code “Strokesfit.pro”
which has been kindly, made available by late Prof. T. R. Metcalf as a part of
Solar-Soft package. We have used the newest version of this code which returns
true field strengths along with the filling factor. The 180° azimuthal ambiguity
in the data sets are removed by using acute angle method (Harvey, 1969; Sakurai
et al., 1985; Cuperman et al., 1992). All the data sets used, have high spatial
sampling. For example ASP ~ 0.3 arcsec/pix, DLSP ~ 0.1 arcsec/pixel and
Hinode (SOT/SP) ~ 0.3 arcsec/pixel. However, a few observations are seeing
limited to about an arcsec.

To minimize noise, pixels having transverse (B;) and longitudinal magnetic
field (B,) greater than a certain level are only analyzed. A quiet Sun region is
selected for each sunspot and 1o deviation in the three vector field components
B,, B, and B, are evaluated separately. The resultant deviations in B, and B, is

then taken as the 1o noise level for transverse field components while deviations in
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B, is taken as 1o for noise level of line of sight component of magnetic field. Only
those pixels where longitudinal and transverse fields are simultaneously greater
than twice the above mentioned noise levels are analyzed.

The data sets with their observation details are given in Table 4.1. The
data sets observed from August 2001 to April 2005 are obtained with the ASP
and those observed from June 2005 to December 2005 are from the DLSP. Two
vector magnetograms observed on 09 January 2007 and 06 February 2007 from
Solar Vector Magnetograph at Udaipur Solar Observatory (SVM-USO: Gosain
et al. (2004, 2006)) and reported in Tiwari et al. (2008), have also been included
to improve the statistics. All the other data sets obtained since November 2006

onwards are taken from Hinode (SOT/SP).

4.3 Twist Irrespective of Force-Free Nature: In-

troduction of Signed Shear Angle (SSA)

Hagyard et al. (1984) introduced the shear angle A® = &, — D¢, where @, and
®,; are the azimuthal angles of observed and potential fields respectively. The
amplitude of this angle was studied at the polarity inversion lines to investigate
the flare related changes (Venkatakrishnan et al., 1988, 1989; Hagyard et al., 1990;
Ambastha et al., 1993; Hagyard et al., 1999). To emphasize the sign of shear angle
we wish to introduce the signed shear angle (SSA) for the sunspots as follows :
We choose an initial reference azimuth for a current-free field (obtained from the
observed line of sight field). Then we move to the observed field azimuth from the
reference azimuth through an acute angle. If this rotation is counter-clockwise,
then we assign a positive sign for the SSA. A negative sign is given for clockwise

rotation. This sign convention will be consistent with the sense of azimuthal field
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Table 4.1: List of the active regions studied. The global « value, the spatially

averaged signed shear angle (SASSA) and other details of the sunspots are given:

AR No. Date of Global Alpha Shear Angle Position Hemispheric
(NOAA) Observation (ag:/meter) (SASSA: deg) Helicity Rule
10972 07 Oct 2007 —2.331 x 10~ 8 —1.085 S05W20(t) No
10971 29 Sep 2007 3.053 x 1078 3.214 NO3WO07 No
10970 05 Sep 2007 —2.001 x 10~8 —0.308 SO0TW58(t) No
10969 29 Aug 2007 —3.424 x 1078 —4.488 S05W33(t) No
10966 09 Aug 2007 —2.539 x 10~ 8 —3.595 S06E07 No
10963(—) 12 Jul 2007 —2.459 x 1078 —4.636 SO06E14(t) No
10963(+) 12 Jul 2007 —3.440 x 10~ 8 —4.495 S06E14(t) No
10961 02 Jul 2007 —5.119 x 108 —4.973 S10W16(t) No
10960 07 Jun 2007 3.027 x 108 4.486 S07W03 Yes
10956(—) 18 May 2007 9.642 x 1078 11.595 NO02E07 No
10956(+) 18 May 2007 6.458 x 108 5.352 NO2E07 No
10955 13 May 2007 —6.737 x 1078 —1.887 S09W35(t) No
10953 29 Apr 2007 —6.673 x 1079 —3.071 S10E22(t) No
10944 03 Mar 2007 —2.084 x 1078 —4.635 S05W30(t) No
10941 06 Feb 2007 —2.745 x 1078 —3.069 S0TW36(t) No
10940 01 Feb 2007 —1.948 x 1078 —4.726 S04WO05 No
10939(—) 23 Jan 2007 —3.033 x 1078 —5.105 S04W57(t) No
10939(+) 23 Jan 2007 —8.289 x 1079 —0.869 S04W57(t) No
10935 09 Jan 2007 —2.412 x 1078 —3.414 S07TW30(t) No
10933 05 Jan 2007 —1.119 x 1079 —2.423 S04WO01 No
10930(—) 12 Dec 2006 —3.519 x 10~8 —6.676 S05W21(t) No
10930(+) 12 Dec 2006 —1.624 x 1077 —18.067 S05W21(t) No
10926 03 Dec 2006 —7.049 x 1079 —1.538 S09W32(t) No
10923 16 Nov 2006 1.090 x 1079 0.785 S05W30(t) Yes
10921 06 Nov 2006 —3.318 x 1077 —14.054 S08W38(t) No
10841 28 Dec 2005 1.114 x 10~ 7 9.383 N12E20(t) No
10838 22 Dec 2005 2.294 x 10~7 14.757 N17E20(t) No
10808(—) 13 Sep 2005 1.017 x 10— 7 8.015 S11E17(t) Yes
10808(+) 13 Sep 2005 1.225 x 1077 1.020 S11E17(t) Yes
10804 26 Aug 2005 —4.977 x 10~8 —5.237 N11W02 Yes
10803 26 Aug 2005 2.559 x 107 6.151 N12E53(t) No
10800 26 Aug 2005 1.331 x 10~7 3.967 N17W49(t) No
10782 02 Jul 2005 —3.626 x 1077 —10.230 S17TW18(t) No
10781 04 Jul 2005 1.027 x 10~7 7.786 N13WO03 No
10780 24 Jun 2005 —6.357 x 1078 —0.806 S08W28(t) No
10752 17 Apr 2005 9.960 x 108 8.365 NO2WO00 No
10330 09 Apr 2003 3.988 x 1078 11.031 NO7W04 No
09601 03 Sep 2001 1.367 x 1078 2.178 N14WO06(t) No
09596 30 Aug 2001 2.125 x 10~ 7 9.297 N21E15(t) No
09591(—) 30 Aug 2001  —2.359 x 107 —6.111 S18W36(t) No
09591(+) 30 Aug 2001 —1.839 x 10~7 —2.226 S18W36(t) No
09590 26 Aug 2001 —3.148 x 1077 —2.069 S29WO01(t) No
09585 24 Aug 2001 5.310 x 108 1.730 N14W30(t) No

(t) : transformed
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Figure 4.1: Cartoon diagrams of circular unipolar spots with positive and negative
chirality are shown with the directions of observed transverse field (B,s) and
potential transverse field (B,,). Solid and dashed lines represent the observed
and potential fields respectively. In this cartoon, B, is tangential to the solid
curved lines, while B, is tangential to the dashed curved lines which have lesser
curvature than the solid lines. First two cases bear positive chirality and later
two bear negative chirality. Plus and minus sign in the central circular region

represents the positive and negative polarity respectively. For details see the text.

produced by a vertical current. This sign convention is also consistent with the

sense of chirality.

4.3.1 Relation Between the Sign of SSA and the Sense of

Chirality

The definition of the signed shear angle (SSA) is introduced as above.

Figure 4.1 shows four structures, first two having positive chirality and the
next two having negative chirality. The sign of B,, and B,,s point inward for
negative B, and outward for positive B,. The rotation from B, to B,,s through
an acute angle is counter clockwise for the cases of positive chirality and clock-
wise for negative chirality. This is consistent with positive and negative SSA

respectively, by definition. Thus, the sign of SSA will bear the same sign of the
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chirality.
The potential field has been computed using the method of Sakurai (1989).
Spatial average of the SSA (SASSA) obtained for a whole sunspot is taken as the

global value of SSA for that sunspot.

4.4 The Data Analysis and Results

We have used the following formula to compute the local o values

o= %. (4.1)

The global a value of the active regions is estimated from the following formula

as described in Tiwari et al. (2009a)

(% - BB, 5
ag= T (42)

This estimate was shown to be not seriously affected by the polarimetric
noise (Tiwari et al., 2009a). Moreover, since oy is weighted by strong field values
(Hagino and Sakurai, 2004) and not affected by singularities at polarity inversion
lines (Tiwari et al., 2009a), this parameter is more accurate than a simple average
of local «.

The force-free parameter « involves three dimensions since it basically rep-
resents the rate of change of rotation per unit axial length. The SSA is the
rotational deviation of the projection of the field onto the photosphere from that
of a reference current-free field. The o parameter is a gradient of angle per unit
length while SSA is just an angle. We therefore cannot expect a strong correlation
between the amplitudes of both the quantities, the SSA and the a parameter.

But we do find a good correlation between their signs as evident from Table 4.1.
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Signed shear angle (SSA) provides the sign of twist irrespective of whether
the photospheric magnetic field is force-free or not. Table 4.1 shows that the sign
of a, is same as the sign of spatially averaged signed shear angle (SASSA). Thus,
we conclude that even if the photosphere is non force-free, the sign of global «
will empirically give the sign of SASSA and therefore the sign of global twist
(chirality) of the sunspots.

To avoid any kind of projection effect we have transformed the data sets to
disk center (Venkatakrishnan and Gary, 1989) if the observed sunspot is more
than 10 degrees away from the disk center. In some active regions both the
polarities are compact enough to be studied separately. We have treated each
pole of those active regions as an individual sunspot and this is denoted in the
Table 4.1 after the NOAA no. of sunspots by plus or minus sign.

Two examples of the local « distribution for the data sets obtained from
Hinode (SOT/SP) are shown in Figure 4.2. The positive/negative contours are
shown in red/blue colors. The local o patches are seen in the umbra and fila-
mentary distribution of « is observed in the penumbral region. We find that the
inclination angles oscillate between ~ 30-80 degrees when we go along azimuthal
direction. This is consistent with the interlocking-comb penumbral structure
(Ichimoto et al., 2007) of the penumbral magnetic fields. The vertical current J,
198, d 19205s)

has two components, viz. —: e

. If we approximate the observed

transverse field (B;) to be mostly radial (B; ~ B,) then we can interpret the az-

imuthal variation of J, to result from the term —1 2B

r 0¢ °
%% could be an important contributor

This term is not expected
to contribute to global twist. However
to the global twist. A detailed investigation of this interesting possibility is de-
ferred to another investigation. For the present, we obtain positive and negative

values of current side by side in the penumbra. Because the o parameter depends
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on the current, this oscillation across the penumbral filaments is expected for the
a values too.

The distribution of vertical current and local « in the penumbra show higher
values than that in the umbral regions. An arc and a straight line, selected
respectively in the penumbra and umbra of AR NOAA 10933 have been over
plotted as shown in the upper panel of Figure 4.2. The corresponding values of
vertical current and « along the arc and the line are shown in the Figure 4.3(a) and
Figure 4.3(b) respectively. We can see that both the positive and negative vertical
current as well as «a are equally distributed in the penumbra along the azimuthal

direction. This gives a negligible contribution to the global current and global

10B,

- 94 is indeed small. We

« values thereby indicating that the contribution of —
have selected an arc rather than the complete circle because many times sunspots
are not circular and therefore selecting a proper penumbral region is not possible
for a full circle. Similar arcs have been selected in the other sunspots and all the
time it is seen that both the positive and the negative vertical current as well as
a are distributed equally in the penumbra giving negligible contribution to their
global values. While current and « variations are correlated for positive B, , they
will be anti correlated for negative B..

Figure 4.3(b) shows a typical profile of spatial variations of current and «
across the umbra (along the line) in the AR NOAA 10933 shown in the upper
panel of Figure 4.2. We see that the amplitude of variation of « in the umbra is
smaller than that in the penumbra by approximately an order of the magnitude
and is of the same order as that of the global « value of the whole sunspot. The
amplitude of current density variations is not very much smaller than that in the
penumbra but are less balanced out than in the penumbra.

In the lower panel of Figure 4.2, an arc like structure (partial ring) with
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Local Alpha Map(NOAAT0933:05Jan07:0708hrs)
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Figure 4.2: Two examples of local « distribution observed in Hinode (SOT/SP)
data. The background is the continuum image. The red and blue contours
represent positive and negative values of « respectively. The contour levels are
+1x1073m™1, £5x 107 8m !, and 10 x 10~3m~'. The values of vertical current
and « along the arc shown in the penumbra of the image in the upper panel, is
plotted in Figure 4.3(a) and those along the straight line in the umbra are plotted

in Figure 4.3(b).
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Figure 4.3: Plots of vertical current and « values along (a) the arc and (b) the
straight line shown in the penumbra and umbra of AR NOAA 10933 (upper
panel of Figure 4.2) respectively. Black and red colors represent the current and
« values respectively. The mean values of both the vertical current and the «
values with their 1o standard deviations in the arc and the line are printed on

the plots in their respective colors.
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bunch of red contours (positive «) can be observed. This is opposite to that of
the dominant negative global « of the sunspot. Such partial rings with opposite
sign of the global value are observed in 10 of the sunspots from our sample. In
the rest of the sunspots, mixed current and « are present in the umbra with one
dominant sign and no such specific structures are seen at the umbral-penumbral
boundaries.

A few sunspots in our data sets studied are small and have no penumbra.
Some ASP data doesn’t show fine structures in penumbra due to lack of spatial
resolution. We have included these active regions in our study to look at the
hemispheric behaviour of the global twist.

Most of the data sets we studied are observed during the declining minimum
phase of the solar cycle 23. All except five of the sunspots observed follow the
reverse twist hemispheric rule, while five follow the conventional twist hemispheric
rule. The detailed discussion about this interesting result is deferred to Chapter

8.

4.5 Discussion and Conclusions

We have introduced the concept of SSA for sunspots and further find that the
SASSA and the global « value of sunspots have the same sign. Thus, « gives the
same sign as the SSA and therefore the same sign of the photospheric chirality
of the sunspots, irrespective of the force-freeness of the sunspot fields. As can
be observed from the Table 4.1, the magnitudes of SASSA and «ay, are not well
correlated. This lack of correlation could be due to a variety of reasons: (a)
departure from the force-free nature (b) even for the force-free fields, « is the

gradient of twist variation whereas SASSA is purely an angle. The missing link is
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the scale length of variation of twist. The magnitude of SASSA, therefore, holds
promise for characterizing global twist of the sunspot magnetic fields, irrespective
of its force-free nature.

Patches of vertical current and o with opposite signs are present in the umbra
of each sunspot studied. One sign of a dominates in the umbra which is also seen
to be the sign of the global a of the sunspot. Similarly, the magnitude of the
global « is of the same order as the amplitude of variation of the local « in the
umbra.

The filamentary structures of vertical current density and local a are observed
in the penumbra of the sunspots and are, as discussed above, due to oscillatory
behaviour in the inclination values and therefore gradients of the transverse field
in the azimuthal direction. We find that the contributions of both positive and
negative values of vertical current density and « to their global values cancel each
other in the penumbra of the sunspot. Thus the penumbral fine structures provide
a negligible contribution to the global a and current values of sunspots. The
spatial variation of curl B (and thus current density) depicts the local variation
of the Lorentz force and thus the local variation of the external forces exerted by
the plasma on the field. The amplitude of « variation is approximately an order
of magnitude smaller in the umbral regions than that in the penumbral regions
and is of the order of the global a of the whole sunspot.

Partial rings with opposite signs to that of dominant sign of umbral « are ob-
served at the umbral-penumbral boundaries in 10 out of the 43 sunspots studied.
However even in these few cases, the rings are never complete in any sunspot.
Su et al. (2009) have connected the ring-like structure to the draping of poloidal
field around the toroidal field as suggested by Chatterjee et al. (2006).

Most of the AR’s observed do not follow the twist hemispheric rule. This
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issue of hemispheric rule needs to be reinvestigated over a longer period as well
as with improved data and is discussed in detail in Chapter 8.

Some researchers have tried to predict flare activity from local distribution of
a as well as global « values of sunspots (Nandy (2008); Hahn et al. (2005) and ref-
erences therein). Nandy (2008) concluded from a study of AR 6982 that the global
twist present in a sunspot does not influence the flaring activity. It is rather, gov-
erned by the spatial distribution and evolution of twisted sub-structures present
in the sunspot. This conclusion indeed needs more study. We have addressed, in
Chapter 6, the question of relation between flaring activity and the role of global
twist present in a large number of vector magnetograms of two sunspots.

For the present, we demonstrate that the sign of the SASSA provides the sign
of the photospheric chirality irrespective of its force-free nature. The sign of the
global « of a sunspot is determined by the dominant sign of umbral o values

without much contribution from the penumbral a values.
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Chapter 5

Absence of Photospheric Net
Currents in Presence of
Significant Global Twist of

Sunspots

5.1 Introduction

In continuation of the study of the fine structures in the sunspots presented in the
last chapter, we present the analysis of 14 high-resolution vector magnetograms
and the results for the net electric currents along with their global twist values
in this Chapter.

As discussed in the earlier chapters, we know that the sunspots have shown
evidence for twist even from the time of Hale (1925, 1927) who postulated the

hemispheric rule for the chirality of chromospheric whirls. This was later con-
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firmed with a larger data set by Richardson (1941). Evidence for photospheric
chirality was noticed even in early continuum images of sunspots, obtained with
exceptional image quality. Later, global twist was inferred from the non-vanishing
averages of the force-free parameter using photospheric vector magnetograms
(Pevtsov et al. (1994); Hagino and Sakurai (2004); Nandy (2006) and references
therein). The non-force-free nature of photospheric magnetic field in the sunspots,
prompted Tiwari et al. (2009b) to propose the spatially averaged signed shear an-
gle (SASSA) as a more robust measure of the global twist of the sunspot magnetic
field. This method has been described in Section 4.3.

Although, the sign of the SASSA matches well with the sign of the global
« parameter, the magnitudes are not correlated. The physical significance of a
globally averaged « parameter rests heavily on the existence of a net current in
the photospheric sunspot magnetic field. One way of arriving at a global « is by
taking the ratio of net vertical current to the total flux (integral method). This
value was found to agree with the values obtained by other methods (Hagino and
Sakurai, 2004).

The global twist and net current is expected to be well correlated for a mono-
lithic sunspot magnetic field, by Ampere’s Law. However, the existence of a net
current is ruled out theoretically for fibril bundles as well as for monolithic fields
with azimuthal field decreasing faster than 1/w, where w is the radial distance
from the spot center (Parker, 1996). On the other hand, Melrose (1992, 1995)
believes that there must be a current in the lower reaches of the solar atmosphere
due to the magnetic coupling between the photosphere and the corona. Several
attempts to resolve this problem using vector magnetograms have not been very
conclusive so far (Wilkinson et al., 1992; Leka et al., 1996; Wheatland, 2000).

The poor resolution of the earlier vector magnetogram data perhaps did not al-
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low them to reach an ultimate conclusion. Although, Wheatland (2000) made
an effort for the same using significant number (21) of vector magnetograms, it
seems lack of high resolution did not allow him the clear results. He got net
currents present in some cases and absent in some. However, he concluded in
favour of presence of net current in the monopoles of sunspots depending on the
majority of such cases in his data sets.

A resolution of this problem can be used to disentangle the relation between
global twist and the global o parameter. Also, the resolution is needed to evaluate
the so called hemispheric helicity rule seen in the global o parameter calculated
from photospheric vector magnetograms (Pevtsov et al., 1994, 1995; Hagino and
Sakurai, 2004; Nandy, 2006). The availability of high resolution vector magne-
tograms from Hinode (SOT/SP), gives us the best opportunity so far to address
this problem. The effect of polarimetric noise is expected to be negligible in the
estimation of magnetic parameters (Tiwari et al., 2009a) from these data.

In the next Section, we obtain an expression for the net current using a general-
ization of the expression obtained by Parker (1996). We then proceed to measure
this current from several vector magnetograms of nearly circular sunspots. We

finally discuss the results and present our conclusions.

5.2 Expression For Net Current

We consider a long straight flux bundle surrounded by a region of “field free”
plasma following Parker (1996). The words “field free” is used in an approximate
fashion meaning that there is no large scale coherent and unipolar background
magnetic field surrounding the flux bundle. Also, we include the case where the

bundle can be replaced by a monolithic field. Parker (1996) assumed azimuthal
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symmetry as well as zero radial component B,., of the magnetic field. For realistic
sunspot fields, we have already seen the ubiquitous fine structure of the radial
magnetic field. Hence, we need to relax both these assumptions.

The vertical component of the electric current density consists of two terms,
1 0B,

) a(rB,
vig, —L9Br and L 20By)

- . We will call the first term as the “pleat current
por Oy por  Or

density”, j, and the second term as the “twist current density”, j,. The total

current I, within a distance w from the center is then given by

2m w
L(@) = [ av [“rdrG, + o) (5.1)
The v integral over j, vanishes, while the second term yields
w 27
L(w) = = [ dvBy(w, ) (5:2)
Mo JO

which gives the net currents within a circular region of radius w.

