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Abstract

Magnetic fields are ubiquitous on the Sun and are organized on a large range
of spatial scales. The magnetic field is responsible for the solar activity and is
manifest as different structures in the solar atmosphere. Sunspots, which are
the largest and most conspicuous concentrations of magnetic fields on the Sun,
are produced by a global dynamo that governs the 22 year periodicity of the so-
lar magnetic field. While a sunspot is a highly stable and coherent object with
typical lifetimes of the order of days, its global properties arise from the organi-
zation and evolution of the ensemble of small scale structures, which constitute
a sunspot and evolve on much shorter time scales. Moreover, the interplay be-
tween convection and the orientation of magnetic fields within sunspots gives rise
to different structures or processes whose diagnosis is crucial for understanding
the formation, evolution and decay of sunspots. Understanding the global mag-
netic field on the Sun, thus requires investigation of sunspot fine structure at the
highest spatial resolution. This can be facilitated through space based telescopes
which can carry out observations in a ‘seeing-free’ environment as well as with
instruments coupled to large ground based telescopes, equipped with on-line and
off-line techniques to combat and correct image degradation introduced by at-
mospheric turbulence. The motivation of the thesis is to investigate the nature
and evolution of small scale magnetic and velocity inhomogeneities in sunspot
light bridges and the Evershed flow, while also assisting in developing the means
to carry out such a study at high spatial resolution from Udaipur. The thesis is
organized as follows.

Chapter 1 describes the physical, magnetic, thermal and dynamic properties

of a sunspot which is followed by a similar description of sunspot fine structure.

XixX



The importance of the small scale processes in sunspots in the context of a scale-
free flux producing mechanism is established. Furthermore, the means of studying
such processes from space as well as from ground is described. A brief chapterwise
description of the thesis is presented.

The high resolution scientific data used extensively in the thesis comprises of
filtergrams and Stokes spectra obtained from the Japanese space satellite Hin-
ode. In Chapter 2, the spacecraft and the instruments are briefly described and
the different data processing steps are illustrated. This chapter also details the
inversion code SIR, that was employed to extract the thermal, magnetic and kine-
matic information from the Hinode spectropolarimetric data. The concept and
importance of nodes while inverting actual data, is discussed.

In Chapter 3, high resolution photospheric and chromospheric filtergrams as
well as spectropolarimetric observations of a set of four sunspot light bridges are
utilized to investigate the association of velocity inhomogeneities in the photo-
sphere to the chromospheric activity, if any, above light bridges. The physical
properties and long term flows of the four light bridges are described and the
dynamic nature of the brightness enhancements in the light bridges is presented.

Following the results of Chapter 3, the sunspot light bridge in NOAA AR
10953 was selected for a detailed investigation of its magnetic and kinematic
properties and their possible role in the persistent and enhanced activity ob-
served in the chromosphere. The rapid evolution of the photospheric magnetic
field is described and the corresponding changes in the organization of velocity
inhomogeneities is presented. The relationship between the photospheric mag-
netic and velocity sub-structures to the chromospheric phenomena is attempted.
Furthermore, the impact of the evolution of the light bridge on the photometric
throughput at the two heights in the solar atmosphere is established. The asso-
ciation of the light bridge to other structures such as penumbral filaments and
umbral dots is discussed.

Chapter 5 highlights the penumbral fine structure in the context of the Ever-
shed flow. The spatial and vertical distribution of the Evershed flow is obtained
from the inversions assuming a spatially resolved magnetic structure. The ex-

istence of two distinct magnetic and thermal components in the penumbra and



the presence of strong fields in the continuum layers is established. The spec-
tral characteristics of the two penumbral components is presented. The temporal
evolution of Evershed clouds and their perturbative effects on the intraspine chan-
nels is investigated. The coherence of the thermal and magnetic structure of the
penumbra, over time scales much greater than that of the small scale features, is
determined.

The developmental aspects of designing an Adaptive Optics system at Udaipur
Solar Observatory are described in Chapter 6. A component wise study was con-
ducted that included the estimation of the intrinsic and induced aberrations in
the Deformable Mirror, determination of the influence matrix with real time
correction of wave front errors induced by a second Deformable Mirror and deter-
mination of the optimal wave front sensor for the prototype Adaptive Optics sys-
tem through computer simulations. The possibility of employing post-processing
methods such as Phase Diversity on Adaptive Optics corrected images is also
presented. First light observations with the prototype Adaptive Optics are high-
lighted and the improvement in image quality is discussed.