5.3 The Data Sets and Analysis

We have analyzed the vector magnetograms obtained from Solar Optical Tele-
scope/ Spectro-polarimeter (SOT/SP: Tsuneta et al. (2008); Shimizu et al. (2008);
Suematsu et al. (2008); Ichimoto et al. (2008)) onboard Hinode (Kosugi et al.,
2007). The calibration of data sets have been performed using the standard
“sp_prep” routine available in the Solar-Soft package. The prepared polarization
spectra have the been inverted to obtain vector magnetic field components using
an Unno-Rachkowsky (Unno, 1956; Rachkowsky, 1967) inversion under the as-
sumption of Milne-Eddington (ME) atmosphere (Landolfi and Landi Degl’Innocenti,
1982; Skumanich and Lites, 1987). We have used the inversion code “Strokesfit.pro”
which has been kindly, made available by late Prof. T. R. Metcalf as a part of

Solar-Soft package. We have used the newest version of this code which returns
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true field strengths along with the filling factor. The azimuth determination has
inherent 180°ambiguity due to insensitivity of Zeeman effect to a 180° flip in the
azimuth. Numerous techniques have been developed and applied to resolve this
problem, but not even one guarantee for the complete resolution of it. The 180°
azimuthal ambiguity in our data sets are removed by using acute angle method
(Harvey, 1969; Sakurai et al., 1985; Cuperman et al., 1992). For regions with
modest magnetic shear this method is more than adequate to resolve the ambi-
guity. It is only in places of high magnetic shear that the ambiguity becomes
almost impossible to resolve. Fortunately all the active regions studied here were
indeed devoid of very high magnetic shear.

Like in earlier chapter, the noise filtering is done in the data sets used in this
work. In order to minimize the noise, pixels with transverse (B;) and longitudinal
magnetic field (B,) greater than a certain level are only analyzed. This threshold
value is determined as follows: A quiet Sun region is selected for each sunspot and
the 1o standard deviation in the three vector field components B,, B, and B,
are evaluated separately. The resultant standard deviations of B, and B, is then
taken as the 1o noise level for transverse field components. Likewise the standard
deviation of B, is taken as the 1o noise level for the line of sight magnetic field
component.

Only those pixels where longitudinal and transverse fields are simultaneously
greater than twice the above mentioned noise levels are analyzed. The data
sets with their observation details are given in Table 5.1. We have treated each
polarity of a bipolar active region as an individual sunspot whenever both the
polarities are observed and compact enough to be studied.

The results of the inversions yield the 3 magnetic parameters, viz. the field

strength B, the inclination to the line of sight 7, and the azimuth ¢. These
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parameters are used to obtain the 3 components of magnetic field in Cartesian

geometry as

B, = Bcosvy (5.3)
B, = Bsinysin¢ (5.4)
B, = Bsin~ycos ¢ (5.5)

These equations have already been described in Chapter 1.
This vector field is then transformed to heliographic coordinates (Venkatakr-
ishnan and Gary, 1989) for the spots observed at viewing angle more than 10°.

The transverse vector is then expressed in cylindrical geometry as

1
B, = ~(«B. +yB,) (5.6)

By =

S e

(—yB, + xB,) (5.7)

The azimuthal field By is then used in Equation 5.2 for obtaining the value for
the total vertical current within a radius w.

We have computed “twist angle” for all the sunspots using By, and B, as
follows:

Twist angle = tan™'(B,/B,) (5.8)

The value of twist angle for each sunspot has been given in Table 5.1.

The error in “twist” measurement is simply the error in azimuth measurement.
We can calculate the azimuth under weak field approximation from tan2y =
U/Q. Now, we can estimate the error in ¢ as equal to percentage error in linear
polarization measurements. Thus a 1% error in polarimetry means the error in
¥ is equal to 0.01 radians or 0.57 degrees. We have verified using Monte-Carlo
simulations (Gosain et al., 2009, in preparation) that the error in 1) is consistent

with the value estimated from the weak field approximation.
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Figure 5.1: Examples of the two components of the vertical electric current den-
sity namely the “twist” and the “pleat” current densities (j; and j,) observed
in NOAA AR 10933 are shown in the upper panel. The lower panel shows the

azimuthal and radial component of the magnetic field (B, and B,).
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Table 5.1: List of the active regions studied. The power index ¢§: the slope of

decrease of B, value, the twist angle, the spatially averaged signed shear angle

(SASSA) and other details of the sunspots are given:

AR No. Date of  Slope Shear Angle Twist Angle Position Hemisph.
(NOAA) Observation d  (SASSA: deg) ( deg) Hel. Rule
10969 29 Aug 2007 7.514 —4.488 —4.009  S05W33(t) No
10966 07 Aug 2007 4.349 —5.120 —7.028 S06E20(t) No
10963(—) 12 Jul 2007 4.366 —5.123 41.873" S06E14(t) No
10963(+) 12 Jul 2007 4.210 —4.495 —5.112 SO06E14(t) No
10961 02 Jul 2007 4.976 —4.973 29.451%  S10W16(t) No
10960 07 Jun 2007 3.267 3.182 —24.012¢ S07TWO03 Yes
10953 29 Apr 2007 8.249 —3.382 7.2007 S10E22(t) No
10944 03 Mar 2007 2.407 —4.635 —5.130  S05W30(t) No
10940 01 Feb 2007 2.281 —4.726 —7.950 S04W05 No
10933 05 Jan 2007 9.584 —3.103 —2.689 S04W01 No
10930(—) 12 Dec 2006 0.203 —6.676 34.001*  S05W21(t) No
10930(+) 12 Dec 2006 1.864 —18.067 —20.124  S05W21(t) No
10926 03 Dec 2006 2.750 —1.538 6.001% S09W32(t) No
10923 10 Nov 2006 3.175 0.785 —9.010¢  S05W30(t) Yes

(t) : transformed

f o twist angle for irreqular sunspots does not fit to a cylindrical assumption and

therefore gives incorrect values.
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We can see in the Table 5.1 that the twist angle for regular sunspots match well
with the SASSA as expected whereas they do not match for irregular sunspots.

It can also be observed from the Table 5.1 that only 2 out of 14 sunspots
follow the hemispheric helicity rule, while the remaining 12 sunspots follow the

reverse hemispheric helicity rule.

5.4 The Results

Figure 5.1 shows an example of the maps of twist current, pleat current, B,
and B, for a sunspot NOAA AR 10933 which is nearly circular. Figure 5.2(a)
shows plots of B, and B, along with the different concentric circles around spot
center. In Figure 5.2(b), the spatial variation of both By, and B, are clearly
seen. This variation is corresponding to a typical circle selected in the penumbra.
The B, variation in the penumbra is a manifestation of the interlocking combed
structure (Ichimoto et al., 2007; Tiwari et al., 2009a). The B, variation in the
penumbra shows that not only is there an interlocking combed structure, but these
structures are curled as well. In other words, we may describe the penumbral field
as possessing a “curly interlocking combed” structure. Mathew et al. (2003) also
mention the deviation of the vector field azimuths from a radial direction in the
magnetic field of a sunspot belonging to NOAA AR 8706, using the infra-red Fel
line pair at 1.56 micron, but did not emphasize their result perhaps due to a
single case.

The azimuthal averages < B, > and < By, > were obtained at different values
of w. Figure 5.2(c) shows the plots of < B, > and < By > as a function of w.
The circles corresponding to the selected radii are shown in the upper panel of

the same figure. The azimuth-averaged < B, > drops rapidly to a very low value
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Figure 5.2: (a): The same image as the lower panel of Figure 5.1 but with
concentric circles over plotted on them. (b): Plots of B, and B, along the
periphery of a typical circle (45" pixel away from center) selected in the sunspot.
(c): The mean B, and the mean B, with % and % of their variations respectively
along radial direction for different values of @ have been plotted.
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at the edge of the sunspot. This is a clear evidence for the existence of a canopy
where the field lines lift up above the line forming region. It must be remembered
however, that this feature of the B, variation would be difficult to observe in a
complex active region because of the multiplicity of the canopies. Figure 5.3
shows the plot of log < B,, > as a function of log w. The slope d of the declining
portion of this plot is 9.584, which shows that field varies faster than 1/w. This
can be construed as evidence for the neutralization of the global current. The ¢
for other sunspots have also been computed and are given in Table 5.1.

Figure 5.5 shows the net current within a radius w as a function of w. As
expected from the trend in Figure 5.3, the net current shows evidence for a rapid
decline after reaching a maximum. Similar trends were seen in other sunspots.
Table 5.1 shows the summary of results for all the sunspots analyzed. Along with
the power law index 0 of By, decrease, we have also shown the average deviation
of the azimuth from the radial direction (“twist angle”), as well as the SASSA.
The average deviation of the azimuth is well correlated with the SASSA for nearly
circular sunspots, but is not correlated with SASSA for more irregularly shaped
sunspots. Thus, SASSA is a more general measure of the global twist of sunspots,
irrespective of their shape.

Negative polarity of complex NOAA AR 10930 does not show fall of net
current so rapidly as in other sunspots tabulated in the Table 1. Due to the close
proximity of the opposite polarity spots the field lines could have been bent in
such a manner that the canopy forms below the line forming region. Alternately,
the plurality of the canopies could also lead to a slower decline of the < B,, > as
a function of w starting from the center of the sunspot.

Infrared line observations could perhaps resolve this problem as posed by the

observations such as of AR 10930.
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Figure 5.3: Variation of log < By, > with log . The slope of the declining
portion of the plot has been calculated as a simple power law index 0 for each

sunspot and has been given in Table 5.1.
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Figure 5.4: The map of vertical current density j, for NOAA AR 10933 is shown
with intensity scale. The values are expressed in Giga Amperes per square meter
(GA/m?) We can see that it is difficult to infer an opposite current in inner and

outer portions of the sunspot respectively.
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Figure 5.5: The net current variation with increasing area has been shown. The
solid line shows the results of the calculations from the Equation 5.2. Also shown,
by a dashed line, is the results from the derivative method. We can see the net
current reduces very fast after a peak and almost vanishes for complete sunspot.
On the other hand the net current computed from the derivative method shows

a shallow behaviour.
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It is worth mentioning that the different observational results obtained earlier
(Wilkinson et al., 1992; Leka et al., 1996; Wheatland, 2000) could be due to
the different spectral lines used for the measurements, since it is now very much
evident from SIR inversions of sunspot data, that there could be large depth
variation of the magnetic parameters even within the line forming region (Louis

et al., 2009).

5.5 Discussion and Conclusions

It is well known for astrophysical plasmas, that the plasma distorts the magnetic
field and the curl of this distorted field produces a current by Ampere’s law
(Parker, 1979). Parker’s (1996) expectation of net zero current in a sunspot
was chiefly motivated by the concept of a fibril structure for the sunspot field.
However, he also did not rule out the possibility of vanishing net current for a
monolithic field where the azimuthal component of the vector field in a cylindrical
geometry declines faster than 1/c. While it is difficult to detect fibrils using the
Zeeman effect, notwithstanding the superior resolution of SOT on Hinode, the
stability and accuracy of the measurements have allowed us to detect the faster
than 1/w decline of the azimuthal component of the magnetic field, which in
turn can be construed as evidence for the confinement of the sunspot field by the
external plasma. The resulting pattern of curl B appears as a sharp decline in
the net current at the sunspot boundary.

If this lack of net current turns out to be a general feature of sunspot magnetic
fields in the photosphere, then measurement of helicity from a global average
of the force-free parameter becomes suspect. On the other hand, sunspots are

evidently twisted at photospheric levels, as seen from the non-vanishing average
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twist angle as well as the SASSA (Table 5.1). Although the existence of a global
twist in the absence of a net current is possible for a monolithic sunspot field
(Baty, 2000; Archontis et al., 2004; Fan and Gibson, 2004; Aulanier et al., 2005),
a fibril model of the sunspot field can accommodate a global twist even without
a net current (Parker, 1996) A sunspot, made up of a bundle of magnetically
isolated current free fibrils, can be given an overall torsion without inducing a
global current.

The spatial pattern of current in a sunspot is really a manifestation of the de-
formation of the magnetic field (viz., V x B) by the forces applied by the plasma.
The Lorentz force exerted by the field on the plasma produces an equal and op-
posite force by the plasma, thereby confining the field. Thus our analysis actually
shows the pattern of the forces exerted by the plasma on the field. The sharp
decline of the azimuthal field with radial distance thus shows the confinement of
the sunspot magnetic field by the radial gradient of the plasma pressure.

Theoretical understanding of the penumbral fine structure has improved con-
siderably in recent times (Thomas et al., 2002; Weiss et al., 2004). The onset
of a convective instability for magnetic field inclination exceeding a critical value
was proposed by Tildesley (2003) and Hurlburt et al. (2002). A bifurcation in
the onset (Rucklidge et al., 1995) could explain other features like hysteresis in
the appearance of penumbra as a function of sunspot size. Numerical simulation
of magneto-convection also steadily improved (Heinemann et al., 2007; Rempel
et al., 2009b), culminating in very realistic production of penumbral field struc-
ture (Rempel et al., 2009a). It is possible, owing to the random and stochastic
nature of convective structures, that no net twist in the simulated spot field would
be produced by convection for negligible Coriolis force. If so, it would be very

interesting to simulate magneto-convection in a twisted sunspot field. In this
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case, would the resulting fine structure mimic the observed “curly interlocking
combed” structure of the penumbral magnetic field? If not, we must look else-
where for explaining the “curly interlocking combed” structure. A twisted fibril
bundle would then be a solution. Recent examples of filamentary penumbral
structures based on such cluster models (Solanki and Montavon, 1993; Spruit
and Scharmer, 2006; Scharmer and Spruit, 2006) have also been proposed.

Melrose (1992, 1995) asserts that there is always a net longitudinal current
with important physical consequences. He believes that there must be a magnetic
coupling between the coronal current to photospheric current as included in a solar
flare model given by Gold and Hoyle (1960). Melrose (1995) suggests a simple
way of including such coupling and that is through a time-dependent inductance
or a mutual inductance in a circuit model (E-j paradigm). He argues that the
magnetic field B and fluid velocity v (B-v paradigm) are incomplete for the proper
formulation of large-scale dynamics of the solar magnetic field. And this should
be supplemented by the considerations on the electric current j. He describes
his ideas of the solar flares dynamics completely in terms of electric currents and
circuits (E-j paradigm). Parker (1996) argues that, the E-j paradigm may be true
only for microphysics of the fluid where local production of plasma turbulence and
anomalous resistivity, electric double layers, or particle acceleration at restricted
sites within the magnetic fields, are possible, and can not be true for the large-
scale dynamics of the fluid and magnetic field as is the case in the Sun. Parker
(1996) believes that the dynamics of the fluid and field is completely determined
by the initial conditions and the boundary conditions on B and v and not on E
and j. The initial conditions of B and v specify the dynamical problem to be
treated e.g., a flare in the corona.

However, Parker agrees that there can be a real and net longitudinal current
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in the photosphere, only insofar as the magnetic field is not in a fibril state.
Also, a net longitudinal current would be inferred for a non-fibril (monolithic)
mono-polar magnetic region for which the encircling transverse magnetic field B |
declined outward as 1/w. A faster decline, as is seen in our analysis, indicate
no net current. So, from our results viz., no net current in the monopole of
sunspot fields and decline of B faster than 1/w, we can not conclude whether
the sunspots are in the fibril state or in the monolithic state.

Parker (1996) also mentions the possibility of global currents in the corona,
continuing down to the height where the first splicing takes place. In other
words, the individual magnetic fibrils on the lower reaches of the solar atmosphere
expand above the photosphere to fill all the available space and thus, the field
does not remain in the fibril state in the corona but merges in forming a tissue
of contiguous flux bundles with a net current in the corona (Parker, 1981a,b,
1983a,b, 1994). The net longitudinal current remains zero, and the overall torsion
of the magnetic field involves the currents within each flux bundle and also, it
involves the equal and opposite currents present in the boundaries between the
contiguous flux bundles (Parker, 1979, Pp.172). The total longitudinal current
falls to zero in the lower reaches where the field first cleaves. But the current
is conserved. Then, what happened to the longitudinal current flowing along
the continuous field at coronal heights? Parker (1996) answers this question as
follows: The splitting of a monolithic field into fibrils is not a force-free operation.
There are currents flowing perpendicular to the field on the surface of the each
fibril. The external fluid pressure confines the fibrils by pushing them inwards.
Plasma pressure decreases with height and thus the external pressure reduces,
thereby merging the fibril bundles into a monolithic field. It would therefore be

interesting to look for the net currents at higher reaches of the solar atmosphere.
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This is very important because several theories of flares (Melrose, 1995) and CME
triggers (Forbes and Isenberg, 1991; Kliem and T6rok, 2006) rely heavily on the
existence of net currents in the corona above the sunspots.

Future large ground based telescopes equipped with adaptive optics and multi
spectral line capabilities would go a long way in addressing these issues. In the
meantime, direct measurement of the global twist of sunspots using parameters
like the SASSA should serve as proxies for estimating the net currents of active
regions in the corona. The SASSA will also be a better parameter to base a fresh

look at the hemispheric rule in photospheric chirality.
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Chapter 6

Evolution of Active Region
Vector Magnetic Fields: Hinode
(SOT/SP) Observations

6.1 Introduction

Observing and monitoring the evolution of the vector magnetic field of an active
region by studying various magnetic parameters e.g. twist, can help us in pre-
dicting the solar eruptions on the Sun. Here, we study some of such parameters
which appear to be extremely useful to predict the eruptions on the Sun.
Magnetic shear at the polarity inversion lines have been studied for the pur-
pose of predicting flares by many researchers (e.g., Hagyard et al., 1984, 1990;
Ambastha et al., 1993; Hagyard et al., 1999). The magnetic energy computation
also has been made by these and many other researchers. But understanding and

predicting flares have not been yet possible. We make here an effort to decide
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a critical threshold of magnetic twist by studying two parameters. These pa-
rameters are: (1) spatially averaged signed shear angle (SASSA), which gives the
global twist present in a sunspot irrespective of force-free nature and shape of the
sunspot (Tiwari et al., 2009b); (2) force-free parameter a,, which gives the degree
of twist per unit axial length (Tiwari et al., 2009a) under force-free assumption.

We have studied the evolution of these parameters in time series vector magne-
tograms of one highly eruptive and another quiet sunspot. These parameters are
evaluated in many vector magnetograms of an active region (AR) NOAA 10930.
The AR 10930 was highly eruptive and is the most active sunspot observed by
Hinode. Three major X-class flares of X6.5, X3.4 and X1.5 were observed by
Hinode (SOT/SP) on 06, 13 and 14 December 2006 respectively. Many C and B
class flares were also associated with the same sunspot, as is shown in Table 6.1.

Various aspects of the AR 10930 have already been studied such as flux emer-
gence (Zhang et al., 2007; Kubo et al., 2007), sunspot rotation (Su et al., 2008)
evolution of magnetic field (Su et al., 2007; Moon et al., 2007; Wang et al., 2008a;
Schrijver et al., 2008; Guo et al., 2008), Ha flare ribbons (Isobe et al., 2007),
umbral dots (Bharti et al., 2007), intermittency in the photosphere (Abramenko
et al., 2008), radio burst events (Yan et al., 2007; Wang et al., 2008b), coro-
nal mass ejections (Liu et al., 2008), magnetic helicity evolution (Magara and
Tsuneta, 2008), filament eruption (Williams et al., 2009), helicity sign at differ-
ent heights in the solar atmosphere (Tiwari et al., 2008, 2009¢c), penumbral flows
(Tan et al., 2009), its relation to extreme ultraviolet (EUV) emissions (Harra
et al., 2009), temporal development of a-distribution (Magara, 2009), coherent
lateral motion of penumbral filaments (Gosain et al., 2009) etc.

We have also studied the evolution AR NOAA 10961 which is a non-eruptive

sunspot observed by SOT. Our purpose of this study is to find the difference
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between the evolution of erupting and non-erupting active regions (ARs). Is it
possible to decide a critical threshold of twist for different classes of X-ray flares.

In the following section (Section 6.2), we discuss the magnetic parameters: the
SSA and the force-free parameter «, very briefly. In Section 6.3, we describe the
data sets used. Section 6.4 describes the analysis and results obtained. Finally

in Section 6.5 we present our conclusions.

6.2 A Brief Description of the Parameters Stud-

ied: the SSA and the «

6.2.1 The SSA

Signed shear angle (SSA) represents the angular deviation of observed transverse
vectors from the potential transverse vectors with positive or negative sign. The
spatially averaged value of SSA (SASSA) is taken to infer the global twist of the
whole sunspot. This parameter gives the actual twist present in the sunspots
irrespective of the force-free nature (Tiwari et al., 2009b) and shape of sunspots
(Venkatakrishnan and Tiwari, 2009). For more details, we refer the readers to

follow the above two references and Chapters 4 and 5 of this thesis.

6.2.2 The a Parameter

The spatially averaged or global value of force-free parameter o has been used to
infer the twist as well as the sign of magnetic helicity for a long time. Both the
two inferences are physically incorrect (Tiwari et al., 2009a). The « parameter

actually gives the degree of twist per unit axial length (see Appendix A of Tiwari

100



et al. (2009a)). The photosphere is not really force-free (Metcalf et al., 1995)
and net current in a sunspot does not exist (Venkatakrishnan and Tiwari, 2009),
thereby preventing us to believe on the existence of a global «.

On the other hand, the global alpha () values of sunspots bear the same sign
as the global twist of sunspots (Tiwari et al., 2009b). However the magnitudes are
not correlated. The o, gives the axial gradient of twist of sunspots under force-
free condition. Why does the azimuthal twist correlate with the axial gradient of
twist in sign? This question is still unanswered. We therefore, considered the «

parameter too in our present study.

6.3 The Data Sets Used

We have used the series of vector magnetograms of an eruptive AR NOAA
10930 and a non-eruptive AR NOAA 10961 obtained from the Solar Optical
Telescope/Spectro-polarimeter (SOT/SP: Tsuneta et al. (2008); Suematsu et al.
(2008); Ichimoto et al. (2008)) onboard Hinode (Kosugi et al., 2007).