Chapter 7 presents a summary of the thesis work and conclusions drawn

therein. Future scientific and instrumentation projects are briefly described.
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Chapter 1

Introduction

1.1 Introduction

The Sun is the closest star to planet Earth and is an interesting and fascinating
celestial object. The Sun is essential for sustenance of life on Earth since we are
primarily dependent on it for heat and light. From an astrophysical point of view,
the Sun is a colossal laboratory in space where one observes the interaction of
plasma, magnetic fields and radiation. All solar activity is essentially governed by
the magnetic field (Stix, 2002) whose manifestation is seen as different structures
throughout the solar atmosphere. The magnetic field couples the dynamics in the
interior of the Sun to the energetics in the outer atmosphere, namely the corona.
In fact, it does not stop in the corona but extends far into the interplanetary
medium. These open! magnetic field lines originating from coronal holes on
the Sun, provide a means for plasma and particles or “solar wind” to flow into
the heliosphere (Jones, 2005). The more violent and visible consequences of the
dynamical magnetic field however, are observed in the form of Mass Ejections
and Flares - energetic phenomena that are accompanied by emission of energetic
particles and the release of electromagnetic energy. The energetics in the corona

are caused by the de-stressing of magnetic fields, which are driven into a highly

1V.B implies that there are no open magnetic lines of force, however the terminology
refers to a domain where magnetic field lines extending from the Sun into the heliosphere are

untraceable because of their vast distance
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non-linear state by the continuous convective motion of plasma in the photosphere
where the magnetic fields are anchored. What makes the Sun truly remarkable, is
that despite its enormity, it can be regarded as an egalitarian when it comes to the
size distribution of its magnetic flux and in turn, all associated structures/features
throughout the solar atmosphere. This wide distribution of spatial scales, range
from sunspots which are large, conspicuous manifestations of the magnetic field,
to small magnetic bipoles or ephemeral concentrations, that cover the bulk of the
Sun at any given time.

Sunspots have been observed since the invention of the telescope in the 17"
century because they appear as dark regions on the Sun’s visible surface, namely
the photosphere. The discovery of a magnetic field in sunspots was made in
1908 (Hale, 1908) which revolutionized our perspective and understanding of the
Sun. Sunspots are dark objects having a radius of 10-20 Mm with a central dark
core called the umbra and surrounded by a less dark filamentary penumbra. The
umbra radiates only 20% of the normal photospheric intensity, corresponding
to a temperature deficit of 2000 K, whereas the average penumbral intensity is
about 75% of that outside the spot (Solanki, 2003a, and references therein). The
magnetic field is almost vertical at the center of the spot (where it has a strength of
upto 3500 G, or 0.35 T) but its inclination to the vertical increases with increasing
radius, reaching an average value of 70° at the edge of the spot, where the field
strength drops to less than 1000 G (Bellot Rubio et al., 2004). Sunspots appear
darker because the strong magnetic fields inhibit convective transport of energy
which results in a decrease temperature. This property leads to the “Wilson
Depression” where the geometrical height corresponding to unit optical depth
varies by a few hundred kilometers (Wilson & Cannon, 1968; Balthasar & Wohl,
1983; Mathew et al., 2004).

Sunspots are the result of a global dynamo (Parker, 1955; Choudhuri, 1998;
Dikpati & Gilman, 2006; Weiss & Thompson, 2009) that resides at the base of
the convection zone, called the tachocline, where there is an abrupt change in
the rotation profile. Beyond the tacholine the solar surface exhibits differential
rotation unlike its interior which is closer to a solid-body rotation. Sunspots are
seen when magnetic fields rise through the convection zone due to buoyancy, and

cross the photosphere. The dynamo is responsible for the 11-year solar cycle of
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Figure 1.1: Full disk continuum image of the Sun taken by the MDI (Michelson
Doppler Imager; Scherrer et al., 1995) on board the SoHO satellite on 14™ Nov.
2006. Seen close to disk center is the sunspot in NOAA AR 10923.

sunspots. The number of sunspots varies strongly with the solar activity cycle
(Komm et al., 1992) which was discovered by Heinrich Schwabe in 1843. Sunspots
typically have a bipolar magnetic structure and are usually restricted to latitudes
of 40° on either side of the equator (Carrington, 1858). During the start of a
cycle they are seen in the higher latitudes and progressively appear at the lower
latitudes as the cycle advances. The inclination between the preceding polarity
and the following polarity increases with increasing latitude, according to A. H.
Joy in Hale et al. (1919).

While the global dynamo is responsible for sunspots, a second (local) dynamo
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just beneath the photosphere drives the small scale magnetic fields that are ubiq-
uitous on the Sun (Hagenaar , 2001). These small scale magnetic features also
show the same trends of tilt in the axis of emergent bipoles, similar to that seen
in sunspots, albeit with greater statistical variation. Thus to a certain extent, the
production of these tiny flux elements is directly or indirectly influenced by the
global dynamo (De Rosa, 2005). These tiny magnetic bipoles evolve on time scales
of 10-40 hr and tend to fragment, merge or cancel with each other. Ephemeral
regions as well as active regions (single sunspot or a group of sunspots) strongly
influence the dynamics in the corona. The former, which carpet the solar surface,
are constantly jostled by photospheric convective motions. This in turn creates
an entanglement of loops which can produce electric currents higher up in the
solar atmosphere that is believed to contribute to coronal heating (Parker, 1983;
Priest et al., 2002). Large scale filament eruptions with accompanying coronal
mass ejections, more often than not, are observed in the vicinity of complex active
regions. Although the active-region and quiet Sun fluxes appear to be unrelated
from the above description, Parnell et al. (2009) determined a single power law
distribution of flux features on all observable scales, which strongly suggest that
the mechanism generating magnetic fields on all scales is the same.