The Hinode (SOT/SP) data have been calibrated by the standard “SP_PREP”
routine developed by B. Lites and available in the Solar-Soft package. The pre-
pared polarization spectra have been inverted to obtain vector magnetic field com-
ponents using an Unno-Rachkowsky (Unno, 1956; Rachkowsky, 1967) inversion
under the assumption of Milne-Eddington (ME) atmosphere (Landolfi and Landi
Degl’Innocenti, 1982; Skumanich and Lites, 1987). We use the "STOKESFIT”
inversion code developed by T. R. Metcalf and available in the Solar-Soft pack-
age. The latest version of the inversion code is used which returns the true field
strengths along with the filling factor.

There is an inherent 180° ambiguity in the azimuth determination due to
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insensitivity of Zeeman effect to a 180° flip in the azimuth. Numerous techniques
have been developed and applied to resolve this problem, still complete resolution
is not possible. The chromospheric and coronal structures are also proposed to
complement the other methods. The 180° azimuthal ambiguity in our data sets
have been removed by using acute angle method (Harvey, 1969; Sakurai et al.,
1985; Cuperman et al., 1992). All the data sets used, have high spatial sampling
with ~ 0.3 arcsec/pixel. A few observations are observed in “Normal mode” of
SOT with a spatial sampling of ~ 0.16 arcsec/pixel.

The noise in the data has been minimized in the following way: the pixels
having transverse (B;) and longitudinal magnetic field (B,) values greater than
a certain level are only analyzed. To decide this critical threshold, a quiet Sun
region is selected for each sunspot and lo deviation in the three vector field
components B,, B, and B, are evaluated separately. The resultant deviation in
B, and B, is then taken as 1o noise level for transverse field components while
the deviation in B, is taken as the 1o noise level for the line of sight field. Only
those pixels with longitudinal and transverse fields simultaneously greater than
twice the above mentioned noise levels are analyzed.

We have also used the GOES X-Ray plots to infer the position of different
flares during 8-15 December 2006. The data sets with their observation details
are given in Table 6.1. The flares related with sunspots at different times are
given in this table. The dotted lines in Figures 6.8 and 6.9 show the times of
these flares along with the values of SASSA, and global a. The results in detail

are given in the following section.
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Table 6.1: List of the X-Ray flares associated with the active regions studied:

NOAA 10930 and NOAA 10961.
AR NOAA 10930 AR NOAA 10961

Date & Time(UT) X-Class Flares Date & Time(UT)  X-Class Flares

06 Dec 2006: 1845 X6.5 27 Jun 2007: 1800 B9
07 Dec 2006: 1910 M2 28 Jun 2007: 1715 B3
08 Dec 2006: 0435 B6 29 Jun 2007: 2010 B9
08 Dec 2006: 2020 B3 30 Jun 2007: 0135 A4
09 Dec 2006: 1055 C1 30 Jun 2007: 1925 A2
09 Dec 2006: 1915 B2 01 Jul 2007: 0825 B2
10 Dec 2006: 0730 Bb5 01 Jul 2007: 2150 B1
10 Dec 2006: 1715 Bl 02 Jul 2007: 0345 A0
11 Dec 2006: 0815 C2 02 Jul 2007: 2245 A0
11 Dec 2006: 1745 B1 03 Jul 2007: 0025 A0
12 Dec 2006: 2245 B6 03 Jul 2007: 1910 A0
13 Dec 2006: 0240 X3.4 04 Jul 2007: 1330 A7
13 Dec 2006: 1825 C1 04 Jul 2007: 2005 Al
14 Dec 2006: 2215 X1.5 05 Jul 2007: 0515 A2
15 Dec 2006: 0000 C2 05 Jul 2007: 2245 A0
16 Dec 2006: 0910 B8 06 Jul 2007: 0340 Al
16 Dec 2006: 2025 B3 06 Jul 2007: 2245 A0
17 Dec 2006: 1710 C2
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Figure 6.1: Plots of the time variation of the X-ray flux from the GOES 12
satellite. Upper panel: The data ranges from 09 December 2006 to 15 December
2006. Wavelengths are given on the plots itself. Lower panel: The X-ray plots of
June 28, 2007 to July 4, 2007 are shown. We can see that the activity was more
in NOAA AR 10930 and it was less in NOAA AR 10961. Only a few (mostly A
and B class) small flares occurred in NOAA AR 10961 whereas NOAA AR 10930
was very active. Many C-class flares were occurring and two X-class flares can
be observed in the upper panel. The details are also given in Table 6.1.
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6.4 Data Analysis and Results

The Figure 6.1 shows GOES X-Ray plots of different X-class flares observed for
many days during the passage of AR NOAA 10930 and NOAA 10961. We can
see that the activity in NOAA 10930 increases with time. The reverse behaviour
can be observed for NOAA 10961.

A large number (34) of vector magnetograms of NOAA AR 10930 have been
analyzed. Also, 28 vector magnetograms of NOAA AR 10961 are analyzed to
study the evolution of these sunspot magnetic fields. The continuum images of
some of these sunspots NOAA 10930 and NOAA 10961 are shown in the Figures
6.2 and 6.5 respectively. It can be seen that the small and positive polarity of
NOAA AR 10930 gets high twist with time and get diffused and separated from
the big opposite polarity spot with time. Similarly, a small portion of the NOAA
AR 10961 goes away and gets diffused with time. But unlike to the case of NOAA
AR 10930, this small region is of the same polarity.

Corresponding transverse vectors and contours of vertical fields for both the
sunspots NOAA AR 10930 and NOAA AR 10961 are shown in Figures 6.3 and
6.6 respectively. From the figures, it can be noticed that the vectors in the big
and negative spot in NOAA AR 10930 do not evolve much, but the small positive
spot show significant evolution of transverse vectors. They show small twist in
the beginning and increase with time. Afterwards, the vectors show patchy and
less twisted behaviour with diffused parts of this spot. The evolution of transverse
vectors can be also observed in NOAA AR 10961. In this case vectors are twisted
in the beginning and show decrease of twist with time. Only a few sunspots in
the beginning show a relative small twist. Also, the evolution of local « in these
two sunspots is shown in Figures 6.4 and 6.7.

Figure 6.8 shows the plots of global values of the SSA, and the alpha in NOAA

105



AR 10930. The dotted lines show the time and class of flares. The lines with big
dashes represent X-class X-ray flares and the lines with smaller dashes represent
C and B class flares respectively. From the plot of SASSA, it is very clear that
any X-class flare happened only when the SASSA was greater than —8 degrees.
If the SASSA is greater than —4 degree, only then C-class flares took place. If
SASSA is less than —4 degrees, only B-class flares happened. Similar plots for the
quiet sunspot NOAA AR 10961 is shown in Figure 6.9. Here the big dashes show
B-class flares positions and smaller dashed lines show A-class flares. No other
flares happened in this sunspot. We can see that the SASSA in this case also
indicate the similar behaviour. When the SASSA is greater than —2.5 degrees,
B-class flare happened. Only small A-class flares happened when SASSA is less
than —2 degrees. The exact time and class of flares can be seen in Table 6.1.
The lower panels of the Figures 6.8 and 6.9 show the evolution of global alpha
(cyy) in the both sunspots with time. We can see that the o, shows similar patterns
as SASSA with time, but the magnitudes does not show a proper difference
between the flaring and non-flaring sunspots. Thus, we should depend on the

SASSA for studying the evolution of twist in sunspot magnetic fields.

6.5 Discussion and Conclusions

From the upper panels the Figures 6.8 and 6.9, it is very clear that a critical
threshold of the SASSA can be given for each class of X-ray flare. Global «
behaves in similar way but the magnitudes do not show a significant difference
between the erupting and non-erupting cases. Thus, we conclude that the SASSA
can be used to predict the flare activity. Although, more investigations are re-

quired, the present study seems to promise for providing a better understanding
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of sunspot eruption leading to flares, CMEs and other associated events.

Once the routinely observed vector magnetograms are available, by calculating
the SASSA in series of vector magnetograms, a critical threshold for different X-
class flares can be established. This will provide the inputs to space weather
models.

Other parameters such as, magnetic energy and tension forces can also be
studied to provide a supplement for the SASSA. All these quantities, once studied
together, in a large number of cases will certainly provide a good prediction of

sunspot eruptivity.
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Figure 6.2: Plots of time series of continuum images of NOAA AR 10930. Three
images per day are shown for four days. We can see that the evolution of the

rotating positive pole is faster causing the eruption and afterwards becomes weak

and diffused.
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Figure 6.3: Plots of time series of transverse vectors of NOAA AR 10930. The
vertical field is taken as background. The blue and red contours denote negative
and positive polarities respectively. The contour levels are: 1000, 1500, 42000.
Three images per day are shown for four days. We can see that the evolution of

the rotating positive pole is faster and causes the eruption.
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Figure 6.4: Plots of time series of local a maps of NOAA AR 10930. Three images
per day are shown for four days. We can see that the evolution of the rotating

positive pole is faster and causes the eruption.
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Figure 6.5: Plots of time series of continuum images of NOAA AR 10961. Three
images per day are shown for four days. We can see that a small portion of
the same polarity gets separated and goes away with the sunspot. The sunspot

becomes more relaxed with time.
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Figure 6.6: Plots of time series of transverse vectors of NOAA AR 10961. The
vertical field is taken as background. The blue and red contours show negative
and positive polarities respectively. The contour levels are: +1000, 1500, 42000.
Three images per day are shown for four days. We can see that a small portion of
the same polarity gets separated and goes away with the sunspot. The sunspot

becomes more relaxed with time.
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Figure 6.7: Plots of time series of local alpha maps of NOAA AR 10961. Three
images per day are shown for four days. We can see that a small portion of
the same polarity gets separated and goes away with the sunspot. The sunspot

becomes more relaxed with time.
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Figure 6.8: The time variation plots of spatially averaged SSA (SASSA), and
global o for AR NOAA 10930. Dotted lines represent the time of different flares
as given in Table 6.1. We can see that a lower boundary for SASSA and a4 can

be decided for X-class and other flares. See text for details.
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Figure 6.9: The time variation plots of SASSA, and global o, for AR NOAA
10961. Dotted lines represent the time of different flares as given in Table 6.1.
We can see that a lower boundary for SASSA and ay can be decided for X-class

and other flares. See text for details.
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Chapter 7

Sign of Helicity at Different

Heights in the Solar Atmosphere

7.1 Introduction

In this Chapter, we investigate the relation between the sign of twist and therefore
helicity and chirality of solar features observed at different heights in the solar
atmosphere.

As discussed in earlier chapters, the magnetic fields exhibit chirality and is
observed in most of the solar features like filament channels, filaments, sunspots,
coronal loops, coronal X-Ray arcades and interplanetary magnetic clouds (IMCs)
(Seehafer (1990); Pevtsov et al. (1995); Martin (1998) and the references therein).
First of all G.E. Hale in 1925 (Hale, 1925, 1927) observed vortices in Ha around
sunspots and he called these features as ‘sunspot whirls’. He postulated a hemi-
spheric rule for the chirality of chromospheric whirls. This was later confirmed

with a larger data set by Richardson (1941). It was reported by many researchers
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later that negative/positive helicity dominates in the northern/southern hemi-
sphere. For active regions the hemispheric helicity rule holds in the photosphere,
see Hagino and Sakurai (2005) and references therein. Similarly for the chro-
mospheric and coronal helicity rules, see Bernasconi et al. (2005) and references
therein, and Pevtsov et al. (2001) and references therein. The topology of chro-
mospheric and coronal features decide the sign of the associated helicity. Chirality
is the term used for the sign of the helicity in these features. Thus, helicity is a
physical attribute of chirality. The chirality of active region features shows corre-
spondence with the sign of the helicity in the associated lower /upper atmospheric
features. For example, the chirality of X-ray features with S (inverse-S) shapes
are associated with sinistral (dextral) filaments (Martin, 2003; Rust, 2003). Chae
(2000) reported for a few cases that active filaments showing dextral/sinistral chi-
rality are related with negative/positive magnetic helicity. Pevtsov et al. (2001)
demonstrated correspondence between photospheric and coronal chirality for a
few active regions. However, this needs to be confirmed. We have reported sim-
ilar helicity signs at photospheric, chromospheric, and coronal heights for a few
active regions (Tiwari et al., 2008). Recently, Chandra et al. (2009) also reported
similar sign of helicity for a NOAA AR 10365 at three different heights in the
solar atmosphere. Lim and Chae (2009) studied the sign of intermediate filament
chirality and found strong correlation with the sign of AR magnetic helicity. The
filaments which are formed between or around active regions, are called inter-
mediate filaments. They inferred the sign of magnetic helicity of AR’s from the
chirality of coronal intensity images giving the reference as following: Canfield
et al. (2007) which is incorrect. (Burnette et al., 2004) found that the twists of
active regions at photosphere and corona were similar (strongly correlated). This

behaviour was in accordance with the modeling of Longcope and Welsch (2000).
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But one must remember that the results of Burnette et al. (2004) do not show
100% correlation of photospheric and coronal twists of AR’s.

We compute twist of AR directly to get the sign of magnetic helicity at pho-
tosphere and infer the sign of magnetic helicity at associated chromospheric and
coronal features by identifying the chirality in the associated intensity images.

The chirality of the Ha filament can be directly recognized by looking at
the filament barbs (see Figure 7.1 of this Chapter for a cartoon diagram of the
filament). If the orientation of the barbs is clockwise when we go from filament
axis to barbs through an acute angle, the chirality of the filament is known to be
dextral and if it is counterclockwise, the chirality is sinistral. Martin et al. (2008)
show that the chirality of the solar features can be used for resolving 180 degree
azimuthal ambiguity in the solar vector magnetic field. It is believed that there
is one-to-one correspondence between the filament chirality and the magnetic
helicity sign. A right-handed twist and a clockwise rotation of the loops, when
viewed from the above implies positive helicity or chirality and vice-versa.

Comparison between magnetic helicity signs at different heights in the solar at-
mosphere may be a useful tool to predict solar eruptions leading to interplanetary
events. Also, it may help to constrain modeling chromospheric and coronal fea-
tures taking the photosphere as boundary condition. However, the data required
to do this are not directly available and are often non-conclusive, sometimes due
to poor resolution and sometimes due to equal distribution of positive and neg-
ative chirality in magnetic features. Vector magnetic fields are not available as
routinely as is necessary to derive photospheric twist values. Chromospheric Ha
images may be available most of the time by combining data from different tele-
scopes, but are not always conclusive due to lack of angular resolution as well as

due to presence of both kind of whirls showing positive and negative chirality. As

118



we know now that both kind of twist are present in the sunspots (Tiwari et al.,
2009a) but there exists a global twist and that is our main target to study for
the sign of magnetic helicity. Analysis of coronal loop observations is required to
determine coronal helicity signs, but these are also not available routinely. Above
all, it is hard to find data taken simultaneously at different heights in the solar
atmosphere. In this work we combine photospheric chromospheric and coronal
data from multiple solar observatories and telescopes. They were often not taken
at precisely the same time. We therefore assume that the sign of the magnetic

helicity does not change within a few hours.

7.2 The Sign of Magnetic Helicity at Photo-

sphere

The sign of helicity in the photosphere is usually found from the force-free param-
eter «, e.g., apesy (Pevtsov et al.; 1995), averaged a, e.g., < a, > = < J,/B, >
(Pevtsov et al., 1994) with current density J, = V x B, , where B, is the vertical
component of the magnetic field. Some authors have used the current helicity
density H. = B, - J, (Bao and Zhang, 1998; Hagino and Sakurai, 2005). A good
correlation was found between ey and (c,) by Burnette et al. (2004) and Leka
et al. (1996). The force-free parameter o has the same sign as the magnetic he-
licity (Pevtsov et al., 2008) but not in all conditions (Tiwari et al., 2009a). Also,
the current helicity (which is not a conserved quantity like magnetic helicity)
has the same sign as that of the magnetic helicity (Seehafer, 1990; Hagyard and
Pevtsov, 1999; Pevtsov, 2008; Sokoloff et al., 2008). Theoretically, saying that the
sign of a has the same sign as magnetic helicity is not correct (see Section 3.3).

At the same time, we find that a, bears same sign as twist computed from the
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spatially averaged signed shear angle (SASSA) as discussed in earlier chapters.
Because twist is a component of magnetic helicity and supposed to bear the sign
of magnetic helicity, SASSA bears the same sign as the magnetic helicity. Thus
any out of the two: «, and SASSA, can be used to infer the sign of magnetic
helicity on the photosphere. However, SASSA is better measure of twist helicity,
irrespective of force-free nature and shape of sunspots, and thus a better quantity
to infer the sign of magnetic helicity.

It is worth mentioning at the same time that there are other ways used for
inference of sign of chirality on the photosphere using line of sight field (Luoni
et al., 2004; Lépez Fuentes et al., 2000; Démoulin and Pariat, 2009). However
using neutral lines for inferring the sign of magnetic helicity seems to be ambigu-
ous (Lim and Chae, 2009) and we do not use these methods for getting the sign
of magnetic helicity.

In this study, we use the sign of the spatially averaged SSA (SASSA) as the

sign of magnetic helicity, which gives the global twist present in the active region.

7.3 The Chromospheric Sign of Magnetic Helic-
ity

Numerical measurement of the sign of the chromospheric and coronal magnetic
helicity is not possible due to non-availability of vector magnetic field observa-
tions at these heights. However, the twist present in the morphological intensity
features have been reported already since a long time ago (Hale, 1925; Richard-
son, 1941) to tend to follow the hemispheric helicity rule, independent of the
solar cycle. Later, many researchers studied the chirality of different chromo-

spheric features such as filaments, fibrils, filament channels etc. (Martin et al.,
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Dextral filament Sinistral filament

Figure 7.1: A cartoon image of filaments showing dextral and sinistral chirality.
If we move from filament axis towards barb through an acute angle and the
orientation is clockwise, then the filament is dextral and reverse is true for the

sinistral filament.
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1994; Martin, 1998; Aulanier et al., 1998; Martin, 2003; Démoulin and Pariat,
2009). The sign of chirality of chromospheric features can be easily drawn by
looking at the them. For a pictorial presentation of many of these features, see
Martin (1998). We have shown a cartoon diagram to identify dextral and sinistral
filaments in Figure 7.1.

If we go from filament axis through an acute angle towards the barbs and
the resulting rotation is counterclockwise, then the chirality is called sinistral
and helicity is positive. Reverse is true for the dextral chirality. Similarly, the
chirality of sunspot whirls can be defined. If the rotation is counterclockwise while
going towards penumbral region from umbral region along the whirls, then the
chirality is sinistral and vice versa (see Figure 4.1 for a cartoon diagram of sunspot
whirls). In the cases where both kind of whirls are present, we take the sign of
chirality as the sign of dominant sense of chirality according to Balasubramaniam
et al. (2004). As we know both kind of twists are present on the photospheric
sunspots and also chromospheric features show both kind of chirality in a single
feature, the only way to get a global sense of twist is taking the dominant sign of
helicity.

We use the chirality of these chromospheric features, mostly sunspot whirls
and filament-barbs observed in Ha to derive its association with the photospheric

sign of magnetic helicity.

7.4 The Coronal Sign of Magnetic Helicity

In the X-ray images, we usually see S, inverse-S, C and J shaped structures.
The sign of magnetic helicity has been inferred from these structures by many

researchers (Pevtsov et al., 1996; Rust and Kumar, 1996; Canfield et al., 1999;
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Martin, 2003; Luoni et al., 2007) etc and references therein. The patterns in
X-rays are normally S or inverse-S, which correspond to positive and negative
chirality respectively. In the case when S or inverse-S is not visible (developed)
one can distinguish the sign of chirality by looking at the partial S or inverse-S
shapes. These shapes actually then appear as C or J shaped structures. Similarly
for EUV images, we can identify the chirality of features by looking at their
shapes.

We use such structures in X-ray images or EUV intensity images to infer the

sign of magnetic helicity in the corona.

7.5 The Data Sets Used

Most of the data sets have been compiled from different solar observatories and
telescopes due to the unavailability of all required data from the same place. The
vector magnetic field data were obtained from the Advanced Stokes Polarime-
ter (ASP: Elmore et al. (1992)), the Diffraction Limited Spectro-polarimeter
(DLSP: (Sankarasubramanian et al., 2004, 2006)) both at the DST, Solar Op-
tical Telescope/Spectro-polarimeter (SOT/SP: Tsuneta et al. (2008); Shimizu
et al. (2008); Suematsu et al. (2008); Ichimoto et al. (2008)) onboard Hinode
(Kosugi et al., 2007) and a few from Solar Vector Magnetograph (SVM: Gosain
et al. (2004, 2006)) at Udaipur Solar Observatory (USO).

Near-simultaneous Ha images from the Universal Bi-refringent Filter (UBF)
at the DST are used whenever obtained along with the ASP and DLSP. These Ha
images are registered first from the continuum images of DLSP data by manual
method and then with automatic registration for sub-pixel accuracy.

For the vector field observations which do not have corresponding UBF data,
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Figure 7.2: Solar vector magnetograms of NOAA AR 10935 and 10941 observed
on 09 January 2007 and 06 February 2007 respectively. These data are taken
from Solar Vector Magnetoraph (SVM) at Udaipur Solar Observatory (USO).
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Figure 7.3: Ha images taken from Udaipur Solar Observatory (USO).
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Ha images from Udaipur Solar Observatory (USO) and Big Bear Solar Observa-
tory (BBSO) were used. We made sure that in these cases the Ha images were
collected within less than a day. Standard and well-established processing was
done to derive vector fields. The procedure is described in the references given
above. Detailed analysis of SOT/SP data aboard Hinode is described in Chapter
4.