Figure 1.1 depicts a large sunspot close to disk center during the minima of
solar cycle 23. Sunspots can be regarded as a coherent entity which remain in dy-
namic equilibrium over large spatial as well as temporal scales. However, a closer
look at sunspots reveals a number of small scale features that evolve on much
shorter time scales. These ‘sub-structures’ constitute an ensemble that together
account for the global properties and coherence of the sunspot (Schlichenmaier,
2009). To illustrate the fine structure in the sunspot, I present a high resolution
image of the same sunspot in Figure 1.2 which was taken by the Japanese space
satellite, Hinode (Kosugi et al., 2007) in the G band. Figure 1.3 shows the same

sunspot in the chromospheric Ca 11 H line.

1.2 Sunspot Fine Structure

This section describes the structure of a sunspot when viewed through a “mag-

nifying glass” and illustrates them with figures wherever necessary.
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Figure 1.2: G band image of sunspot in NOAA AR 10923 taken by Hinode. UD-
umbral dot, PG-penumbral grain, PDC-penumbral dark core, GBP-G band bright

point.
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Figure 1.3: Ca 11 H image of sunspot in NOAA AR 10923 taken by Hinode.
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1. Umbral Dots(UDs): The dark umbral background is populated by small,
bright features called umbral dots (UDs). The size of UDs ranges from 0.”8
down to the current resolution limit of about 0.”2 (Sobotka et al., 1997a;
Tritschler & Schmidt , 2002) while a recent work by Riethmiiller et al.
(2008b) shows that the size distribution of UD diameters is a maximum
around 225 km, suggesting that most of the UDs are spatially resolved.
Sobotka et al. (1997a) also observed that the larger, long lived UDs are
seen in regions of enhanced umbral background intensity. The darkest parts
of the umbral core, referred to as dark nuclei, are often devoid of UDs.
Based on their relative location, UDs can be classified as “central” and
“peripheral”. While the former are seen in the inner regions of the umbra,
the latter dominate the umbra-penumbra boundary. The peripheral UDs
are usually brighter than the central ones. The intensity of UDs ranges
from about 0.2 to 0.7 times the normal photospheric intensity at visible
wavelengths. The typical speeds of UDs are =~ 400 m s~! (Sobotka et al.,
1997b; Kitai et al., 2007; Riethmiiller et al., 2008b; Sobotka & Jurcak, 2009).
Most mobile UDs emerge near the umbra-penumbra boundary and move
towards the centre of the umbra (Riethmiiller et al., 2008b) with speeds of
700 m s~t. UDs do not have a typical lifetime, with values ranging from
10 min (Sobotka et al., 1997a) to 2.5 min (Riethmiiller et al., 2008b). The
spread in the values of the lifetimes however, is subject to the identification

and tracking algorithm.

Parker (1979) proposed that UDs are manifestations of hot non-magnetized
plasma pushing its way in the gappy umbral field. While the detection of
such weak fields in the umbra remains elusive, recent Hinode observations
indicate a reduction of 500 G in UDs with the contrasted ones residing
in locations where the magnetic field is ~ 2000 G and is inclined more
than 30° (Watanabe et al., 2009). Central and peripheral UDs exhibit an
enhancement in temperature of 550 K and 570 K respectively (Riethmiiller
et al.,, 2008a). The measurements of Doppler velocities in umbral dots
show that peripheral UDs have an upflow (Sobotka & Jurcak, 2009) and
can be as large as 0.8 km s~! (Riethmiiller et al., 2008a). Central UDs
on the other hand exhibit very weak downflows (Sobotka & Jurcak, 2009)
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while Hartkorn & Rimmmele (2003) detected downflows of upto 0.3 km s~
Recent observations by Ortiz Carbonnel et al. (2010) detect downflows at
the edge of UDs measuring 400 to 1000 m s~! at a spatial resolution of 0.14
arcsec. 3D MHD simulations of Schiissler & Vogler (2006), which model
UDs as narrow upflowing plumes, predicted a central dark lane in UDs,
which has been observed from ground (Rimmele, 2008) as well as from
space (Bharti et al., 2007Db).

. Sunspot Light Bridges (LBs): During the lifetime of a sunspot, its um-
bra may be crossed by one or more narrow bright bands known as “light
bridges” which follow fissures that separate the umbra into individual pores
during its decay phase (Garcia de La Rosa, 1987). They can have penum-
bral or photospheric like conditions (Muller, 1979) and it is not unusual
to see LBs of different structures in the same sunspot (Lites et al., 2004;
Louis et al., 2008). At the photosphere, it has long been debated that they
represent an intrusion of “field-free” material into the gappy umbral field
(Parker, 1979; Choudhuri, 1986; Spruit & Scharmer, 2006) while some be-
lieve that they are manifestations of magneto-convection (Rimmele, 1997,
2004). In the chromosphere they are usually accompanied by brightness
enhancements and ejections (Asai et al., 2001; Berger & Berdyugina, 2003;
Louis et al., 2008) arising from the sheared magnetic topology created by
the light bridge within the umbra. The few magnetic field measurements of
LBs indicate weak, inclined magnetic fields (Riiedi et al., 1995; Leka, 1997;
Jurcak et al., 2006) that support the idea of the weakly magnetized plasma
emerging into the umbra. The lack of co-temporal multi-height observa-
tions of sunspot LBs eludes a complete understanding of its structure as

well as the dynamics seen in the chromosphere.

. Filamentary Penumbra and Penumbral Grains : The filamentary
structure surrounding the dark umbra is called the penumbra. Even with
moderate spatial resolution the penumbra is seen to consist of radially
aligned bright and dark filaments, although the terms “bright” and “dark”

have only local meaning - as an individual bright filament, can in fact, have
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Figure 1.4: High resolution image of one of the light bridges in NOAA AR 10036
imaged by the 1 m Swedish Solar Telescope in La Palma, Canary Islands, Spain.
Figure adapted from Lites et al. 2004, Sol. Phys. 221, 65.
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lower intensity than a dark filament elsewhere. Even with the present res-
olution, the filaments are believed to have widths less than 100 km. There
exists a dark core surrounded by two lateral brightenings (Scharmer et al.,
2002), as well as comet/bead shaped local brightenings at the tips of the
penumbral filaments. The latter are referred to as penumbral grains (PGs).
PGs can also appear extended (Rouppe van der Voort et al., 2004), in
which case, the term, ‘grains’, is confusing. It has been shown that the
dark core is a result of hot plasma streaming along a horizontal tube that
is surrounded by a stronger, vertical background field. This flow causes an
increase in gas density which shifts the optical depth unity-level upwards
to more cooler temperatures, which subsequently produces the dark core
(Ruiz Cobo & Bellot Rubio, 2008). The penumbral filaments can exhibit
an overall twisting motion with the twist being from the limb side to the
centre side (Ichimoto et al., 2007b) and are only observed in those regions of
the penumbra which are perpendicular to the line of symmetry. Although
penumbral filaments appear to be radially oriented, their spatial extent
along the sunspot radius is far from a linear one. This is one of the reasons

why, an individual filament can exhibit opposite signs of helicity (Su et al.,
2009).

The intensity of some bright PGs can exceed the temperature of the bright-
est granules outside the sunspot by some 150 K, the intensity ranging from
about 0.851,,.,, to 1.101,,., (Tritschler & Schmidt , 2002). Observations of
extremely bright grains were made by Denker et al. (2008), who reported
typical intensities of 1.581,,. with the brightest ones having an intensity of
1.8-2.0/,,..- The PGs exhibit a near radial motion which is typically inward
in the inner penumbra and outward in the outer penumbra (Sobotka et al.,
1999). There also lies a dividing line (DL), located at about 60% of the
radial distance from the inner to the outer edge of the penumbra, inside

of which the grains move radially inward at speeds of about 0.5 km s7!,

and outside of which the grains move outward with a speed of 0.75 km s+
(Sobotka & Siitterlin, 2001). The inward moving PGs often penetrate the

umbra-penumbra boundary where they can no longer be distinguished from

10
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Figure 1.5: High resolution image of sunspot penumbra showing the existence of
dark cores in penumbral filaments. Each tickmark corresponds to 1000 km on the

Sun. Figure adapted from Scharmer et al., 2002, Nature, 420, 151.

peripheral UDs. Sobotka & Jurcak (2009) showed that the properties of pe-
ripheral UDs are closer to PGs than central UDs. The filamentary structure
of the penumbra persists even after averaging white-light filtergrams over
2-4 hr(Balthasar et al., 1996; Sobotka et al., 1999), which illustrates a long-
term stability of the magnetic field configuration. The paths of new PGs
tend to follow trajectories of their predecessors at a given location (Sobotka
et al., 1999).