X-ray images for this purpose are taken from Hinode (XRT) and EUV images
are taken from the Extreme Ultraviolet Imaging Telescope (EIT) on-board Solar
and Heliospheric Observatory (SOHO). The registration of coronal images is done
by taking near simultaneous full disk images at photospheric and chromospheric

heights.

7.6 Results and Discussion

Table 7.1 shows that the sign of helicity at the photospheric level and the chirality
in associated features at chromospheric and coronal heights are well correlated.
Figure 7.4 (a) and (b) clearly show that the Ho whirls follow the transverse mag-
netic field vectors measured at photospheric heights. These vector data are taken
from DLSP and Ha are UBF images. One more example is shown in Figure
7.5. In Figure 7.5, the background image is the Ha image taken from Spar tele-
scope at USO and transverse vectors are derived from the vector magnetograms
taken from Solar Vector Magnetograph at USO as shown in Figure 7.2. Figure
7.3 show the corresponding Ha images taken from Spar telescope at USO. The
positive/negative helicity derived from the global twist in this sunspot from the
photospheric vector data is directly associated with the sinistral/dextral chirality

derived from the chromospheric Ha data. Also, the associated coronal data show
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Figure 7.4: Two examples of the chromospheric sunspots (UBF images), with
the photospheric transverse vectors (using DLSP data) of the same field of view
over-plotted on them. The axis divisions are pixel numbers. The contours and

vectors show longitudinal and transverse magnetic fields, respectively.
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Figure 7.5: The plots of the vector magnetic fields of the sunspots overplotted
upon the respective Ha images. In the lower part of the image, blue arrows show
the radial direction and the red arrows show the actual vector field direction. We
can see the shear of the field. The transverse vectors are obtained from the SVM

at USO and the Ha images are taken from the Spar telescope at USO.

127



Figure 7.6: XRT (Hinode) data reverse-S sigmoid showing the dextral chirality

in comparison with that of photospheric and chromospheric data. All the three

panels show the negative helicity sign.
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Table 7.1: List of the active regions studied. The sign of helicity at different

heights and other details of the sunspots are given:

AR No. Date of Photospheric Chromospheric Coronal Position
(NOAA) Observation Chirality Chirality Chirality (Photospheric AR)
10972 07 Oct 2007 Negative NR NR S05W20(t)
10971 29 Sep 2007 Positive Positive Positive NO3WO07
10970 05 Sep 2007 Negative Negative Negative SO07TW58(t)
10969 29 Aug 2007 Negative Negative Negative S05W33(t)
10966 09 Aug 2007 Negative Negative Negative SO06E07
10963(—) 12 Jul 2007 Negative Negative Negative S06E14(t)
10963(+) 12 Jul 2007 Negative Negative Negative S06E14(t)
10961 02 Jul 2007 Negative Negative NA S10W16(t)
10960 07 Jun 2007 Positive NR both SO7TW03
10956(—) 18 May 2007 Positive Positive Positive NO2E07
10956(+) 18 May 2007 Positive Positive Positive NO2E07
10955 13 May 2007 Negative NR Positive S09W35(t)
10953 29 Apr 2007 Negative Positive(dom) Negative(dom) S10E22(t)
10944 03 Mar 2007 Negative Negative NA S05W30(t)
10941 06 Feb 2007 Negative Negative Negative SO07TW36(t)
10940 01 Feb 2007 Negative Negative Negative S04WO05
10939(—) 23 Jan 2007 Negative Negative Negative S04W57(t)
10939(+) 23 Jan 2007 Negative Negative Negative S04W57(t)
10935 09 Jan 2007 Negative Negative Negative SO07TW30(t)
10933 05 Jan 2007 Negative Negative Negative S04WO01
10930(—) 12 Dec 2006 Negative Negative (dom) Negative S05W21(t)
10930(+) 12 Dec 2006 Negative Negative Negative S05W21(t)
10926 03 Dec 2006 Negative Negative NA S09W32(t)
10923 16 Nov 2006 Positive Positive Positive(dom) S05W30(t)
10921 06 Nov 2006 Negative NR Negative(dom) S08W38(t)
10841 28 Dec 2005 Positive Positive(dom) Positive N12E20(t)
10838 22 Dec 2005 Positive Positive NR N17E20(t)
10808(—) 13 Sep 2005 Positive Positive(dom) NA S11E17(t)
10808(+) 13 Sep 2005 Positive Positive(dom) NA S11E17(t)
10804 26 Aug 2005 Negative both both N11WO02
10803 26 Aug 2005 Positive Positive(both) both N12E53(t)
10800 26 Aug 2005 Positive Positive(both) both N17W49(t)
10782 02 Jul 2005 Negative Negative(both) NA S17TW18(t)
10781 04 Jul 2005 Positive Positive(dom) NA N13Wo03
10780 24 Jun 2005 Negative Negative NA S08W28(t)
10752 17 Apr 2005 Positive Positive Positive NO2WO00
10330 09 Apr 2003 Positive Positive(dom) Positive NO7W04
09601 03 Sep 2001 Positive NR(both) Negative N14WO06(t)
09596 30 Aug 2001 Positive Positive Positive N21E15(t)
09591(—) 30 Aug 2001 Negative NR Negative S18W36(t)
09591(+) 30 Aug 2001 Negative NR Negative S18W36(t)
09590 26 Aug 2001 Negative Negative Negative S23WO01(t)
09585 24 Aug 2001 Positive Positive Positive N14W30(t)

(t) : transformed
dom: dominant sense (both present)
both: both equally present
NR: Not Recognigible
NA: Not Available
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similar pattern of chirality as shown in Figure 7.6.

In this analysis, we thus conclude that the sign of helicity (positive/negative)
derived from global twist present in sunspots in the photosphere has one-to-
one correspondence with the (sinistral/dextral) sense of chirality observed in the
associated chromospheric and coronal data. We mostly use the chirality of chro-
mospheric whirls to derive the chromospheric helicity sign. It is known (Martin,
1998, 2003) that filaments, filament channels, etc., have the same sense of chiral-
ity as the whirls above the associated active regions. The chirality of filaments
associated with an active region can therefore be used to determine the chromo-
spheric sense of chirality when high resolution Ha data are not available. For
coronal intensities, the S, inverse-S, C or J shapes are used for inferring the sign
of magnetic helicity.

Lim and Chae (2009) also found similar results for intermediate filaments.
They concluded that the sign of intermediate filament chirality is strongly corre-
lated with the sign of AR magnetic helicity. They used coronal features to infer
the AR helicity while we use photospheric vector magnetograms to get the twist
values of AR and therefore inferred the sign of magnetic helicity. We have used
many of their features to find the chromospheric chirality and related directly its
sign with the sign of twist helicity in the associated photospheric AR. This study
is very useful as a constraint to model the chromospheric and coronal features.

Tian et al. (2001) found that the active regions having abnormal helicity are
more eruptive. Is it that the AR’s with changed sign of helicity with height are
more eruptive? This is needed to be investigated which will help in space weather
predictions.

The sign of magnetic helicity at different heights in the solar atmosphere

is expected to be the same if no forces are able to distort them in the solar
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atmosphere. There might be the forces acting on them but may be too weak to
change the sign of helicity. But the same time we find a few exceptional cases
where the sign of helicity is found not matching at the three levels. Do those
cases indicate a change in helicity due to external forces? Is it that the plasma
[ transition phase is playing a role as suspected by Parker (1979)7 The answers
to these questions are beyond the present study but we will try to answer these

questions in further investigations.
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Chapter 8

Relation with Solar Cycle

8.1 Introduction

In this Chapter, we report on the helicity sign of the first few active regions (AR’s)
which emerged in the beginning of 24" solar cycle. We compare the behaviour of
magnetic helicity sign of AR’s observed in the beginning of new solar cycle with
some AR’s observed in the declining phase of 237 solar cycle. These sunspots of
earlier cycle are studied in the Chapters 4, 5 and 7.

Hale (1908b) looked at sunspot whirls and suspected the magnetic nature
of spots. He applied the newly discovered Zeeman effect (Zeeman, 1897) and
observed Zeeman splitting of sunspot spectra in 1908 (Hale, 1908a). Evershed
wanted to detect the azimuthal flow of plasma along the whirls but instead dis-
covered the radial flow of the plasma in 1909 (Evershed, 1909) at the newly
established Kodaikanal observatory. Hale continued his sunspot measurements
and discovered the 22 year sunspot cycle as well as the polarity law (Hale and

Nicholson, 1925), confirming the global nature of the sunspot fields which required
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a global dynamo.

Hale also found in 1925 (Hale, 1925), that about 80% sunspot whirls had coun-
terclockwise orientation in the northern hemisphere and clockwise in the southern
hemisphere using Ha data over three solar cycles, however only a small number
of sunspots (51) were studied. He found that this behaviour was independent of
the solar cycle. Richardson (1941) reinvestigated the same for the data extending
over four solar cycles and concluded the similar result. He studied 141 sunspots,
which again was not a big number over four solar cycles.

The subject is being intensively revisited since the 90s, and many researchers
have found the same result in photospheric (Seehafer, 1990; Pevtsov et al., 1995;
Bao and Zhang, 1998; Nandy, 2006) and chromospheric (Rust, 1994; Martin et al.,
1993) data. This behaviour is known as “helicity hemispheric rule” as has been
described several times in earlier chapters. Rust and Kumar (1996), using Yohkoh
(SXT) data found that about 70% of coronal loops (sigmoids) in northern hemi-
sphere had inverse-S shape (negative chirality) and S-shape (positive chirality)
in the southern hemisphere. Tian et al. (2001) found a relationship between tilt
and twist in active region magnetic fields. A negative correlation was found for
60% of their data and these active regions had “normal” chirality i.e., left /right
handed twist accompanied by right/left handed writhe. One third of their data
had “abnormal” chirality i.e., same sign for tilt and twist and these were all erup-
tive regions. Zhang (2006) found that active regions with weaker magnetic fields
follow the helicity hemispheric rule while stronger fields do not. This preferential
behaviour was never found very strong and recently has been a matter of debate
(Bao et al., 2000; Hagino and Sakurai, 2005; Pevtsov et al., 2008). As can be seen
in the Chapter 4, we (Tiwari et al., 2009b) find that most of the active regions

observed during the declining phase of cycle 23 do not follow the hemispheric
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helicity rule. In this chapter, we make an effort to relate this behaviour of active
regions observed in decay phase of 23" solar cycle with the active regions that
emerged in the beginning of the 24" solar cycle till date.

As stated many times in earlier chapters, a quantitative measure of the chiral
properties of these magnetic structures is the magnetic helicity (Moffatt, 1978;
Berger and Field, 1984; Brown et al., 1999). The origin of chirality and magnetic
helicity is still a matter of debate. Helicity might be generated by the twisting
of magnetic flux tubes in the convection zone where dynamo action amplifies the
fields prior to their appearance at the surface (Seehafer, 1990; Seehafer et al.,
2003; Berger and Ruzmaikin, 2000). Some researchers claim that the flux tubes
are originally untwisted and acquires helicity in a shallow region below the pho-
tosphere due to the shearing of the photospheric foot points of magnetic loops
caused by differential motion (DeVore, 2000; Longcope et al., 1998).

There are some kinematic dynamo theories (Choudhuri et al., 2004) that pre-
dict deviations from helicity hemispheric rule at the beginning of each solar cycle.
Bao et al. (2000) found the reverse sign of rule for active regions during the be-
ginning of solar cycle 23 whereas Pevtsov et al. (2001) found no change in the
hemispheric helicity rule for the same period and this matter remains unresolved.
At the same time, there are few recent studies, as discussed in Chapter 4, which
suspect the hemispheric helicity rule (Pevtsov et al., 2008; Hagino and Sakurai,
2005). We find in Chapter 4 as told above, that the most of the AR’s observed in
the declining phase of 23" solar cycle do not follow this rule. Does it mean the
AR’s follow reverse hemispheric helicity rule during this phase? Does the helicity
rule have a long period?

Greater accuracy in the measurements will be required to settle this issue

since the earlier measurements had errors up to a hundred percent (Pevtsov et al.,
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1994). Similarly, the error bars in the results presented by Zhang (2006) are also
very large.

Further, the variation of helicity parameter o on different scales arise from the
presence of vorticity on different scales. This could produce a range of a within
the same active region as reported recently by Tiwari et al. (2009b) and Su et al.
(2009) and described in Chapter 4.

The long awaited 24" solar cycle began in the first week of January 2008
when NOAA AR 10981 was observed. We can see in Figure 8.1 that the lead-
ing/following polarity of NOAA AR 10981 is opposite to that of the old solar
cycle’s (237%) sunspots. Also, it appears at a latitude N 30 and tilt angle with
respect to equator is high (~ 30) in accordance with Joy’s law (Hale et al., 1919).
Thus it has all the characteristics of a new solar cycle’s active region. The field
strength is weak as usually observed in the beginning of any other solar cycle.
Till the date, 18 active regions of the new solar cycle with all the above char-
acteristics have been observed. We have inferred the chirality signs of all these
active regions using chromospheric and coronal data. Also, we have computed
global twist (using SASSA) of a few AR’s depending on the availability of the
vector magnetograms. We then, compare the behaviour of these AR’s with that
of old solar cycle’s active regions.

There are two main motivations of this study: 1. to compare the behaviour of
AR’s observed in the declining phase of 23"¢ and beginning of 24" solar cycles.
2. To verify some dynamo theories which talk about the behaviour of AR helicity
emerging in the beginning and declining phases of solar cycles.

As is well known that this solar cycle is behaving peculiarly and very few
active regions could be observed since January 2008 when the cycle began. One

interesting thing can be observed that the sunspots emerging with time seems to
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decline towards equator as happens in normal cycles with time and a butterfly
diagram can be constructed. However, this conclusion does not seem strong
enough until we get some more sunspots.

In the Section 8.2, we discuss the data sets used and the analysis process,
filtering and registrations etc. Then we give the results in Section 8.3. Finally

the discussion and conclusions are given in Section 8.4.

8.2 The Data Used and its Analysis

We use the line of sight magnetograms data taken from GONG (Global Oscillation
Network Group) instrument at Udaipur for observing the polarity of the active
region (e.g., Figure 8.1). Please note that the negative (black)/positive (white)
is leading/following polarity in the northern hemisphere which is just opposite
to that in the 23" solar cycle. Also its emergence at 30 degrees latitude is as
expected for the beginning of a solar cycle. Tilt angle is in accordance with the
Joy’s law (Hale et al., 1919). All other active regions observed are in accordance
with the above criteria.

The chromospheric Ha data are used from BBSO (full disk) and USO (high
resolution, small field of view (fov)). Full disk Ha images from BBSO are used to
confirm the filament structures as sometimes the filaments are small and weak.
This is done by looking at the neutral line, by overlaying the contours of full
disk longitudinal magnetograms after rebinning and registering them properly.
Figures 8.2 and 8.4 are such two examples.

Figures 8.3 and 8.5 show two examples of high-resolution Ha images taken
from the Spar telescope at Udaipur Solar Observatory. As described in Chapter
2, the Spar telescope uses a Ho Halle lyot type filter with FWHM of 500 mA
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Figure 8.1: GONG magnetogram (UD) of NOAA AR 10981 : Observed in the
northern hemisphere, this is the first sunspot observed in the 24" solar cycle.
We can see the polarity of leader and follower is in accordance with sunspots
expected to emerge in the northern hemisphere in 24" solar cycle i.e., negative
polarity as leader and positive polarity as follower which is opposite to that of
2374 solar cycle, following the Hale’s polarity law. Also the latitude is N 30° and

is in accordance with Sporer’s law for butterfly diagram.

operating at the wavelength of 6563 A. The telescope utilizes a 1392 x 1024 CCD
with the pixel size of 6.45 m. The pixel resolution of the CCD is 0.395 arc-sec and
the field of view it covers is 9 arc-min x 7 arc-min. Both the figures (Figures 8.3
and 8.5) show the selected region (2’x1.8") out of the full images (9'x7’) taken

from our Ha telescope.

For enhancing the barbs structures, we have taken the square root of logarithm

of the observed image and then used wiener filter
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Figure 8.2: Contours of magnetogram (GONG - 06 January 2008 : 1014UT ) on
the corresponding Ha image (BBSO - 06 January 2008 : 1018UT) showing the
neutral line. The arrow shows the position of the neutral line where the barb
was developed later which we observed from USO-Spar telescope and is shown in
Figure 8.3. Even in this Ha image, we can identify the chirality of the filament
as dextral, by looking at the upper portion of the filament. But later, in 17-18

hours the lower part of the filament was developed as shown in Figure 8.3.
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Figure 8.3: USO Ha image of NOAA AR 10981, the first AR observed in solar
cycle 24, lower part of filament showing dextral chirality. Arrows indicate the
positions of the barbs. Since the beginning of the filament, it shows dextral

chirality in some or other portion of the filament.
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Figure 8.4: Another example: Contours of magnetogram (GONG - 16 April 2008 :
2254UT) overlaid on corresponding Ha image (BBSO - 16 April 2008 : 2259UT)
showing the neutral line. The high-resolution Ha image of the same filament

observed from USO is shown in Figure 8.5.
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Figure 8.5: USO Ha image for NOAA AR 10990 on 17 April 2008, clearly showing
the dextral chirality in the filament which means as the negative sign of magnetic

helicity.

141



|[P(u, v)l?

F _
(u, v) |P(u,v)]? + N?

(8.1)

where,

P(u,v) = exp(—0.008 x /(u? + v?)) (8.2)

is the point spread function in the fourier domain. N is the noise with value
9.40924. u and v are the spatial frequencies.

The chirality of a filament can be identified by looking at the filament-associated
barbs (see Figure 7.1). Viewing from any side of a filament, the barbs are right
bearing for dextral chirality and left bearing for sinistral chirality (Martin et al.,
1993; Martin, 1998). Also, we find that if one goes from the axis of the filament
towards barb’s axis through an acute angle, then the direction of angular change
is clockwise for a dextral filament and counterclockwise for a sinistral filament.

We see (two examples, Figures 8.3 and 8.5) that the barbs associated with
the filament are oriented clockwise when we move from filament axis towards
axis of barb through acute angle and therefore the filaments are dextral. The
arrows in Figure 8.3 indicate the position of the barbs. We observed this filament
from 0504UT to 1100UT but the barbs were identifiable only for a brief period.
It disappeared in few hours but we were able to observe some of the images in
which the barbs could be identified. The whirls associated with the active region
also showed the clockwise orientation (when we go towards penumbra from inside
umbra) showing dextral chirality and thus negative helicity. The filament shown
in Figure 8.5 was on disk for a long time and barbs were clearly visible showing
the dextral chirality of the filament.

Figures 8.2 and 8.4 are the corresponding images of BBSO Ha with contours of
longitudinal magnetograms obtained from GONG. These small portions are taken

after rebinning and registering both the full disk images in each case. Registration
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is done using full disk magnetograms of Ho and GONG magnetograms to get the
neutral lines and identifying the filament whether they are exactly at neutral line.
For this the contour of line of sight magnetic field is drawn on the Ha images
and can be seen in Figures 8.2 and 8.4.

The chirality of coronal features is identified by looking at X-ray and EUV
images as described in Chapter 7. The chirality of all active regions studied
can be found in Table 8.1. Also, for a few cases whenever vector magnetograms
were available, we have computed the photospheric twist of AR’s. For this we
have computed SASSA as described in Chapter 4. The vector magnetograms are
taken from Synoptic Optical Long-term Investigations of the Sun (SOLIS) and
is available online at: http://solis.nso.edu/vsm/data_summary/DataSumm3.
php?stime=1059717600&etime=0&obsmode [1=6302v&display=1&flares=&sobsmode=
1&meonly

The processed and inverted data is available at this place. The inversion is
done under Milne-Eddington assumption and therefore the field parameters are
assumed constant in the line forming region. The observation is done in Fe-I line
6302 A. All of the VSM data are corrected for the 180° azimuthal ambiguity using
the Non-Potential Field Calculation (NPFC) method developed by Georgoulis
(2005).

The results are given in next section.

8.3 Results

Eighteen active regions which emerged in the beginning of 24" solar cycle till the
date, have been collected and the sign of their magnetic helicity is studied. We

can see from Table 8.1 that out of 18, only two are not following the hemispheric
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Table 8.1: List of the active regions studied. The chirality of features and global

twist value (SASSA whenever vector field available) and other details of the

sunspots are given:

AR No. Date of Twist(Phot.)  Chrom.  Coronal Position =~ Hemisph.
(NOAA) Observation  (SASSA:deg) Chirality Chirality (AR Phot.) Hel. Rule
11025 02 Sep 2009 NA Dextral ~ Dextral N17E04 Yes
11024 04 Jul 2009 1.290 Sinistral NR S25E02 Yes
11020 10 Jun 2009 1.965 NR Sinistral N24W19 No
11019 03 Jun 2009 2.506 Sinistral  Sinistral N28E02 No
11018 24 May 2009 0.590 Sinistral  Sinistral SO06E07 Yes
11017 15 May 2009 —0.698 NR NR N18EO03 Yes
11013 25 Feb 2009 NA Dextral = Dextral N26E06 Yes
11010 12 Jan 2009 NA Dextral NR N18EO05 Yes
11008 12 Nov 2008 NA Dextral =~ Dextral N33W09 Yes
11007 01 Nov 2008 NA Dextral =~ Dextral N34E04 Yes
11005 15 Oct 2008 NA Dextral =~ Dextral N27W02 Yes
11003 06 Oct 2008 NA Sinistral NA S23E15 Yes
11002 23 Sep 2008 NA Dextral =~ Dextral N25W27 Yes
11000 21 Jul 2008 NA Sinistral  Sinistral S12W05 Yes
10998 14 Jun 2008 NA Sinistral  Sinistral S10E12 Yes
10993 06 May 2008 NA Sinistral  Sinistral S31E14 Yes
10990 16 Apr 2008 NA Dextral  Dextral N27E05 Yes
10981 07 Jan 2008 NA Dextral =~ Dextral N27W04 Yes

NR: Not Recognigible
NA: Not Available
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helicity rule. Other 16 AR’s are following this rule, i.e., the AR’s observed in
northern hemisphere are bearing dextral chirality and those observed in southern
hemisphere are bearing sinistral chirality.