4. The Evershed Flow and the Two Component Magnetic Config-
uration: The Evershed Flow (EF) can be considered as the oldest and
most important property of sunspot penumbrae. The EF is seen as a shift
in the spectral lines due to the radial, nearly horizontal outflow of plasma

(Evershed, 1909) that starts in the inner or mid penumbra and returns to
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the surface just outside the outer penumbral boundary or even within the
penumbra (Westendorp Plaza et al., 1997; Ichimoto et al., 2007a; Sainz
Dalda & Bellot Rubio, 2008). The spectral lines are blue shifted in the
center side penumbra while they are red shifted in the limb side. The EF
is seen as elongated upflows predominately in the inner penumbra (Franz
& Schlichenmaier, 2009) and can even be supersonic in the mid and outer
penumbra as well as beyond the sunspot boundary (del Toro Iniesta et al.,
2001; Bellot Rubio et al., 2004). The EF is believed to be confined to
bright filaments in the inner penumbra but in dark filaments in the outer
penumbra (Schlichenmaier et al., 2005; Bellot Rubio et al., 2006a) and is an
integral part of the penumbral structure. The dark central core between two
lateral penumbral brightenings is believed to harbour the EF (Bellot Rubio
et al., 2005, 2007). One of the models of the penumbra is the uncombed
model of Solanki & Montavon (1993). This model takes into account the
azimuthal fluctuation of the field inclination and proposes nearly horizontal
flux tubes embedded in a uniform background field. In this scenario, the
flux tubes are essentially weaker than the background field which is fairly
more vertical. These two penumbral components are sometimes referred to
as “intraspines” and “spines” respectively (Lites et al., 1993). At a spatial
resolution of ~ 0.”7, the penumbral structure is well reproduced by inver-
sions based on a two-component model (Bellot Rubio et al., 2004) that

reinforces the uncombed geometry.

The surplus brightness of the penumbra is a natural consequence of the EF
(Bellot Rubio, 2010) which also serves as an effective magnetic flux trans-
port mechanism from the sunspot into the photosphere. The magnetic and
kinematic properties of the EF have been extensively studied both in the
optical and infrared wavelengths (Westendorp Plaza et al., 1997, 2001a,b;
Mathew et al., 2003) and it is believed that the EF is a component of the
convective flow that results from anisotropy introduced by the presence of
inclined magnetic fields (Rempel et al., 2009b). Although numerical sim-
ulation of 3D MHD have progressed tremendously (Rempel et al., 2009b),
they do not produce a mature penumbra and the associated EF. It is dif-

ficult to fit all the observations into a single model that can explain all
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Figure 1.6: Left: Narrowband filtergram of a sunspot in NOAA AR 10605
on May 6, 2004, taken at the 76 cm DST, in Sunspot, New Mexico. Right:
Dopplergram illustrating the Evershed Flow. Dark-blueshift/upflows, Bright-
redshifts/downflows. The images were derived from the Fe 1 5576 A line. Figure
adapted from Rimmele & Marino 2006, ApJ, 646, 593.

the properties of the penumbra simultaneously. The origin and nature of
the EF thus appears to hold the key for all available interpretations of the
penumbral fine structure (Solanki & Montavon, 1993; Schlichenmaier et al.,
1998a; Sanchez Almeida, 2005; Spruit & Scharmer, 2006; Borrero et al.,
2007). The interpretation of the penumbral structure, in particular, de-
pends on the set of spectral lines which have different levels of sensitivity to
different physical parameters (Cabrera Solana et al., 2005; del Toro Iniesta
et al., 2010), the spatial resolution and polarimetric accuracy achieved by
the polarimeter and finally the inversion code that appropriately describes
the physical scenario (del Toro Iniesta, 2003b; Bellot Rubio et al., 2003b;
Bellot Rubio, 2006b).

5. Moving Magnetic Features (MMFs): The decay of sunspots which
is seen as a loss of magnetic flux, has been attributed to moving magnetic
features (MMF's) - magnetic elements that move from the outer penumbra

to the surrounding moat around a sunspot. Early observations of MMFs
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showed them as bright points in CN spectroheliograms (Sheeley, 1969),
flowing radially into the moat with a speed of ~ 1 km s~* having a diameter
of ~ 1000 km. Vrabec (1971) observed that the magnetic field outside
sunspots consisted of essentially vertical fields clumped together, with a
stream of magnetic knots moving outwards from the sunspot. They are
also seen as inward and outward patterns in LOS magnetograms observed
by MDI (Ravindra, 2004). Subsequent observations showed that MMF's are
extensions of penumbral filaments (Sainz Dalda & Martinez Pillet, 2005;
Cabrera Solana et al., 2006; Ravindra, 2006) and are driven by ‘Evershed
clouds’ (Cabrera Solana et al., 2007, 2008). Hagenaar & Shine (2005) have
studied some of the statistical properties of MMFs such as flux content,

lifetimes, sizes, point of origin in the penumbra/moat and horizontal speeds.