We have used the chirality sign at the three heights (i.e., photospheric, chro-
mospheric and coronal) in the solar atmosphere to infer the sign of magnetic
helicity. The reason is that we do not have a continuous observation at a given
level in the solar atmosphere. We know that the sign of helicity at different
heights in the solar environment are correlated (see Chapter 7), thus identifying
the chirality sign at any of the three heights is enough to infer the sign of magnetic
helicity of the active region.

We can see in Table 4.1 that the 38 active regions out of 43 follow the reverse
hemispheric helicity rule. Most of these active regions were observed in the de-
clining phase of the solar cycle 23. The earlier belief that the hemispheric helicity
rule is independent of the solar cycle therefore needs to be revaluated. Does this
behaviour depend on the different phases of a solar cycle? Or, does it vary even
on a larger scale which is larger than that of the solar cycle?

The kinematic dynamo theories assume the monolithic structure of sunspots
and introduce convection to get the behaviour of emerging sunspots. Such a
dynamo theory (Choudhuri et al., 2004) predicts that the active regions emerging
in the beginning of a solar cycle do not follow the hemispheric helicity rule while
they should follow the rule during the declining phase of the cycle. Unfortunately,
our observations do not support this model. It seems that a deeper understanding
of the dynamo mechanism is required to settle this issue and understand the real
nature of sunspot configurations.

One such suggestion, which of course is difficult due to complexity in solving

high order non linear equations for convection, is to use fibril bundle nature of
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sunspots. We find that the real sunspots might not be actually monolithic but

could be in the form of fibril bundles. The details can be found in Chapter 5.

8.4 Discussion and Conclusions

We observed the first few active regions of solar cycle 24 and identified the chirality
of the filaments and sigmoids associated with these active regions. In a few cases
when vector magnetograms were available, the photospheric chirality are also
inferred from the calculation of SASSA.

We can see from Table 8.1 that most of these AR’s do follow the hemispheric
helicity rule. All these AR’s are observed in the beginning of 24" solar cycle.
Now, if we see at the Table 1 of Chapter 4, only 5 out of 43 follow this behaviour.
Others follow opposite rule. Most of those AR’s are observed in the declining
phase of 237¢ solar cycle. This behaviour shows that understanding hemispheric
rule requires more and careful study. It seems, then, either there is no such
hemispheric rule in reality, or, the rule changes on a long time scale. This be-
haviour may change with different phases of a solar cycle and also with different
solar cycles. This needs very serious evaluation for understanding the dynamo
behaviour.

As mentioned earlier, according to some dynamo theories the active regions
emerging in the beginning of the solar cycle should have helicities opposite in
sign to helicity hemispheric rule. On the other hand none of the hemispheric
rules are followed without exceptions. Here in our cases, we find exactly opposite
behaviour than expected by some kinematic dynamo theories.

As we have mentioned earlier, the helicity can be produced both from the

dynamo processes and from the helical turbulence in the convection zone. The
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stochastic component of the dynamo process will produce a distribution of field
strength for the active regions. Weaker fields, which are influenced by the coriolis
force, are more likely to follow the helicity hemispheric rule. Same applies for the
strong but force free fields. Most of the strong fields will not be affected by the
coriolis force. Thus, for active regions with strong, non-force-free magnetic field
configuration, compliance with or deviation from helicity hemispheric rule will be
dictated by dynamo related processes.

Alternately, as suggested by Zhang (2006), the weaker fields could represent
the mean field dynamo, helicity of which is known to follow the helicity hemi-
spheric rule, while the stronger fields represent the fluctuating part of the dynamo
and helicity of these active regions is expected to disobey the hemispheric rule.
Clearly there is need for more accurate measurements and better understanding

of the dynamo as well as the sunspot configuration.
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Chapter 9

Summary, Conclusions and

Future Scope

9.1 Discussion and Conclusions

The present thesis clarifies many very important issues related to magnetic helic-
ity of solar magnetic field. We, first justify the measurements of vector magnetic
fields from recent instruments e.g., Hinode (SOT/SP). This is done by simulating
an analytical bipole. The input magnetic parameters are known in such a bipole
and desired level of the polarimetric noise can be added. Thus, this is the best
way to estimate the effect of polarimetric noise on the derivation of vector fields
from the observations. We find that the modern telescopes give high quality data
and the vector fields and associated quantities like twist and magnetic energy
can accurately be measured with very small or negligible errors. The inversion
techniques are also verified using theoretical bipole. Chapter 3 includes all the

above study.
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The data sets used in the study of present thesis are taken from various
telescopes. The brief description of all those instruments is given in Chapter 2.

We also elucidate the physical meaning of force-free parameter which gives the
gradient of twist in axial direction. We recollect the relation of magnetic helicity
with the force-free parameter. It is found that a bears the sign of magnetic
helicity only if all the field lines are closed within a volume which is not the
case on the Sun. All the above points are described in detail in Chapter 3. We
have also given a direct method for computation of global alpha («,) in the same
chapter. However, the physical meaning of o, became suspect after getting no
net current in sunspots as seen in Chapter 5.

The above simulation of analytical bipole did not consider fine structures in
the bipole. Whereas in real sunspots, the fine structures have been observed from
high resolution images and magnetograms. The distribution of local o and current
in sunspots are studied next. It is found that the amplitudes of a and current
are greater in penumbra by approximately an order magnitude. And these values
cancel each other giving no contribution to their global values. The umbral values
of current and a were found to be of the order of the global values of sunspots,
which is an order smaller than the values observed in sunspot penumbra. This
work is described in Chapter 4.

The photosphere is not actually force-free and therefore the measurement of «
is worth suspecting. We have introduced a new method signed shear angle (SSA)
to measure the twist present in sunspots irrespective of the force-free nature of
sunspot magnetic fields. Spatially averaged signed shear angle (SASSA) is also
found to be independent of shape of the sunspots. Thus, the SASSA is the best
measure of global twist of sunspots.

The interesting result of absence of net currents in sunspots observed from
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high-resolution data obtained from Hinode (SOT/SP) is reported in Chapter 5.
We find that the net current increases with circular area as we go from umbra
to mid penumbra and then starts falling rapidly. This result is exciting and
difficult to interpret whether the sunspot is made of fibrils as Parker believes. We
could derive twist and pleat currents and have shown in Figure 5.1. Also, “curly
interlocking combed structure” has been discovered in the azimuthal component
of the magnetic field.

We have then studied the evolution of NOAA AR 10930 which is the most
eruptive sunspot observed from Hinode (SOT/SP) till date. An interesting result
is obtained that a critical twist decides the class of X-ray flares. If twist is found
more than —8 deg, then X-class X-ray flares are possible. Similarly for other flare
classes the lower twist is observed. The result is very much supported by a quiet
sunspot NOAA AR 10961 studied for comparison.

We find a good correlation between the the sign of magnetic helicity observed
at different heights in the solar atmosphere. The photospheric, chromospheric
and coronal data are used to verify this result. In most of the cases out of a
large number of samples, it is found that the sign of chirality is similar at all the
heights in the solar atmosphere. This is very important to be used as a boundary
condition while modeling the chromospheric and coronal structures. Also, the
majority of active regions observed during the declining phase of solar cycle 23, are
following the inverse hemispheric helicity rule, while majority of those observed
in the beginning of cycle 24 are following the conventional hemispheric helicity
rule. This needs more study to confirm whether there is a hemispheric rule and,
if yes, what is its period? Is it longer than solar magnetic cycles time scale?

There are some kinematic dynamo theories which expect that the sunspots

emerging in the beginning of solar cycle do not follow the hemispheric helicity
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rule whereas they follow during end phase of a sunspot cycle. We wished to
compare the behaviour of the sunspots merging in the beginning and end of solar
cycles. We could observe some sunspots emerging in the beginning of the solar
cycle 24. A good sample of sunspots observed in the declining phase of the solar
cycle 23 was also collected from ASP/DLSP and Hinode. It is found that the
sunspots actually do not behave in the expected manner. We, after getting no
net current in sunspots with significant global twists present in them, suspect
that the problem may be solved if we solve the MHD equations assuming that
the sunspots are made of fibril bundles.

Finally, the whole thesis can be summarized in few sentences as follows:

The magnetic field parameters can be derived very accurately using
the recent data available (e.g., from Hinode (SOT/SP)) and advanced
inversion codes. The SASSA is the best measure of the global mag-
netic twist, one component of the magnetic helicity, irrespective of
the force-free nature and the shape of the sunspots. The force-free
parameter «,, which gives gradient of twist in axial direction, is not a
good measure of global twist due to non force-free nature of sunspot
magnetic field and also due to absence of net currents in the sunspots.
The sunspots with significant twist and no net currents show consis-
tency with the fibril bundle nature of the sunspots. The magnetic
helicity sign of sunspots studied has good correlation with the sign of
chirality of associated features observed at chromospheric and coronal
heights. The majority of the sunspots studied in the declining phase
of solar cycle 23 follow a reverse hemispheric rule, whereas most of
the ARs emerged in the beginning of solar cycle 24 are found to fol-

low the conventional hemispheric helicity rule. This result indicates
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that revisiting the hemispheric helicity rule using data sets of sev-
eral years is required. The study of evolution of SASSA of sunspots
showed threshold values for different classes of X-ray flares. This is an

important discovery which was being sought after for many decades.

9.2 Future Work Projection

9.2.1 Using SASSA for Flare-Prediction

The SSA can be used for predicting eruptivity of sunspots. A one case study of
evolution of SASSA in NOAA AR 10930, indicates the importance of SASSA,
as described in Chapter 6. We need to study a large number of sunspot vector
magnetograms to decide a critical threshold of twist in general for predicting
the eruptivity of sunspots. Many other parameters such as magnetic energy
and tension force can be complemented with the SASSA for this purpose. The
details about magnetic energy computation can be found in Section 3.6. The

computation of tension force can be done as follows:

9.2.1.1 Using the Tension Force

In any plasma with magnetic field B and plasma pressure p, the equation for

magneto-hydrostatic equilibrium is given by,
(VxB)xB/4r —Vp+ pg =0 (9.1)

where p is the plasma density and g is the acceleration due to gravity. The first
term in Equation 9.1 is the Lorentz force, second term is the force due to plasma

pressure and the last term is the force on the plasma due to gravity. We can split
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up the Lorentz force (say F) in two terms as,

(B-V)B V(B-B)

F =
47 8

(9.2)

The first term in this equation is the tension force (say T). The second term

represents the force due to magnetic pressure. The tension term can be simplified

to,
1 0B 0B 0B 0B
T=——[B,—+ B,— — B, Rt 9.3
Py By TP T, (5:3)
where, the last component is drawn from the condition,
V-B=0 (9.4)

In a force-free condition, tension force balances the magnetic pressure gradient
or magnetic force. In that condition the Equation 9.1 reduces to hydrostatic
equilibrium

Vp = pg (9.5)

where the plasma pressure scale height will be independent of the scale height
of the magnetic field. Whereas, in a tension-free fields, the magneto-hydrostatic
equilibrium becomes,

0/0z(B* /8 + p) = pg. (9.6)

The field in this condition can not be force-free. In the case when tension is
non-zero, the pressure scale height depend on the scale height of the magnetic
field.

High magnetic shear shows low magnetic tension, thereby indicating towards
flare initiation (Venkatakrishnan, 1990b).

For greater details, kindly see Venkatakrishnan (1990a,b); Venkatakrishnan
et al. (1993). We will compute the tension force using Equation 9.3 and infer it

in terms of solar gravitational acceleration (g))
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9.2.1.2 Using Higher Moments of «

As suggested in Chapter 3, the higher order components of a,, which weigh more
for higher magnetic field values, may also help in predicting the eruptivity of

sunspots.

9.2.2 Understanding Sunspot Structure

Understanding the sunspot structure is a great challenge. We have found some
important results and is given in details in Chapter 5. It certainly requires more
study to confirm the fibril bundle nature of sunspots. Also, the partial rings
observed in some sunspots seem telling something important. The behaviour of

sunspots with such rings is important to study.

9.2.3 Currents at Higher Reaches

The net currents in sunspots are found to vanish at photosphere. Hinode (SOT/SP)
data have been used for this purpose and is explained in the Chapter 5. The cur-
rents seem to exist in the corona as inferred from the sigmoidal loop structures.
This is a challenging question to understand how the currents are produced in
the corona. We wish to study the net currents at different heights in the solar
atmosphere above the photosphere. We require observations of vector fields at

those heights in the solar atmosphere.

9.2.4 Revisiting Hemispheric Helicity Rule

Revisiting hemispheric helicity rule using the parameter SASSA is required to

understand the behaviour of sunspot helicity. Whether there is a long term
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variation in the behaviour of sunspot helicity. Or, there is no hemispheric helicity
rule and the behaviour of sunspots in both the hemispheres is random. Also, by
studying more sunspots of new solar cycle 24, as done for few sunspots in Chapter

8, the constraint to some dynamo theories can be provided.
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ABSTRACT

The force-free parameter «, also known as helicity parameter or twist parameter, bears the same sign as the magnetic
helicity under some restrictive conditions. The single global value of « for a whole active region gives the degree
of twist per unit axial length. We investigate the effect of polarimetric noise on the calculation of global o value
and magnetic energy of an analytical bipole. The analytical bipole has been generated using the force-free field
approximation with a known value of constant & and magnetic energy. The magnetic parameters obtained from the
analytical bipole are used to generate Stokes profiles from the Unno—Rachkovsky solutions for polarized radiative
transfer equations. Then we add random noise of the order of 10~3 of the continuum intensity (I.) in these profiles
to simulate the real profiles obtained by modern spectropolarimeters such as Hinode (SOT/SP), SVM (USO), ASP,
DLSP, POLIS, and SOLIS etc. These noisy profiles are then inverted using a Milne—Eddington inversion code to
retrieve the magnetic parameters. Hundred realizations of this process of adding random noise and polarimetric
inversion is repeated to study the distribution of error in global & and magnetic energy values. The results show that
(1) the sign of « is not influenced by polarimetric noise and very accurate values of global twist can be calculated, and
(2) accurate estimation of magnetic energy with uncertainty as low as 0.5% is possible under the force-free condition.

Key words: Sun: magnetic fields — Sun: photosphere

Online-only material: color figure

1. INTRODUCTION

Helical structures in the solar features like sunspot whirls
were reported long back by George E. Hale in 1925 (Hale
1925, 1927). He found that about 80% of the sunspot whirls
were counterclockwise in the northern hemisphere and clock-
wise in the southern hemisphere. Later, in 1941 the result was
confirmed by Richardson (Richardson 1941) by extending the
investigation over four solar cycles. This hemispheric pattern
was found to be independent of the solar cycle. Since the 90s,
the subject has been rejuvenated and this hemispheric behavior
independent of sunspot cycle has been observed for many of the
solar features such as active regions (Seehafer 1990; Pevtsov
et al. 1995; Longcope et al. 1998; Abramenko et al. 1996; Bao
& Zhang 1998; Hagino & Sakurai 2005), filaments (Martin
et al. 1994; Pevtsov et al. 2003; Bernasconi et al. 2005), coro-
nal loops (Rust & Kumar 1996; Pevtsov & Longcope 2001),
interplanetary magnetic clouds (IMCs; Rust 1994), coronal
X-ray arcades (Martin & McAllister 1996), and network mag-
netic fields (Pevtsov et al. 2001; Pevtsov & Longcope 2007) etc.

Helicity is a physical quantity that measures the degree of
linkages and twistedness in the field lines (Berger & Field 1984).
Magnetic helicity H,, is given by a volume integral over the
scalar product of the magnetic field B and its vector potential A
(Elsasser 1956).

H, = / A-BdV €))
14
with B = Vx A.

It is well known that the vector potential A is not unique,
thereby preventing the calculation of a unique value for the
magnetic helicity from Equation (1). Seehafer (1990) pointed
out that the helicity of magnetic field can best be character-
ized by the force-free parameter «, also known as the helicity
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parameter or twist parameter. The force-free condition
(Chandrasekhar 1961, Chapter 2; Parker 1979) is given as

V x B =aB. 2)
Alpha is a measure of the degree of twist per unit axial length
(see Appendix A for details of physical meaning of alpha).
This is a local parameter which can vary across the field but is
constant along the field lines.

Researchers have claimed to have determined the sign of
magnetic helicity on the photosphere by calculating alpha, e.g.,
apest (Pevtsov et al. 1995), averaged alpha, e.g., («;) = (J;/B;)
(Pevtsov et al. 1994) with current density J, = (V x B),. Some
authors have used current helicity density H. = B, - J; and «,
(Bao & Zhang 1998; Hagino & Sakurai 2004, 2005). A good
correlation was found between a,es; and (o) by Burnette et al.
(2004) and Leka et al. (1996). But the sign of magnetic helicity
cannot be inferred from the force-free parameter o under all
conditions (see Appendix B).

It is well known that the reliable measurements of vector mag-
netic fields are needed to study various important parameters
such as electric currents in the active regions, magnetic energy
dissipation during flares, field geometry of sunspots, magnetic
twist etc. The study of error propagation from polarization mea-
surements to vector field parameters is very important (Lites
& Skumanich 1985; Klimchuk et al. 1992). Klimchuk et al.
(1992) have studied the effects of realistic errors, e.g., due to
random polarization noise, cross talk between different polar-
ization signals, systematic polarization bias, and seeing induced
cross talk etc. on known magnetic fields. They derived analytical
expressions for how these errors produce errors in the estimation
of magnetic energy (calculated from virial theorem). However,
they simulated these effects for magnetographs which sample
polarization at few fixed wavelength positions in line wings. It
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is well known that such observations lead to systematic under-
estimation of field strength and also suffer from magneto-optical
effects (West & Hagyard 1983). Whereas in our analysis, we
simulate the effect of polarimetric noise on field parameters as
deduced by full Stokes inversion. The details are discussed in
the Section 6.

Pevtsov et al. (1995) found large variations in the global «
values from repeated observations of the same active regions.
It is important to model the measurement uncertainties before
looking for physical explanations for such a scatter.

In a study by Hagyard & Pevtsov (1999) the noise levels in
the observed fields were analyzed, but a quantitative relationship
between the uncertainties in fields and the uncertainties in global
a value were not established. They could only determine the
extent to which the incremental introduction of noise affects
the observed value of alpha. However, for the proper tracking
of error propagation, we need to start with ideal data devoid
of noise and with known values of o and magnetic energy. We
follow the latter approach in our present analysis.

Here, we estimate the accuracy in the calculation of the
o parameter and the magnetic energy due to different noise
levels in the spectropolarimetric profiles. Modern instruments
measure the full Stokes polarization parameters within the line
profile. Basically there are two types of spectropolarimeters: (1)
Spectrograph based, e.g., Advanced Stokes Polarimeter (ASP;
Elmore et al. 1992), Zurich Imaging Polarimeter (ZIMPOL;
Keller et al. 1992; Povel 1995; Stenflo 1996; Stenflo & Keller
1997), THEMIS-MTR (Arnaud et al. 1998), SOLIS—Vector
Spectro-Magnetograph (VSM; Jones et al. 2002; Keller et al.
2003), Polarimetric Littrow Spectrograph (POLIS; Schmidt
et al. 2003), Diffraction Limited Spectro-polarimeter (DLSP;
Sankarasubramanian et al. 2004, 2006), Hinode (SOT/SP;
Tsuneta et al. 2008), etc., and (2) Filter-based, e.g., Imaging
Vector Magnetograph (IVM) at Mees Solar Observatory, Hawaii
(Mickey et al. 1996), Solar Vector Magnetograph at Udaipur
Solar Observatory (SVM-USO; Gosain et al. 2004, 2006) etc.

Earlier magnetographs such as Crimea (Stepanov & Severny
1962), MSFC (Hagyard et al. 1982), HSP (Mickey 1985), OAO
(Makita et al. 1985), HSOS (Ai & Hu 1986), Potsdam vector
magnetograph (Staude et al. 1991), SFT (Sakurai et al. 1995)
etc. were mostly based on polarization measurements at a few
wavelength positions in the line wings and hence subjected to
Zeeman saturation effects as well as magneto-optical effects
such as Faraday rotation (West & Hagyard 1983; Hagyard et al.
2000).

The magnetic field vector deduced from Stokes profiles by
modern techniques is almost free from such effects (Skumanich
& Lites 1987; S’anchez Almeida 1998; Socas-Navarro 2001).

This paper serves three purposes. First, we estimate the error
in the calculation of field strength, inclination, and azimuth and
thereafter in the calculation of the vector field components B,
By, and B,. Second, we estimate the error in the determination of
global « due to noise in polarimetric profiles constructed from
the analytical vector field data. Third, we estimate the error in
the calculation of magnetic energy derived using virial theorem,
due to polarimetric noise.

In the next section (Section 2) we discuss a direct method for
calculation of a single global « for an active region. In Section 3,
we describe the method of simulating an analytical bipole field.
Section 4 contains the analysis and the results. Error estimation
in global « is given in Section 5. In Section 6, we discuss the
process of estimating the error in the virial magnetic energy.
Section 7 deals with discussion and conclusions.

Vol. 700

2. ADIRECT METHOD FOR CALCULATION OF
GLOBAL «

Taking the z-component of magnetic field, from the force-free
field Equation (2) o can be written as

(V xB),
= —. 3
a B, 3)
For a least-squares minimization, we should have
Z(oz — otg)2 = minimum
or,ag=(1/N)) a, )

where « is the local value at each pixel, o, is the global value
of « for the complete active region, and N is total number of
pixels. Since Equation (4) will lead to singularities at the neutral
lines where B, approaches 0, therefore the next moment of
minimization,

Z(oz — Otg)szz = minimum ®))

should be used. From Equation (5) we have

a?Tg (Z(a _ ag)zBf) —=0 (6)

which leads to the following result,

2 (% B aalix)Bz
> B?

This formula gives a single global value of « in a sunspot and
is the same as o2 of Hagino & Sakurai (2004). We prefer this
direct way of obtaining global o which is different from the
method discussed in Pevtsov et al. (1995) for determining cpes;-
The main differences are: (1) the singularities at neutral line
are automatically avoided in our method by using the second
moment of minimization and (2) the computation of constant
«a force-free fields for different test values of « is not required.
Hagino & Sakurai (2004) used a different parameter ) to
avoid the effect of Faraday rotation in sunspot umbrae. However,
modern inversion techniques using complete Stokes profiles are
free of this problem.

It must be noted that one can generate different values of
o, using higher moments of minimization, e.g., by weighting
J. with B, with n = 3, 5, 7,... etc. The higher moments will
be more sensitive to spatial variation of B,. Such large and
complex variation of B, is found generally in flare productive
active regions (Ambastha et al. 1993; Wang et al. 1996; Hagyard
et al. 1999). Thus, we can try to use higher-order o, as a global
index for predicting the flare productivity in active regions.

Finally, to compute o, we need all the three components
of magnetic field which is obtained from the measurements of
vector magnetograms. However, here we use the analytically
generated bipole, as discussed in the following section, with
known values of all the magnetic parameters to investigate the
effect of polarimetric noise.

)

ag:

3. GENERATION OF THEORETICAL BIPOLE

We use the analytic, nonpotential force-free fields of the form
derived by Low (1982). These fields describe an isolated bipolar



No. 1, 2009

EFFECT OF POLARIMETRIC NOISE ON TWIST AND MAGNETIC ENERGY

201

arcsec
arcsec

B0

60

arcsec

40

20

1 0

arcsec

40

arcsec

60 80 0

20

40 60
arcsec

80

Figure 1. Contours of the field components overlaid on their gray-scale images. The contour levels are 100, 500, and 800 G of magnetic fields. The red and blue
contours denote the “positive” and “negative” polarities, respectively. The green box in B, shows the area which is selected for the calculation of global «. For details

see the text.

(A color version of this figure is available in the online journal.)

magnetic region which is obtained by introducing currents into
a potential field structure. This potential field is produced by an
infinite straight line current running along the intersection of the
planes y = 0 and z = —a, where negative sign denotes planes
below the photosphere z = 0. At the photosphere (z = 0), the
field has the following form:

B, = —@ cos ¢(r) ®

_ Boaxy Boya? 9
Y+ 2)CO ¢()_( 2ta )Sn¢(r) ©)

5, = Do Boay 10
ST v ad) cos p(r) — 07+ )smq)(r) (10

where By is the magnitude of the field at origin and r? =
x? + y2 + a®. The function ¢(r) is a free generating function
related to the force-free parameter « (see Equation (2)) by

_do

dr an

o =
which determines the current structure and hence the amount
and location of shear present in the region. By choosing
¢(r) = constant = m/2 we can obtain a simple potential
(current-free, « = 0) field produced by the infinite line current
lying outside the domain. Steeper gradient of ¢(r) results in a
more sheared (nonpotential) field.

In Equation (11) the sign on the right hand side is taken
positive in the paper by Low (1982) which is a typing mistake
(confirmed by B. C. Low 2008, private communication). We
mention this here to avoid carrying forward of this typo as was
done in Wilkinson et al. (1989).

A grid of 100 x 100 pixels was selected for calculating the
field components. The magnitude of field strength at origin has
been taken as 1000 G and the value of “a” is taken as 15 pixels
(below the photosphere, z = 0).

The simulated field components with corresponding contours
are shown in the Figure 1.

Here we use the following function (e.g., Wilkinson et al.
1989) for the generation of the field components (B, By, B.):

—a
2 24

, r<3a (12)

¢(r) =

b4
= —, r > 3a.
2

13)

Results for the fields generated by different ¢(r) are quantita-
tively similar. In this way we generate a set of vector fields with
known values of «.

Most of the time one of the bipoles of a sunspot observed
on the Sun is compact (leading) and the other (following)
is comparatively diffuse. Observations of compact poles give
half of the total flux of the sunspot and are mostly used for
analysis. One can derive the twist present in the sunspot using
one compact pole of the bipolar sunspot for constant «. Thus,
we have selected a single polarity of the analytical bipole as
shown in Figure 1 to calculate the twist.

The fine structure in real sunspots is difficult to model. Our
analysis applies to the large scale patterns of the magnetic field
regardless of fine structure. All the following sections discuss
the analysis and results obtained.

4. PROFILE GENERATION FROM THE ANALYTICAL
DATA AND INVERSION

Using the analytical bipole method (Low 1982) the nonpoten-
tial force-free field components By, By, and B; in a plane have
been generated and are given as in Equations (8), (9), and (10).
We have shown B,, By, and B, maps (generated on a grid of
100 x 100 pixels) in Figure 1. From these components we have
derived magnetic field strength (B), inclination (y ), and azimuth
(&: free from 180° ambiguity). In order to simulate the effect of
typical polarimetric noise in actual solar observations on mag-
netic field measurements and study the error in the calculation of
o and magnetic energy, we have generated the synthetic Stokes
profiles for each B, y, and & in a grid of 100 x 100 pixels, using
the He-Line Information Extractor “HELIX” code (Lagg et al.
2004). This code is a Stokes inversion code based on fitting
the observed Stokes profiles with synthetic ones obtained by
Unno—Rachkovsky solutions (Unno 1956; Rachkowsky 1967)
to the polarized radiative transfer equations (RTE) under the
assumption of Milne-Eddington (ME) atmosphere (Landolfi &
Landi Degl’Innocenti 1982) and local thermodynamical equi-
librium (LTE). However, one can also use this code for gener-
ating synthetic Stokes profiles for an input model atmosphere.
The synthetic profiles are functions of magnetic field strength
(B), inclination (y), azimuth (&), line of sight velocity (vios),
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Figure 2. Example of Stokes profiles with 0.5% (left column) and 2.0% (right column) noise along with fitted profiles. The input parameters for the associated pixel
are as follows: field strength = 861 G, inclination = 101°, azimuth = 19°. The corresponding output parameters are 850 G, 101°, 19° for 0.5% noise and 874 G, 99°,

19° for 2.0% noise.

Doppler width (vpepp), damping constant (I'), ratio of the center
to continuum opacity (o), slope of the source function (Sgaq),
and the source function (Sy) at T = 0. The filling factor is taken
as unity. In our profile synthesis only magnetic field parameters
B, y, and & are varied while other model parameters are kept
same for all pixels. The typical values of other thermodynamical
parameters are given in Table 1. We use the same parameters for
all pixels. Further, all the physical parameters at each pixel are
taken to be constant in the line forming region. However, one
must remember that real solar observations have often Stokes
V area asymmetries (Solanki 1989; Khomenko et al. 2005) as a
result of vertical magnetic and velocity field gradients present

in the line-forming region. This has not been taken into account
in our simulations.

A set of Stokes profiles with 0.5% and 2.0% noise for a pixel
is shown in Figure 2.

The wavelength grid used for generating synthetic spectral
profiles is same as that of Hinode (SOT/SP) data which are
as follows: start wavelength of 6300.89 A, spectral sampling
21.5 mA pixel~!, and 112 spectral samples. We add normally
distributed random noise of different levels in the synthetic
Stokes profiles. Typical noise levels in Stokes profiles obtained
by Hinode (SOT/SP) normal mode scan are of the order of
1073 of the continuum intensity, Z. (Ichimoto et al. 2008). We
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Table 1 ) field is comparatively less affected with noise. The scatter plot
Model Parameters for Generating Synthetic Profile in Figure 4 shows that the inversion gives good correlation to
Model Parameter Value the actpal field vglues. Th§ pointsowith large scatter are due to
b : 0 poor signal-to-noise ratio in the simulated profiles. The mean
oppler velocity, vpes (Ms™") 0 in further di . . . . £
Doppler width, vpopp (mA) 20 percentage error in further discussions is given in terms o
Ratio of center to continuum opacity, 7, 20 weighted average of error.
Source function, S, 0.001
Slope of the source function, Sgraq 1.0 5. ESTIMATION OF THE ERROR IN THE CALCULATION
Damping constant, I" 1.4 OF GLOBAL ALPHA (o)

add random noise of 0.5% of the continuum intensity /. to the
polarimetric profiles. In addition, we also study the effect of
adding a noise of 2.0% level to Stokes profiles as a worst case
scenario. We add 100 realizations of the noise of the orders
mentioned above to each pixel and invert the corresponding 100
noisy profiles using the “HELIX” code.

The guess parameters to initialize the inversion are generated
by perturbing known values of B, y, and & by 10%. Thus, after
inverting 100 times we get 100 sets of B, y, and & maps for
the input B, y, and & values from bipole data. In this way we
estimate the spread in the derived field values for various field
strengths, inclinations etc. First, the inversion is done without
adding any noise in the profiles to check the accuracy of the
inversion process. We get the results retrieved in this process
which are very similar to those of the initial analytical ones. The
scatter plot of input field strength, inclination, azimuth against
the corresponding retrieved strength, inclination, azimuth after
noise addition and inversion is shown in Figure 3 (upper panel).
Typical By, By, and B, maps with different noise levels are
shown in the lower panel. As the noise increases B, B, and B,
maps become more grainy.

From the plots shown in Figure 3 we can see that the error
in the field strength for a given noise level decreases for strong
fields. This is similar to results of Venkatakrishnan & Gary
(1989). As the noise increases in the profiles, error in deriving
the field strength increases. We find that the error in the field
strength determination is ~15% for 0.5% noise and ~25% for
2% noise in the profiles. Inclination shows more noise near
0° & 180° than at ~90°. The error is less even for large
noisy profiles for the inclination angles between ~50°-130°.
The reason for this may be understood in the following way.
Linear polarization is weaker near 0° and 180° inclinations
and is therefore more affected by the noise. The azimuth
determination has inherent 180° ambiguity due to insensitivity
of Zeeman effect to orientation of transverse fields. Thus in
order to compare the input and output azimuths we resolve this
ambiguity in &, by comparing it with &, i.e., the value of &y
which makes acute angle with &;, has been taken as correct. We
can see azimuth values after resolving the ambiguity in this way
show good correlation with input azimuth values. Some scatter
is due to the points where ambiguity was not resolved due to
90° difference in &, and &,,.

First, the ¢, was calculated from the vector field components
derived from the noise free profiles to verify the method of
calculating global alpha and also the inversion process. We
have used the single polarity to calculate global alpha present in
sunspot as discussed in Section 3. We retrieved the same value
of a, as calculated using the initial analytical field components.
From Figure 4 we can see that the effect of noise on the field
components is not much for the case of 0.5% noise but as the
noise in the profiles is increased to 2.0%, the field component’s
specially transverse fields show more uncertainty. The vertical

We calculate the percentage error in global alpha each time
after getting the inverted results, for both the cases when 0.5%
and 2.0% (of 1) noise is added in the profiles, by the following
relation:

A ar —a
2% gy = 2 "¢ 4 100 (14)
U Qg
where a; is calculated global alpha and «, is the analytical
global alpha.

The histogram of the results obtained is shown in Figure 5.

First, we inverted the profiles without adding any noise and
calculated «, from retrieved results to compare it with the
“true” o, calculated from the analytically generated vector field
components. We get less than 0.002% difference in the both «,
values.

For the case of 0.5% noise in polarimetric profiles we get a
mean error of 0.3% in the calculation of o, and error is never
more than 1%. Thus, the calculation of «, is almost free from the
effect of noise in this case. Hence, by using data from Hinode
(SOT/SP), one can derive the accurate value of twist present in
a sunspot.

If 2.0% noise is present in the polarization, then maximum
~5% error is obtained. Weighted average shows only 1%
error. Thus, the estimation of alpha is not influenced very
much even from the data obtained with old and ground based
magnetographs. In any event it is unlikely that a realistic error
will be large enough to create a change in the sign of o,.

6. ESTIMATION OF THE ERROR IN THE CALCULATION
OF MAGNETIC ENERGY (E,,)

The magnetic energy has been calculated using virial theo-
rem. One form of the general virial theorem (Chandrasekhar
1961, Chapter 2) states that for a force-free magnetic field, the
magnetic energy contained in a volume V is given by a surface
integral over the boundary surface S,

LBde = l/ [ler—(B-r)B:| -nds, (15
8 4r 2

where r is the position vector relative to an arbitrary origin,
and n” is the normal vector at surface. Let us adopt Cartesian
coordinates, taking as z = O plane for photosphere. This
assumption is reasonable because the size of sunspots is very
small compared to the radius of the Sun. If we make a further
reasonable assumption that the magnetic field strength decreases
with distance more rapidly than r~3/2 whereas a point dipole
field falls off as »—3, then the Equation (15) can be simplified to
(Molodensky 1974)

1 1
/ 1 Brdrdyaz = - / (xBy + yB,)B.dxdy.  (16)
8 47

where x and y are the horizontal spatial coordinates. By, B, and
B, are the vector magnetic field components. This Equation (16)
is referred to as the “magnetic virial theorem.”
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Figure 3. Scatter plot (upper panel) between the field strength, inclination and azimuth before and after inversion with 0.5% (first column) and 2.0% (second column)
noises in the profiles. The lower panel shows the images of vector fields By, By, and B; before (first row) and after inversion with 0.5% (second row) and 2% (third

row) noises in the profiles.

Thus, magnetic energy of an active region can be calculated
simply by substituting the derived vector field components into
the surface integral of Equation (16) (Low 1982, 1985, 1989).
Magnetic field should be solenoidal and force-free as is the case
for our analytical field. So the energy integral is independent of
choice of the origin.

If all the above conditions are satisfied then the remaining
source of uncertainty in the magnetic energy estimation is the er-
rors in the vector field measurements themselves. So, before the
virial theorem can be meaningfully applied to the Sun, it is nec-
essary first to understand how the errors in the vector field mea-
surements produce errors in the calculated magnetic energies.
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Figure 4. Scatter plot between By, By, and B, before and after inversion without noise (first row) and with adding noise in the profiles: second row with 0.5% noise

and third row with 2.0% noise (of /..) in the polarimetric profiles.

Earlier, the efforts were made to estimate the errors (Gary et al.
1987; Klimchuk et al. 1992) for magnetographs like Marshall
Space Flight Center (MSFC) magnetograph. Gary et al. (1987)
constructed a potential field from MSFC data and computed
its virial magnetic energy. Then, they modified the vector field
components by introducing random errors in B, By, and B, and
recomputed the energy. They found the two energies differ by
11%. Klimchuk et al. (1992) approached the problem differently.
They introduced errors in the polarization measurements from
which the field is derived instead of introducing errors to
magnetic fields directly. This way they were able to approximate
reality, more closely and were able to include certain type of
errors such as cross talk which were beyond the scope of the
treatment by Gary et al. (1987). They found that the energy
uncertainties are likely to exceed 20% for the observations made
with the vector magnetographs present at that time (e.g., MSFC).

Here, our approach is very similar to that of Klimchuk et al.
(1992) except that we consider full Stokes profile measurements
to derive the magnetic fields like in the most of the recent vector
magnetographs, e.g., Hinode (SOT/SP), SVM-USO etc. as
mentioned earlier. We begin with an analytical field, determine
polarization signal as explained in earlier parts, introduce the
random noise of certain known levels (0.5% and 2.0% of I.) in

the polarization profiles, infer an “observed” magnetic field after
doing the inversion of the noisy profiles, compute an “observed”
magnetic energy from the “observed” field and then compare
this energy with the energy of the “true” magnetic field. The

percentage error is calculated from the following expression:
AE, (%) = E: —E,
E

m m

x 100, (17)

where E) is the “observed” energy and E, is the “true”
energy. All the above processes have been described in detail in
Section 4.

Figure 6 shows the uncertainty estimated in the calculation
of magnetic energy in two cases when error in the polarimetric
profiles is 0.5% and 2.0% of I.. Needless to say, we first checked
the procedure by calculating the magnetic energy from the
vector fields derived from inverted results with no noise in the
profiles. We found the same energy as calculated from the initial
analytical fields.

We can see that the magnetic energy can be calculated with a
very good accuracy when less noise is present in the polarization
as is observed in the modern telescopes like Hinode (SOT/SP)
for which very small (of the order of 10~ of I,.) noise is expected
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Figure 5. Histogram of the percentage error in calculation of &g with 0.5% and
2.0% noise (of I.) in polarimetric profiles, respectively.

in profiles. We find that a mean of 0.5% and maximum up to 2%
error is possible in the calculation of magnetic energy with such
data. So, the magnetic energy calculated from the Hinode data
will be very accurate provided the force-free field condition is
satisfied.

The error in the determination of magnetic energy increases
for larger levels of noise. In the case of high noise in profiles
(e.g.,2.0% of I..) the energy estimation is very much vulnerable
to the inaccuracies of the field values. We replaced the inverted
value of the field parameters with the analytical value wherever
the inverted values deviated by more than 50% of the “true”
values. We then get the result shown in the right panel. We can
see that the error is very small even in this case. The mean value
of error is ~0.7%.

7. DISCUSSION AND CONCLUSIONS

We have discussed the direct method of estimating o from
vector magnetograms using the second moment of minimiza-
tion. The higher-order moments also hold promise for gener-
ating an index for predicting the flare productivity in active
regions.

The global value of twist of an active region can be measured
with very good accuracy by calculating «,. Accurate value of
twist can be obtained even if one polarity of a bipole is observed.

The magnetic energy calculation is very accurate as seen
from our results. Very less error (approximately 0.5%) is seen
in magnetic energy with 0.5% noise in the profiles. Thus, we
conclude that the magnetic energy can be estimated with very
good accuracy using the data obtained from modern telescopes
like Hinode (SOT/SP). This gives us the means to look for
magnetic energy changes released in weak C-class flares which
release radiant energy of the order of 10°° erg (see Appendix C),
thereby improving the statistics.

These energy estimates are however subject to the condition
that the photospheric magnetic field is force-free, a condition
which is not always met with. We must then obtain the energy
estimates using vector magnetograms observed at higher atmo-
spheric layers where the magnetic field is force-free (Metcalf
et al. 1995).

The 180° azimuthal ambiguity (AA) is another source of error
for determining parameters like , and magnetic free energy in
real sunspot observations. The smaller the polarimetric noise,
the smaller is the uncertainty in azimuth determination, thereby
allowing us to extend the range of the acute angle method used
in our analysis. On the other hand it is difficult to predict the
level of uncertainty produced by AA. Influence of AA is felt
more at highly sheared regions which will anyway deviate from
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Figure 6. Histogram of the percentage error in calculation of magnetic energy
when 0.5% and 2.0% noise (of I..) is present in polarimetric profiles, respectively.

the global alpha value. Thus, avoiding such pixels will improve
determination of «,. Magnetic energy calculation at such pixels
could be done by comparing energy estimates obtained by
“flipping” the azimuths and choosing the mean of the smallest
and the largest estimate of the energy. Here we assume that half
the number of pixels has the true azimuth. This is the best one can
do for a problem that really has no theoretical solution allowed
by the Zeeman effect (but see also, Metcalf et al. 2006 and
references therein). Observational techniques such as the use of
chromospheric chirality (Lépez Ariste et al. 2006; Martin et al.
2008; Tiwari et al. 2008) or the use of magnetograms observed
from different viewing angles could perhaps resolve the AA.
Patches of both signs of alpha are sometimes present in a
single sunspot (Pevtsov et al. 1994; Hagino & Sakurai 2004). In
those cases the physical meaning of o, becomes unclear. Efforts
are needed to understand the origin of such complex variation
of « in a sunspot. Real sunspots show filamentary structures. If
this structure is accompanied by local variations of ¢, then does
the global « result from correlations in the local « values? Or,
are the small scale variations due to a turbulent cascade from the
large scale features? The answers to these questions are beyond
the scope of our present study. Modeling sunspots with such
complex fine structures is a great challenge. However, we plan
to address the question of fine structure of twists in real sunspots
observed from HINODE (SOT/SP), in our forthcoming study.
For the present, we demonstrate that the global twist present
in an active region can be accurately measured without ambi-
guity in its sign. Furthermore, the high accuracy of magnetic
energy estimation that can be obtained using data from modern
instruments will improve the probability for detecting the flare
related changes in the magnetic energy of active regions.
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APPENDIX A
PHYSICAL MEANING OF FORCE-FREE PARAMETER «

(Derived from the discussions with Professor Eugene N.
Parker during his visit to Udaipur Solar Observatory)
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Taking surface integral on both sides of Equation (2), we get

a/dS-B /dS~VxB

% dl - B (from Stokes theorem) (Al)

or,
dl-B

= ¢ —. A2

o D (A2)

In the cylindrical coordinate we can write Equation (A2) as

i 27Tw'Bq>
" 7w’B,
2B,

= , A3
w B, (A3)

where z and @ are axial and radial distances from origin,
respectively.
The equation of field lines in cylindrical coordinates is given

as B B
A (A4)
dz wd¢

or, J
B¢ w ¢
B . A5
B, dz (AS)

Using Equations (A3) and (AS5), we get
d
o= 2—¢. (A6)
dz

From Equation (A6) it is clear that the o gives twice the
degree of twist per unit axial length. If we take one complete
rotation of flux tube, i.e., ¢ = 2, and loop length A ~ 10° m,

then
_ 2 x 2w
A

comes out of the order of approximately 10~% per meter.

o

(A7)

APPENDIX B

CORRELATION BETWEEN SIGN OF MAGNETIC
HELICITY AND THAT OF «

Equation (2) can be written as

VxB=alVxA)
=V x (¢A) (BD)

giving vector potential in terms of scalar potential ¢ as
A =Ba ' +Ve, (B2)

which is valid only for constant «. Using this relation in
Equation (1), we get magnetic helicity as

Hy,

/(Ba—‘ +Vo¢) -BdV

= /Bza_ldv+f(B-V)¢dV. (B3)
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Second term on the right-hand side of Equation (B3) can be
written as

/(B V)pdV /v - (¢B)dV

/((]) B) - ndS (B4)

(from Gauss Divergence Theorem) which is equal to zero for a
closed volume where magnetic field does not cross the volume
boundary (n-B = 0) provided that ¢ remains finite on the
surface. Therefore, we get magnetic helicity in terms of « as

H, = f B*a~'av, (B5)

which shows that the force-free parameter « has the same sign
as that of the magnetic helicity. However, if n-B # 0, then
the contribution of the second term in Equation (B3) remains
unspecified. Thus, it is not correct to use alpha to determine
the sign of magnetic helicity for the half space above the
photosphere since n - B # 0 at the photosphere.