A number of models have been proposed for the formation of MMFs which
include the sea-serpent model of Harvey & Harvey (1973), 2 Loop model
of Ryutova et al. (1997) and the U-Loop model (Zhang et al., 2003; Zhang,
2007). Loop models suggested by Wilson (1973) and Spruit et al. (1987)
predict an appearance of MMFs everywhere in the moat, which is not sup-
ported by observations (Lee, 1992). Recent observations made from LOS
magnetograms reveal that the orientation of MMFs is strongly correlated
with the large scale twist of sunspots (Yurchyshyn, 2001) which has also
been supported by Zhang et al. (2003). Kubo et al. (2007a) suggest that
MMF's are extensions of the uncombed penumbral structure which is cor-
roborated by Sainz Dalda & Bellot Rubio (2008). Kubo et al. (2007b)
reported a redshift greater than the sonic photospheric velocity in MMFs
from spectropolarimetric observations from Hinode. Spectropolarimetric
measurements made by Cabrera Solana et al. (2006) revealed abnormal cir-
cular polarization profiles with 3 or 4 lobes occurring in MMFs. This has
been observed by Choudhary & Balasubramaniam (2007) who also recorded
the Stokes profiles in the lower chromosphere. They found that the Stokes
V' profile was normal and antisymmetric in comparison to the anamolous
profiles obtained in the photosphere which they suggest could be due to

relaxation of loops from an initial twisted configuration.
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It is well known that fluid motions occurring on the smallest spatial and temporal
scales affect the transport of magnetic fields within the solar interior, and cause
the field to be continually regenerated and redistributed (De Rosa, 2005). Con-
sequently, small scale dynamics influence large scale structures. The optimum
spatial resolution required to study these structures is decided by 2 spatial scales,
namely the pressure scale height and the photon mean free path, both being ~
0.”1 or 70 km in the photosphere. Sunspots are ideal candidates to probe the
Sun’s magnetic field. The assortment of fine structure observed in sunspots indi-
cate small scale processes at work within them. If the mechanism responsible for
flux generation is indeed scale free (Parnell et al., 2009), then the investigation
of sunspot fine structure would account for a sunspot’s formation, stability and
decay. Although sunspots have a general magnetic, thermal and velocity struc-
ture, the uniqueness of each sunspot lies in the organization and statistics of its
fine scale features. This small-to-big approach is thus justified in the context of

understanding the global behaviour of magnetic fields on the Sun.

1.3 Means of High Resolution Sunspot Obser-
vations

Over the last decade, there has been a tremendous effort on all fronts to carry
out photometric, polarimetric and spectroscopic observations at the highest pos-
sible resolution with space and balloon based missions, as well as ground based
instrumentation. Although the former has the unique advantage of carrying out
observations in the absence of the Earth’s atmosphere, the main limitation comes
from its limited life time, as decided by mission objectives, number of scientific
instruments and wavelength coverage. Hinode (Kosugi et al., 2007) and SDO
(Solar Dynamics Observatory; Scherrer et al., 2006) are some of the large space
based missions, while Sunrise (Solanki et al., 2003b) is a 1 m telescope that will
be flown on a balloon and has already completed one of the 2 proposed flights.
Solar observations from the ground inevitably suffer from seeing effects due

to atmospheric turbulence. Ground based facilities are important because they
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are the only means of carrying out synoptic observations and can probe differ-
ent heights in the solar atmosphere. It also offers an opportunity to constantly
upgrade and modify existing instruments. In order to carry out high resolution
observations from the ground, online compensation methods such as Adaptive
Optics (AO) and a number of offline processing tools such as speckle imaging
(Denker, 1998; Denker et al., 2005; Sridharan, 2001), phase diversity (Lofdahl &
Scharmer, 1994) and Multi Object Multi Frame Blind Deconvolution (MOMFEBD;
van Noort et al.,; 2005) have been employed to further improve the image qual-
ity. The combination of AO and post processing techniques have significantly
improved the image quality (Scharmer et al., 2003b; Rimmele et al., 2003; Keller
et al., 2003; von der Liihe et al., 2003; Langhans et al., 2007; Denker et al., 2007;
Woger et al., 2008; Miura et al., 2008) of ground based telescopes and it is not
surprising that modern telescope facilities around the world insist on having an
AO system in tandem with the back-end instruments.

A 50 cm Multi Application Solar Telescope (MAST) will soon be installed
at the lake site of the Udaipur Solar Observatory, which will be equipped with
an AO system along with several back-end instruments. In preparation to this a
prototype AO system is being designed on a 15cm Coudé telescope at the office
site. MAST is proposed to deliver sub-arcsec resolution and will be the first large
solar telescope in the Indian longitude to carry out high resolution solar observa-
tions. AO systems are not commercially available and their development offers
challenges to the experimental physicist. The Indian Institute of Astrophysics,
Bangalore, is planning to commission a 2 m NLST (National Large Solar Tele-
scope) in the Leh area within the next 5 years, which will be equipped with an
AQO system.