APPENDIX C

ESTIMATE OF ENERGY RELEASE IN DIFFERENT
CLASSES OF X-RAY FLARES:

With the simplifying assumption that all classes of soft X-ray
flares have a typical duration of 16 minutes (Drake 1971), we
can see that the energy released in the different classes of flares
will be proportional to their peak power. Since X-class flares
typically release radiant energy of the order of 10°? erg (Emslie
et al. 2005), therefore M-class, C-class, B-class, and A-class
flares will release radiant energy of the order of respectively
103, 10%°, 10%°, and 10%8 erg.
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ABSTRACT

The presence of fine structures in sunspot vector magnetic fields has been confirmed from Hinode as well
as other earlier observations. We studied 43 sunspots based on the data sets taken from ASP/DLSP, Hinode
(SOT/SP), and SVM (USO). In this Letter, (1) we introduce the concept of signed shear angle (SSA) for sunspots
and establish its importance for non-force-free fields. (2) We find that the sign of global « (force-free parameter)
is well correlated with that of the global SSA and the photospheric chirality of sunspots. (3) Local « patches of
opposite signs are present in the umbra of each sunspot. The amplitude of the spatial variation of local « in the
umbra is typically of the order of the global « of the sunspot. (4) We find that the local « is distributed as alternately
positive and negative filaments in the penumbra. The amplitude of azimuthal variation of the local « in the penumbra
is approximately an order of magnitude larger than that in the umbra. The contributions of the local positive and
negative currents and « in the penumbra cancel each other giving almost no contribution for their global values for
the whole sunspot. (5) Arc-like structures (partial rings) with a sign opposite to that of the dominant sign of « of
the umbral region are seen at the umbral-penumbral boundaries of some sunspots. (6) Most of the sunspots studied
belong to the minimum epoch of the 23rd solar cycle and do not follow the so-called hemispheric helicity rule.

Key words: Sun: magnetic fields — Sun: photosphere — sunspots

1. INTRODUCTION

Helical patterns in sunspots and associated features have
been observed for a long time (Hale 1925, 1927; Richardson
1941) with a hemispheric preference of their chirality, which is
independent of the solar cycle. Since the 1990s, the subject
has been intensively revisited and the similar behavior of
hemispheric patterns for various solar features has been reported
by many researchers (Hagino & Sakurai 2004; Nandy 2006;
Bernasconi et al. 2005; Pevtsov & Longcope 2001, 2007 and
references therein). However, this hemispheric behavior needs
further investigation due to some inconsistencies reported for
different phases of a solar cycle and also for data sets obtained
from different magnetographs (Hagino & Sakurai 2005; Pevtsov
et al. 2008).

For a force-free field, the global twist per unit axial length
is given by the force-free parameter o (see Appendix A of
Tiwari et al. 2009a). Some recent studies (Tiwari et al. 2008,
2009b; S. K. Tiwari et al. (2009, in preparation) have shown
that the global « of an active region bears the same sign as
its associated features/structures observed at chromospheric
and coronal heights. The chromospheric and coronal sign of
twist is inferred from the topological chirality sign of the
observed features. This leads us to believe that some form of
the photospheric global twist exists on the scale of sunspots.
However, the structures in the sunspot fields revealed by modern
vector magnetographs with high spatial and spectral resolution
compels us to make a careful revaluation of global « and its
physical meaning.

Since the photospheric field is not force-free (Metcalf et al.
1995), we need an alternative measure of the twist other than «.
We introduce the concept of the signed shear angle (SSA) for
sunspot magnetic fields in this Letter and show how the SSA is
directly related to vertical current (J;) and «, irrespective of the
force-free nature of the sunspot fields.

The presence of oppositely directed currents in a single
unipolar sunspot was first shown by Severnyi (1965). For a
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detailed investigation of local « distribution in three sunspots
using 46 vector magnetograms, see Pevtsov et al. (1994).
Recently, Su et al. (2009) reported an interesting pattern of
fine structures in the « distribution within one active region
(AR) using Hinode data with higher resolution. We present a
comprehensive study of 43 sunspots with high resolution and
establish the contribution of such fine structures to the global
twist. For this purpose we will rely on J; and « values.

The helicity hemispheric rule or, more precisely, twist hemi-
spheric rule is claimed to be established by many researchers
(Seehafer 1990; Pevtsov et al. 1995; Abramenko et al. 1996;
Bao & Zhang 1998; Longcope et al. 1998; Hagino & Sakurai
2005) and has recently been a matter of some debate (Hagino
& Sakurai 2005; Pevtsov et al. 2008). A model developed
by Choudhuri et al. (2004) predicts deviation from the twist
hemispheric rule in the beginning of the solar cycle. How-
ever, some observers claim that this deviation from the hemi-
spheric rule may be present in different phases of different so-
lar cycles (Pevtsov et al. 2008). We have studied 43 ARs (as
shown in Table 1) mostly observed during the declining phase
of solar cycle 23. None but five follow the twist hemispheric
rule.

In the following section (Section 2), we discuss the data
sets used. Section 3 describes the analysis and results obtained.
Finally, in Section 4 we present our conclusions.

2. DATA SETS USED

We have used the vector magnetograms obtained from the So-
lar Optical Telescope/Spectro-polarimeter (SOT/SP: Tsuneta
et al. 2008; Suematsu et al. 2008; Ichimoto et al. 2008) on-
board Hinode (Kosugi et al. 2007) and the Advanced Stokes
Polarimeter (ASP; Elmore et al. 1992) as well as the Diffrac-
tion Limited Spectro-polarimeter (DLSP; Sankarasubramanian
et al. 2004, 2006) of the Dunn Solar Telescope (DST). A stan-
dard and well-established calibration procedure was adopted for
ASP/DLSP data. The procedure for obtaining the vector fields
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Table 1
List of the Active Regions Studied
AR No. Date of Global Alpha Shear Angle Position Hemispheric
(NOAA) Observation (ag:/meter) (SSA: deg) Helicity Rule
10972 2007 Oct 7 —2.331 x 1078 —1.085 SO5W20(t) No
10971 2007 Sep 29 3.053 x 1078 3.214 NO3WO07 No
10970 2007 Sep 5 —2.001 x 1078 —0.308 SO7TW58(t) No
10969 2007 Aug 29 —3.424 x 1078 —4.488 SO5W33(t) No
10966 2007 Aug 9 —2.539 x 1078 —3.595 SO06E07 No
10963(—) 2007 Jul 12 —2.459 x 1078 —4.636 SO6E14(t) No
10963(+) 2007 Jul 12 —3.440 x 1078 —4.495 SO6E14(t) No
10961 2007 Jul 2 —5.119 x 1078 —4.973 S10W16(t) No
10960 2007 Jun 7 3.027 x 1078 4.486 SO07W03 Yes
10956(—) 2007 May 18 9.642 x 1078 11.595 NO2EO07 No
10956(+) 2007 May 18 6.458 x 1078 5.352 NO2E07 No
10955 2007 May 13 —6.737 x 1078 —1.887 SO09W35(t) No
10953 2007 Apr 29 —6.673 x 107° —3.071 S10E22(t) No
10944 2007 Mar 3 —2.084 x 1078 —4.635 SO5W30(t) No
10941 2007 Feb 6 —2.745 x 1078 —3.069 SO7TW36(t) No
10940 2007 Feb 1 —1.948 x 1078 —4.726 S04W05 No
10939(—) 2007 Jan 23 —3.033 x 1078 —5.105 S04W57(t) No
10939(+) 2007 Jan 23 —8.289 x 107° —0.869 S04W57(t) No
10935 2007 Jan 9 —2.412 x 1078 —-3.414 SO7W30(t) No
10933 2007 Jan 5 —1.119 x 107° —2.423 S04WO01 No
10930(—) 2006 Dec 12 —3.519 x 1078 —6.676 SO5W21(t) No
10930(+) 2006 Dec 12 —1.624 x 1077 —18.067 SO5W21(t) No
10926 2006 Dec 3 —7.049 x 107° —1.538 SO09W32(t) No
10923 2006 Nov 16 1.090 x 107° 0.350 S05W30(t) Yes
10921 2006 Nov 6 —3.318 x 1077 —14.054 SO8W38(t) No
10841 2005 Dec 28 1.114 x 1077 9.383 NI12E20(t) No
10838 2005 Dec 22 2.294 x 1077 14.757 N17E20(t) No
10808(—) 2005 Sep 13 1.017 x 1077 8.015 S11E17(t) Yes
10808(+) 2005 Sep 13 1.225 x 1077 1.020 S11E17(t) Yes
10804 2005 Aug 26 —4.977 x 1078 —5.237 N11W02 Yes
10803 2005 Aug 26 2.559 x 1077 6.151 NI12E53(t) No
10800 2005 Aug 26 1.331 x 1077 3.967 N17W49(t) No
10782 2005 Jul 2 —3.626 x 1077 —10.230 S17TW18(t) No
10781 2005 Jul 4 1.027 x 1077 7.786 N13W03 No
10780 2005 Jun 24 —6.357 x 1078 —0.806 SO8W28(t) No
10752 2005 Apr 17 9.960 x 1078 8.365 NO2W00 No
10330 2003 Apr 9 3.988 x 1078 11.031 NO7W04 No
09601 2001 Sep 3 1.367 x 1078 2.178 N14W06(t) No
09596 2001 Aug 30 2.125 x 1077 9.297 N21E15(t) No
09591(—) 2001 Aug 30 —-2.359 x 1077 —6.111 S18W36(1) No
09591(+) 2001 Aug 30 —1.839 x 1077 —2.226 S18W36(t) No
09590 2001 Aug 26 —3.148 x 1077 —2.069 S29W01(t) No
09585 2001 Aug 24 5310 x 1078 1.730 N14W30(t) No

(t) : transformed

Note. The global « value, the SSA, and other details of the sunspots are given.

from the ASP/DLSP data is described elsewhere (Elmore et al.
1992; Sankarasubramanian et al. 2004, 2006).

The Hinode (SOT/SP) data have been calibrated by the stan-
dard “sp_prep” routine available in the Solar-Soft packages.
The prepared polarization spectra have been inverted to obtain
vector magnetic field components using an Unno—Rachkowsky
(Unno 1956; Rachkowsky 1967) inversion under the assump-
tion of a Milne—Eddington (ME) atmosphere (Landolfi & Landi
Degl’Innocenti 1982; Skumanich & Lites 1987). The 180° az-
imuthal ambiguity in the data sets are removed by using an acute
angle method (Harvey 1969; Sakurai et al. 1985; Cuperman et al.
1992). All the data sets used have high spatial sampling. For ex-
ample, ASP ~0.3 arcsec pixel ™!, DLSP ~0.1 arcsec pixel ™,
and Hinode (SOT/SP) ~0.3 arcsec pixel~!. However, a few
observations are seeing limited to about an arcsec.

To minimize noise, pixels having transverse (B;) and longi-
tudinal magnetic field (B,) greater than a certain level are only
analyzed. A quiet-Sun region is selected for each sunspot and 1o
deviations in the three vector field components B,, By, and B, are
evaluated separately. The resultant deviations in By and B, are
then taken as the 1o noise level for transverse field components.
Only those pixels where longitudinal and transverse fields are
simultaneously greater than twice the above mentioned noise
levels are analyzed.

The data sets with their observation details are given in
Table 1. The data sets observed from 2001 August to 2005 April
are obtained with the ASP and those observed from 2005 June to
2005 December are from the DLSP. Two vector magnetograms
observed on 2007 January 9 and 2007 February 6 from the
Solar Vector Magnetograph at the Udaipur Solar Observatory
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(SVM-USO: Gosain et al. 2004, 2006), and reported in Tiwari
et al. (2008), also have been included to improve the statistics.
All the other data sets obtained since 2006 November onward
are taken from Hinode (SOT/SP).

3. DATA ANALYSIS AND RESULTS

We have used the following formula to compute the local «
values
(V x B),
o=—".
B;

The global « value of the active regions is estimated from the
following formula as described in Tiwari et al. (2009a):

dBy 9B,
Z(W_ ali-)Bz
TR

This estimate was shown to be not seriously affected by the
polarimetric noise (Tiwari et al. 2009a). Moreover, since o, is
weighted by strong field values (Hagino & Sakurai 2004) and
not affected by singularities at polarity inversion lines (Tiwari
et al. 2009a), this parameter is more accurate than a simple
average of local «.

Hagyard et al. (1984) introduced the shear angle A® =
D5 — Dpor, Where Dgps and Py are the azimuthal angles of the
observed and potential fields, respectively. The amplitude of this
angle was studied at the polarity inversion lines to investigate
the flare related changes (Hagyard et al. 1990; Ambastha et al.
1993; Hagyard et al. 1999). To emphasize the sign of shear
angle we wish to introduce the SSA for the sunspots as follows:
we choose an initial reference azimuth for a current-free field
(obtained from observed line-of-sight field). Then we move to
the observed field azimuth from the reference azimuth through
an acute angle. If this rotation is counter-clockwise, then we
assign a positive sign for the SSA. A negative sign is given for
clockwise rotation. This sign convention will be consistent with
the sense of azimuthal field produced by a vertical current. This
sign convention is also consistent with the sense of chirality (for
details, see Appendix A). The potential field has been computed
using the method of Sakurai (1989). The mean of the SSA
obtained for a whole sunspot is taken as the global value of the
SSA for that sunspot.

The force-free parameter « involves three dimensions since it
basically represents the rate of change of rotation per unit axial
length. The SSA is the rotational deviation of the projection of
the field onto the photosphere from that of a reference current-
free field. The o parameter is a gradient of angle per unit length,
while the SSA is just an angle. We therefore cannot expect a
strong correlation between the amplitudes of both the quantities,
the SSA and the « parameter. But we do find a good correlation
between their signs as evident from Table 1.

The SSA provides the sign of twist irrespective of whether the
photospheric magnetic field is force-free or not. Table 1 shows
that the sign of « is the same as the sign of SSA. Thus, we
conclude that even if the photosphere is non force-free, the sign
of global o will empirically give the sign of global SSA and
therefore the sign of global twist (chirality) of the sunspots.

To avoid any kind of projection effect we have transformed
the data sets to the disk center (Venkatakrishnan & Gary 1989)
if the observed sunspot is equal to more than 10° away from
the disk center. In some active regions both the polarities are
compact enough to be studied separately. We have treated each
pole of those active regions as an individual sunspot and this is

ey
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denoted in Table 1 after the NOAA no. of sunspots by plus or
minus sign.

Two examples of the local « distribution for the data sets
obtained from Hinode (SOT/SP) are shown in Figure 1. The
positive/negative contours are shown in red/blue colors. The
local « patches are seen in the umbra and filamentary distri-
bution of « is observed in the penumbral region. We find that
the inclination angles oscillate between ~30° and 80° when we
go along the azimuthal direction in the filamentary penumbral
structures. This is consistent with the interlocking-comb penum-
bral structure (Ichimoto et al. 2007) of the penumbral magnetic

fields. The vertical current J, has two components, viz. —} aaf;)’

and } % If we approximate the observed transverse field (B;)

to be mostly radial (B; ~ B, ) then we can interpret the azimuthal

variation of J; to result from the term —} 9B. This term is not

09

expected to contribute to global twist. However, } a(gfq’) could be
an important contributor to the global twist. A detailed investi-
gation of this interesting possibility is deferred to another paper.
For the present, we obtain positive and negative values of current
side by side in the penumbra. Because the o parameter depends
on the current, this oscillation in the filamentary structure across
the penumbral filaments is expected for the « values too.

The distribution of vertical current and local « in the penum-
bra show higher values than that in the umbral regions. An arc
and a straight line, selected respectively in the penumbra and
umbra of AR NOAA 10933, have been over plotted as shown in
the left panel of Figure 1. The corresponding values of vertical
current and « along the arc and the line are shown in Figures 2(a)
and (b), respectively. We can see that both the positive and neg-
ative vertical current as well as « are equally distributed in the
penumbra along the azimuthal direction. This gives a negligible
contribution to the global current and global « values, thereby
indicating that the contribution of —%w is indeed small. We

have selected an arc rather than the complete circle because
many times sunspots are not circular and therefore selecting a
proper penumbral region is not possible by a full circle. Sim-
ilar arcs have been selected in the other sunspots and all the
time it is seen that both the positive and the negative vertical
current as well as o are distributed equally in the penumbra
giving negligible contribution to their global values. While cur-
rent and « variations are correlated for positive B, they will be
anti-correlated for negative B,.

Figure 2(b) shows a typical profile of spatial variations of
current and o« across the umbra (along the line) in the AR
NOAA 10933 shown in the left panel of Figure 1. We see that
the amplitude of variation of « in the umbra is smaller than that
in the penumbra by approximately an order of the magnitude
and is of the same order as that of the global « value of the whole
sunspot. The variation of J, in the umbra is of the same order as
the penumbral J, variation. The mean umbral J, is much larger
than the mean penumbral J,.

In the right panel of Figure 1 an arc-like structure (partial
ring) with a bunch of red contours (positive «) can be observed.
This is opposite to that of the dominant negative global « of
the sunspot. Such partial rings with opposite signs of the global
value are observed in 10 of the sunspots from our sample. In
the rest of the sunspots mixed current and « are present in the
umbra with one dominant sign and no such specific structures
are seen at the umbral—-penumbral boundaries.

A few sunspots in our data sets studied are small and have
no penumbra. Some ASP data do not show fine structures in the
penumbra due to lack of spatial resolution. We have included
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Figure 1. Two examples of local « distribution observed in Hinode (SOT/SP) data. The background is the continuum image. Red and blue contours represent positive
and negative values of o, respectively. The contour levels are 1 x 1078 m~!, +5 x 1078 m~!, and +10 x 108 m~!. The values of vertical current and « along the
arc shown in the penumbra of the image in the left panel are plotted in Figure 2(a) and those along the straight line in the umbra are plotted in Figure 2(b).
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Figure 2. Plots of vertical current and « values along (a) the arc and (b) the
straight line shown in the penumbra and umbra of AR NOAA 10933 (the left
panel of Figure 1) respectively. Black and red colors represent the current and
« values, respectively. The mean values of both the vertical current and the o
values with their 1o standard deviations in the arc and the line are printed on
the plots in their respective colors.

these active regions in our study to look at the hemispheric
behavior of the global twist.

Most of the data sets we studied are observed during the
declining minimum phase of solar cycle 23. All except five of
the sunspots observed do not follow the twist hemispheric rule.

4. DISCUSSION AND CONCLUSIONS

We have introduced the concept of SSA for sunspots and
further find that the SSA and the global o value of sunspots

have the same sign. Thus, o gives the same sign as the SSA
and therefore the same sign of the photospheric chirality of the
sunspots, irrespective of the force-freeness of the sunspot fields.
As can be observed from Table 1, the magnitudes of SSA and
a, are not well correlated. This lack of correlation could be due
to a variety of reasons: (1) departure from the force-free nature,
(2) even for the force-free fields, o is the gradient of twist
variation whereas the SSA is purely an angle. The missing link
is the scale length of variation of twist. The magnitude of the
global SSA, therefore, holds promise for characterizing global
twist of the sunspot magnetic fields, irrespective of its force-free
nature.

Patches of vertical current and « with opposite signs are
present in the umbra of each sunspot studied. Since opposite
currents repel, the existence of a dominant current may be a
useful binding force for the umbra (cf. Parker 1979). This will
be examined in detail in further studies of evolution of twist
in decaying sunspots. One sign of « dominates in the umbra
which is also seen to be the sign of the global « of the sunspot.
Similarly, the magnitude of the global « is of the same order as
the amplitude of the local « in the umbra.