1.4 Organization of the Thesis

The formation of a sunspot is initiated by the creation of its umbra. The umbra
is formed by the coalescence of several smaller magnetic elements/pores which
are driven towards one another (Solanki, 2003a). These individual magnetic
fragments/pores can be thought of as being part of a larger flux tube that is

rooted deep in the convection zone. This idea is analogous to several balloons
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being held together by strings. If buoyancy is strong enough to overcome the
random convective motions, then these fragments will tend to come together.
Parker (1992) proposed that attraction between vortices drives the coalescence of
individual magnetic fibrils, wherein each flux tube is surrounded by a vortex flow.
The vortices could attract one another if the inward directed aerodynamic drag
exerted by a downdraft vortex is strong enough to overcome the magnetic stresses
that tend to keep the fibrils apart. The coalescence of pores leading to sunspots
are often accompanied by the presence of light bridges (Bumba, 1965) that tend
to demarcate individual magnetic elements. The reversal of this process is also
seen during the fragmentation of a sunspot (Bumba, 1965; Garcia de La Rosa,
1987). The formation of the penumbra commences when the average inclination
at the umbra-photosphere boundary exceeds a critical value of ~ 35° which is
related to the total magnetic flux of the pore. The penumbra develops very
rapidly, with pieces of penumbra being completed within an hour (Bumba, 1965;
Leka & Skumanich, 1998; Keppens & Martinez Pillet, 1996). The formation
of a sector of the penumbra is abrupt, and according to Leka & Skumanich
(1998) a newly formed penumbral segment is practically indistinguishable from
a more mature one in terms of field strengths, inclination angles and continuum
intensities. Recent high resolution observations by Schlichenmaier et al. (2010)
illustrate the sector wise formation of the penumbra which spans half the umbral
circumference within 4 hr. The formation of the rudimentary penumbra initiates
the Evershed Flow (EF), that starts in the inner or mid penumbra and returns
to the surface just outside the outer penumbral boundary.

This thesis comprises of two parts. In Part-I, I present high resolution ob-
servations and analysis of sunspot light bridges and the Evershed Flow taken
from Hinode. These structures/processes have a more direct association to the
formation and stability of a sunspot which warrant their investigation. More-
over, both phenomena are manifestations of inclined magnetic fields which would
facilitate convective transport of energy, either as field free intrusions or elon-
gated structures/rolls respectively. Part-II describes the developmental aspects
of Adaptive Optics at the Udaipur Solar Observatory which is required for high

resolution imaging and illustrates some of the experiments carried out during the
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calibration of the different AO components. The chapterwise details are briefly

described below.

e Since its deployment in Nov. 2006, Hinode has been providing high resolu-
tion filtergrams in the photosphere and chromosphere as well as full Stokes
spectra for inferring the vector magnetic field. One of the motivations of this
thesis is to look for observational evidences of photospheric inhomogeneities
in sunspot light bridges (LBs) and their association to the activity in the
chromosphere. This would provide clues to as how LBs co-exist in the pres-
ence of strong fields in the photosphere and their role in heating the lower
chromosphere above sunspots. This chapter utilizes high resolution Hinode
observations of four ARs namely, NOAA AR 10953, AR 10961, AR 10963
and AR 10969 that consisted of one or more LBs. Filtergram observations in
the photosphere and chromosphere and a set of Stokes spectra mapping the
entire active region, were employed. Using photospheric images, the physi-
cal properties of the LB, as well as the transverse flow/motion of intensity
features were studied. This was complemented with chromospheric obser-
vations to detect signatures of jets/enhancements. The Stokes V' spectra
was employed to construct magnetograms at different positions in the line
profile to determine magnetic and velocity inhomogeneities. These observa-
tions of all ARs together was required to investigate the association of the
photospheric structure to the overlying chromosphere and to look for simi-
larities/differences in the light bridges of all four ARs. Based on the results
of the multi-wavelength analysis, it was found that, although chromospheric
brightness enhancements appear to be a common phenomena of LBs, one of
them, NOAA AR 10953, in particular, exhibited persistent chromospheric
enhancements for nearly three days, with a complex set of strong brighten-
ings. This AR also showed strong signals in the magnetograms constructed
in the far red wing of the line profile. In comparison, the magnetogram sig-
nals at this wavelength range in the other LBs was comparatively weaker or
negligible. From these results, a more detailed analysis of the LB in NOAA
AR 10953 was carried out in the following chapter.
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e The Stokes spectra obtained from two polarimetric scans of the LB in
NOAA AR 10953 at two different instances on the same day, were in-
verted using an inversion code to infer the magnetic, thermal and dynamic
structure of the LB and its neighbourhood. These observations were com-
plemented with photospheric and chromospheric filtergrams acquired close
to the time of the scan. This chapter looks at the following aspects of
the LB. Are there signatures of field-free intrusions in the magnetic field?
What role does the vector magnetic field have to play with the observed
enhancements in the chromosphere? What causes the strong signals in the
magnetograms derived in the previous chapter? How are they related to
the chromospheric observations? How does the global magnetic structure
of the LB evolve with time? Does its evolution influence the photometric

throughput in the photosphere and chromosphere?