The filamentary structures of vertical current and local « are
observed in the penumbra of the sunspots and are, as discussed
above, due to oscillatory behavior in the inclination values
and therefore gradients of the transverse field in the azimuthal
direction. We find that the contributions of both positive and
negative values of vertical current and « to their global values
cancel each other in the penumbra of the sunspot. Thus the
penumbral fine structures provide a negligible contribution
to the global o and current values of sunspots. The mutual
repulsion of opposite currents also seems to balance out in the
azimuthal direction. It is to be seen whether disruption of this
balance leads to sunspot rotation and change in global twist.
At any rate, the observed balancing of the filamentary currents
in the azimuthal direction may be an important contribution to
the force-free nature of the sunspot fields. The amplitude of «
variation is approximately an order of magnitude smaller in the
umbral regions than that in the penumbral regions and is of the
order of the global « of the whole sunspot.
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Figure 3. Diagrams of circular unipolar spots with positive and negative chirality
are shown with the directions of the observed transverse field (Bops ) and potential
transverse field (Bpot). Solid and dashed lines represent observed and potential
fields, respectively. In this cartoon, the By, is tangential to the solid curved lines,
while By is tangential to the dashed curved lines which have lesser curvature
than the solid lines. The first two cases bear positive chirality and the latter
two negative chirality. The plus and minus signs in the central circular region
represents the positive and negative polarity, respectively. For details, see the
text.

Partial rings with opposite signs to that of dominant sign of
umbral « are observed at sunspot umbral—penumbral boundaries
in 10 out of 43 sunspots studied. However, even in these few
cases, the rings are never complete in any sunspot.

Most of the ARs observed do not follow the twist hemispheric
rule. This issue of the hemispheric rule needs to be reinvestigated
over a longer period as well as with improved data.

Some researchers have tried to predict flare activity from local
distribution of « as well as global « values of sunspots (Nandy
2008; Hahn et al. 2005 and references therein). Nandy (2008)
concluded from a study of AR 6982 that the global twist present
in a sunspot does not influence the flaring activity. It is, rather,
governed by the spatial distribution and evolution of twisted
substructures present in the sunspot. This conclusion indeed
needs more study. We plan to address, in our forthcoming study,
the question of relation between flaring activity and the role of
global as well as the local twist present in a large number of
sunspots.

For the present, we demonstrate that the sign of the SSA
provides the sign of the photospheric chirality irrespective of
its force-free nature. The sign of the global « of a sunspot is
determined by the dominant sign of umbral « values without
much contribution from the penumbral « values.

We thank the referee for very useful comments and sugges-
tions. Hinode is a Japanese mission developed and launched
by ISAS/JAXA, collaborating with NAOJ as a domestic part-
ner, NASA and STFC (UK) as international partners. Scientific
operation of the Hinode mission is conducted by the Hinode
science team organized at ISAS/JAXA. This team mainly con-
sists of scientists from institutes in the partner countries. Sup-
port for the post-launch operation is provided by JAXA and
NAOIJ (Japan), STFC (U.K.), NASA (U.S.A.), ESA, and NSC
(Norway). National Solar Observatory is Operated by the As-
sociation of Universities for Research in Astronomy (AURA)
Inc., under cooperative agreement with the National Science
Foundation.

APPENDIX

RELATION BETWEEN THE SIGN OF SSA AND THE
SENSE OF CHIRALITY

The definition of the SSA is introduced in Section 3. Figure 3
shows four structures, the first two having positive chirality and
the next two having negative chirality. The sign of By and Bopbs
point inward for negative B, and outward for positive B,. The
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rotation from By, to Boys through an acute angle is counter-
clockwise for cases of positive chirality and clockwise for
negative chirality. This is consistent with positive and negative
SSA, respectively, by definition. Thus, the sign of SSA will bear
the same sign of the chirality.
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ABSTRACT

Various theoretical and observational results have been reported regarding the presence/absence of net electric
currents in the sunspots. The limited spatial resolution of the earlier observations perhaps obscured the conclusions.
We have analyzed 12 sunspots observed from Hinode (Solar Optical Telescope/Spectro-polarimeter) to clarify
the issue. The azimuthal and radial components of magnetic fields and currents have been derived. The azimuthal
component of the magnetic field of sunspots is found to vary in sign with azimuth. The radial component of the
field also varies in magnitude with azimuth. While the latter pattern is a confirmation of the interlocking combed
structure of penumbral filaments, the former pattern shows that the penumbra is made up of a “curly interlocking
combed” magnetic field. The azimuthally averaged azimuthal component is seen to decline much faster than 1/
in the penumbra, after an initial increase in the umbra, for all the spots studied. This confirms the confinement of
magnetic fields and absence of a net current for sunspots as postulated by Parker. The existence of a global twist for a
sunspot even in the absence of a net current is consistent with a fibril-bundle structure of the sunspot magnetic fields.

Key words: Sun: magnetic fields — Sun: photosphere — sunspots

1. INTRODUCTION

Sunspots have shown evidence for twist even from the time
of Hale (1925, 1927) who postulated the hemispheric rule for
the chirality of chromospheric whirls. This was later confirmed
with a larger data set by Richardson (1941). Evidence for
photospheric chirality could be seen in early continuum images
of sunspots, obtained with exceptional image quality. Later,
photospheric vector magnetograms showed global twist inferred
from the non-vanishing averages of the force-free parameter
(Pevtsov et al. 1994; Hagino & Sakurai 2004; Nandy 2006, and
references therein). The non-force-free nature of photospheric
magnetic field in the sunspots prompted Tiwari et al. (2009b) to
propose the signed shear angle (SSA) as a more robust measure
of the global twist of the sunspot magnetic field.

Although, the sign of SSA matches well with the sign of
the global alpha parameter, the magnitudes are not so well
correlated. The physical significance of a globally averaged o
parameter rests heavily on the existence of a net current in the
photospheric sunspot magnetic field. One way of arriving at a
global « is by taking the ratio of total vertical current to the total
flux (integral method). This value was found to agree with the
values obtained by other methods (Hagino & Sakurai 2004).

For a monolithic sunspot magnetic field, the global twist and
net current are expected to be well correlated by Ampere’s law.
However, the existence of a net current is ruled out theoretically
for fibril bundles as well as for monolithic fields with azimuthal
field decreasing faster than 1/, where @ is the radial distance
from the spot center (Parker 1996). Several attempts to resolve
this problem using vector magnetograms have not been very
conclusive so far (Wilkinson et al. 1992; Leka et al. 1996;
Wheatland 2000).

A resolution of this problem can be used to disentangle the
relation between global twist and the global « parameter. Also,
the resolution is needed to evaluate the so-called hemispheric
helicity rule seen in the global o parameter calculated from
photospheric vector magnetograms (Pevtsov et al. 1994, 1995;
Hagino & Sakurai 2004; Nandy 2006). The availability of high-
resolution vector magnetograms from Hinode (Solar Optical
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Telescope/Spectro-polarimeter (SOT/SP)) gives us the best
opportunity so far to address this problem. The effect of
polarimetric noise is expected to be negligible in the estimation
of magnetic parameters (Tiwari et al. 2009a) from these data.

In this Letter, we obtain an expression for the net current using
a generalization of the expression obtained by Parker (1996).
We then proceed to measure this current from several vector
magnetograms of nearly circular sunspots. We finally discuss
the results and present our conclusions.

2. EXPRESSION FOR NET CURRENT

Following Parker (1996), we consider a long straight flux
bundle surrounded by a region of field-free plasma. We use
the words “field free” in the empirical sense that there is no
large-scale coherent and unipolar magnetic field surrounding
the flux bundle. Also, we include the case where the bundle
can be replaced by a monolithic field. Parker (1996) assumed
azimuthal symmetry as well as zero radial component B,, of the
magnetic field. For realistic sunspot fields, we need to relax both
these assumptions.

The vertical component of the electric current density consists

. B .
of two terms, viz., —HLM %3/ and # B(rarv,)- We will call the first

term as the “pleat current density,” j, and the second term as the
“twist current density,” j;. The net current I, within a distance
o from the center is then given by

2T w
L(w) = / dy / rdr(jy + jo). (1)
0 0

The y integral over j, vanishes, while the second term yields

(@)

w
0

I(w) = /dt//Bv,(w, ¥)
I
which gives the net current within a circular region of radius @ .

3. THE DATA SETS AND ANALYSIS

We have analyzed the vector magnetograms obtained from
SOT/SP (Tsuneta et al. 2008; Shimizu et al. 2008; Suematsu
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Table 1
List of the Active Regions Studied

AR No. Date of Slope Shear Angle Twist Angle Position Hemispheric
(NOAA) Observation ) (SSA; deg) (tan’l(BI/, /B;); deg) Helicity Rule
10969 2007 Aug 29 7.514 —4.488 —4.009 SO5W33(t) No
10966 2007 Aug 7 4.349 —5.120 —7.028 S06E20(t) No
10963(—) 2007 Jul 12 4.366 —5.123 41.873% SO6E14(t) No
10963(+) 2007 Jul 12 4.210 —4.495 —5.112 SO6E14(t) No
10961 2007 Jul 2 4.976 —4.973 29.4512 S10W16(t) No
10960 2007 Jun 7 3.267 3.182 —24.0122 SO07W03 Yes
10953 2007 Apr 29 8.249 —3.382 7.200* S10E22(t) No
10944 2007 Mar 3 2.407 —4.635 —5.130 SO5W30(t) No
10940 2007 Feb 1 2.281 —4.726 —7.950 S04W05 No
10933 2007 Jan 5 9.584 —2.283 —2.689 S04WO01 No
10926 2006 Dec 3 2.750 —1.538 6.0012 S09OW32(t) No
10923 2006 Nov 10 3.175 0.785 —9.010* S05W30(t) Yes

Notes. The power index §: the slope of decrease of By value, the twist angle, the signed shear angle (SSA), and other details of the

sunspots are given. (t): transformed.

2 Twist angle for irregular sunspots does not fit to a cylindrical assumption and therefore gives incorrect values.

et al. 2008; Ichimoto et al. 2008) onboard Hinode (Kosugi et al.
2007). The calibration of data sets have been performed using
the standard “sp_prep” routine developed by B. Lites and avail-
able in the Solar-Soft package. The prepared polarization spectra
have been inverted to obtain vector magnetic field components
using an Unno—Rachkowsky (Unno 1956; Rachkowsky 1967)
inversion under the assumption of Milne—Eddington (ME) at-
mosphere (Landolfi & Landi Degl’Innocenti 1982; Skumanich
& Lites 1987). We have used the inversion code “Stokesfit.pro”
which has been kindly made available by T. R. Metcalf as a
part of the Solar-Soft package. We have used the newest ver-
sion of this code which returns true field strengths along with
the filling factor. The azimuth determination has inherent 180°
ambiguity due to insensitivity of Zeeman effect to orientation of
the transverse fields. Numerous techniques have been developed
and applied to resolve this problem, but not even one guaran-
tees a complete resolution. The 180° azimuthal ambiguity in
our data sets is removed by using acute angle method (Harvey
1969; Sakurai et al. 1985; Cuperman et al. 1992).

In order to minimize the noise, pixels with transverse (B;) and
longitudinal magnetic field (B,) greater than a certain level are
only analyzed. A quiet-Sun region is selected for each sunspot
and 1o standard deviations in the three vector field components
B,, By, and B; are evaluated separately. The resultant standard
deviations of B, and B, are then taken as the lo noise
level for transverse field components. Only those pixels where
longitudinal and transverse fields are simultaneously greater
than twice the above mentioned noise levels are analyzed. The
data sets with their observation details are given in Table 1. We
have treated each polarity as an individual sunspot whenever
both the polarities are observed and compact enough to be
studied. We have studied only those spots where the polarity
inversion lines are well separated from the edge of the sunspot.

The results of the inversions yield the three magnetic param-
eters, viz., the field strength B, the inclination to the line of sight
y, and the azimuth ¢. These parameters are used to obtain the
three components of magnetic field in Cartesian geometry as

B, = Bcosy, (3)

B, = Bsinysing, @)

B, = Bsiny cos ¢. &)

This vector field is transformed to heliographic coordinates
(Venkatakrishnan & Gary 1989) for the spots observed at
viewing angle more than 10°. The transverse vector is then
expressed in cylindrical geometry as

1
Br _(xBx +yBy)7 (6)
r

1
By = ;(—yBX +xBy). @)

The azimuthal field By, is then used in Equation (2) for obtaining
the value for the total vertical current within a radius @ .

We have computed “twist angle” for all the sunspots using By,
and B, as shown in Table 1. The error in “twist” measurement is
simply the error in azimuth measurement. Using the weak field
approximation, we can find the azimuth ¢ fromtan2¢» = U/ Q.
From this, we can estimate the error in ¥ as equal to the
percentage error in linear polarization measurements. Thus,
a 1% error in polarimetry means that the error in v equals
0.01 radians or 0.57 deg. We have performed Monte Carlo
simulations of the effect of noise on the inversions which we
plan to present in a more detailed paper. We have verified that
the error in v is consistent with the value estimated from the
weak field approximation.

We can see in the Table 1 that the twist angles for regular
sunspots match well with the global SSA as expected, whereas
they do not match for irregular sunspots.

4. THE RESULTS

Figure 1 shows an example of the maps of twist current,
pleat current, By, and B, for a sunspot NOAA AR 10933,
which is nearly circular. Figure 2(a) shows plots of By, and B,
along with the different concentric circles around spot center.
In Figure 2(b), the spatial variations of both By and B, are
clearly seen. This variation is corresponding to a typical circle
selected in the penumbra. The B, variation in the penumbra is a
manifestation of the interlocking combed structure (Ichimoto
et al. 2007; Tiwari et al. 2009b). The B, variation in the
penumbra shows that not only is there an interlocking combed
structure, but these structures are curled as well. In other words,
we may describe the penumbral field as possessing a “curly
interlocking combed” structure. This feature of the deviation
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Figure 1. Examples of the two components of the vertical electric current density, namely, the “twist” and the “pleat” current densities (j; and j,) observed in NOAA
AR 10933 are shown in the upper panel. The lower panel shows the azimuthal and radial component of the magnetic field (B and B;).

of the vector field azimuths from a radial direction was also
seen by Mathew et al. (2003) in the magnetic field of a sunspot
belonging to NOAA AR 8706, using the infrared Fe I line pair
at 1.56 um.

The azimuthal averages (By) and (B,) were obtained at
different values of w. Figure 2(c) shows the plots of (By)
and (B,) as a function of @ . The circles corresponding to the
selected radii are shown in the upper panel of the same figure.
The azimuth-averaged (B, ) drops rapidly to a very low value at
the edge of the sunspot. This is a clear evidence for the existence
of a canopy where the field lines lift up above the line forming
region. Figure 3 shows the plot of log (By) as a function of
log . The slope § of the declining portion of this plot is 9.584,
which shows that field varies faster than 1/ . This can be
construed as evidence for the neutralization of the net current.
The § for other sunspots have also been computed and are given
in Table 1.

The map of vertical current density j, for the same sunspot
is shown with intensity scale in the left panel of Figure 4.
The values are expressed in giga amperes per square meter
(GA m~2). We can see that the distribution of j, is dominated
by high amplitude fluctuations on small scale as also reported
in Tiwari et al. (2009b). It is therefore difficult to make

out any systematic behavior of the sign of j, as a function
of w.

The right panel of the same figure shows the total current
within aradius @ as a function of @ . As expected from the trend
in Figure 3, the total current shows evidence for a rapid decline
after reaching a maximum. Similar trends were seen in other
sunspots. We have also plotted in right panel of Figure 4, the net
current as calculated by the derivative method (viz., summation
of current densities calculated as the local curl of B). We do see
a trend of neutralization, although the effect is less pronounced
because of the larger noise present in the derivative method. We
can also infer from the right panel of Figure 4 that the increments
of net vertical current flowing through annular portions of the
sunspot do show a reversal in sign.

Table 1 shows the summary of results for all the sunspots
analyzed. Along with the power-law index § of By, decrease, we
have also shown the average deviation of the azimuth from the
radial direction (“twist angle”), as well as the SSA. The average
deviation of the azimuth is well correlated with the SSA for
nearly circular sunspots, but is not correlated with SSA for
more irregularly shaped sunspots. Thus, SSA is a more general
measure of the global twist of sunspots, irrespective of their
shape.
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Figure 2. (a) Same image as the lower panel of Figure 1 but with concentric circles over plotted on them. (b) Plots of By and B, along the periphery of a typical

circle (45th pixel away from center) selected in the sunspot. (c) The mean By, and mean B, with 11—6 and % of their variations, respectively, along radial direction with
different z have been plotted.
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Figure 3. Variation of log (By ) with log @ . The slope of the declining portion
of plot has been calculated as a simple power-law index 8 for each sunspot and
has been given in Table 1.

5. DISCUSSION AND CONCLUSIONS

It is well known for astrophysical plasmas that the plasma
distorts the magnetic field and the curl of this distorted
field produces a current by Ampere’s law (Parker 1979,
Chapt. 2). Parker’s (1996) expectation of net zero current
in a sunspot was chiefly motivated by the concept of a
fibril structure for the sunspot field. However, he also did

arcsec

arcsec

Vol. 706

not rule out the possibility of vanishing net current for
a monolithic field where the azimuthal component of the
vector field in a cylindrical geometry declines faster than
1/ . While itis difficult to detect fibrils using the Zeeman effect
notwithstanding the superior resolution of SOT on Hinode, the
stability and accuracy of the measurements have allowed us to
detect the faster than 1/@ decline of the azimuthal component
of the magnetic field, which in turn can be construed as evidence
for the confinement of the sunspot field by the external plasma.
The resulting pattern of curl B appears as a drop in net current
at the sunspot boundary.

If this lack of net current turns out to be a general feature of
sunspot magnetic fields in the photosphere, then measurement
of helicity from a global average of the force-free parameter
becomes suspect. On the other hand, sunspots are evidently
twisted at photospheric levels, as seen from the non-vanishing
average twist angle as well as the SSA (Table 1). Although the
existence of a global twist in the absence of a net current is
possible for a monolithic sunspot field (Baty 2000; Archontis
et al. 2004; Fan & Gibson 2004; Aulanier et al. 2005), a fibril
model of the sunspot field can accommodate a global twist even
without a net current (Parker 1996).

The spatial pattern of current density in a sunspot (e.g., left
panel of Figure 4) is really a manifestation of the deformation of
the magnetic field (V x B) by the forces applied by the plasma.
The Lorentz force exerted by the field on the plasma produces
an equal and opposite force by the plasma, thereby confining the
field. Thus, our analysis actually shows the pattern of the forces
exerted by the plasma on the field. The sharp decline of the
azimuthal field with radial distance thus shows the confinement
of the sunspot magnetic field by the radial gradient of the plasma
pressure.

Theoretical understanding of the penumbral fine structure
has improved considerably in recent times (Thomas et al.
2002; Weiss et al. 2004). The onset of a convective instability
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Figure 4. Left panel: the map of vertical current density j, in NOAA AR 10933 is shown with intensity scale. The values are expressed in giga amperes per square
meter (GA m~2). Right panel: the net current variation with increasing area has been shown. The solid line shows the results of the calculations from the Equation (2).
Also shown, by a dashed line, are the results from the derivative method. We can see the net current reduces very fast after a peak and almost vanishes for complete
sunspot. On the other hand, the net current computed from the derivative method shows a shallow behavior.
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for magnetic field inclination exceeding a critical value was
proposed by Tildesley (2003) and Hurlburt et al. (2002). A
bifurcation in the onset (Rucklidge et al. 1995) could explain
other features like hysteresis in the appearance of penumbra as
a function of sunspot size. Numerical simulation of magneto-
convection also steadily improved (Heinemann et al. 2007;
Rempel et al. 2009b), culminating in very realistic production of
penumbral field structure (Rempel et al. 2009a). It is possible,
owing to the random and stochastic nature of convective
structures, that no net twist in the simulated spot field would
be produced by convection for negligible Coriolis force. If so,
it would be very interesting to simulate magneto-convection
in a twisted sunspot field. In this case, would the resulting
fine structure mimic the observed “curly interlocking combed”
structure of the penumbral magnetic field? If not, we must
look elsewhere for explaining the “curly interlocking combed”
structure. A twisted fibril bundle would then be a solution.
Recent examples of filamentary penumbral structures based
on such cluster models (Solanki & Montavon 1993; Spruit
& Scharmer 2006; Scharmer & Spruit 2006) have also been
proposed.

Parker (1996) also mentions the possibility of net currents
in the corona, continuing down to the height where the first
cleaving takes place. It would therefore be imperative to look
for net currents at higher reaches of the solar atmosphere. This
is very important because several theories of flares (Melrose
1995) and coronal mass ejection triggers (Forbes & Isenberg
1991; Kliem & Torok 2006) rely heavily on the existence of net
currents in the corona above the sunspots.

Future large ground-based telescopes equipped with adaptive
optics and multispectral line capabilities would go a long way
in addressing these issues. In the meantime, direct measurement
of the global twist of sunspots using parameters like the SSA
should serve as proxies for estimating the net currents of active
regions in the corona. The SSA will also be a better parameter
to base a fresh look at the hemispheric rule in photospheric
chirality.

We thank Professor Eugene N. Parker for very instructive
comments on an early version of the manuscript. His comments
on the interpretation of currents in astrophysical plasmas have
been particularly useful. The remarks of an anonymous referee
have enhanced the clarity of the presentation and improved
the understanding of the results. The contributions of the
late Professor Metcalf to the inversion software package are
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and launched by ISAS/JAXA, collaborating with NAOJ as
a domestic partner, NASA and STFC (UK) as international
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