e Chapter 5 deals with high resolution observations of a portion of the disk
side penumbra that was repeatedly scanned in time. Using these observa-
tions, I first attempt to investigate if the penumbra is spatially resolved
by the spectropolarimeter on board Hinode. In order to verify this, the
inversion code was allowed to synthesize the observed Stokes profiles with
a single magnetic component with gradients along LOS in the physical pa-
rameters. The properties of the EF were verified with those in the literature
using a statistical distribution of the physical parameters. Having convinc-
ingly demonstrated the above aspect, a general stratification for the two
penumbral components was derived. The radial variation in the physical
parameters at different heights was used to locate the point of emergence
of the EF in the penumbra. The Evershed cloud (EC) phenomenon was
investigated and it was concluded that they have the same properties as
intraspines along which they move. The stability and persistence of the
overall penumbral geometry is illustrated by deriving a time averaged map
of the physical parameters. These were then employed to study the radial
distribution of correlations between the physical parameters and the time

averaged continuum intensity. I also discuss the reasons for differences in
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some of the results obtained with previous as well as a few Hinode observa-
tions. Some of the limitations and drawbacks in the model atmosphere are

presented and improvements to be implemented in the future are discussed.

e Chapter 6 forms Part-II of the thesis and describes the influence of atmo-
spheric turbulence on the resolution of ground based telescopes and the
importance of an Adaptive Optics (AO) system. The functionality of the
system and description of the various components are presented. My contri-
bution to the development of AO at the Udaipur Solar Observatory, involved
i) determining the intrinsic and induced aberrations in the Deformable Mir-
ror (DM), ii) using the DM to correct controlled aberrations in real time,
where the perturbations were created by a second DM and iii) estimating
the optimum Shack Hartmann wavefront sensor for the prototype system
using simulations and demonstrating the effectiveness under seeing condi-
tions prevalent at our site. Finally, photospheric observations of a sunspot
using the Adaptive Optics system will be presented, demonstrating the im-

provement in image quality and resolution.

The results obtained from high resolution observations taken by Hinode will
be summarized in the final chapter. In addition, the performance and limita-
tions of the prototype AO system will be described and possible strategies for
implementing the same on MAST will be presented. Future directions include
- carrying out a similar analysis on more chromospherically active sunspot light
bridges and using more complex magnetic atmospheres to explain the nature of
the EF and comparing it with numerical simulations. On the instrumentation
front, development of certain crucial modules for the dual Fabry Perot narrow
band filter imager, one of the back end instruments for MAST, will be undertaken

that will be briefly mentioned.
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Chapter 2

Scientific Data from Hinode and
SIR

2.1 Introduction

The last decade has witnessed a remarkable progress in space and ground based
instrumentation, thereby setting up a platform to carry out observations at high
spatial resolution. On the ground, photometric and longitudinal magnetograms
have been achieved at a resolution of ~ 0.”1 and ~ 0.”2 respectively at the 1 m
Swedish Solar Telescope (SST; Scharmer et al., 2003b), while spectropolarimetric
observations at the German Vacuum Tower Telescope (VIT; Bello Gonzélez et
al., 2005) and the Dunn Solar Telescope (DST; Lites, 1996) have reached a resolu-
tion of &~ 0.4-0.”6. These telescopes are 70 cm and 76 cm respectively in diameter.
The Japanese Space Satellite Hinode (Kosugi et al., 2007), on the other hand can
provide a resolution of ~ 0.2-0.”3 for an extended duration, of the order of days,
under “seeing-free” and highly stable operating conditions. This is critical for
understanding the ever-changing photospheric and chromospheric phenomena on
the Sun. This chapter consists of two parts. In the first part, a brief overview of
the Hinode spacecraft and its instruments, namely the filtergraph and spectropo-
larimeter, are presented. The details of the instruments and optical components
have been referred from Tsuneta et al. (2008) which gives an elaborate presenta-

tion of the spacecraft, instruments and recording of scientific data. The second
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part focuses on the SIR inversion code that was used extensively in the thesis
for the determination of the magnetic, thermal and kinematic maps from the

spectropolarimetric data of Hinode.

2.2 Hinode and the Solar Optical Telescope (SOT)

Hinode, was launched on 22 September 2006 from the Uchinoura Space Center,
Japan. It has three basic payloads, a 50 cm Solar Optical Telescope (SOT),
an EUV Imaging Spectrograph (EIS) and a Soft X-Ray Telescope (XRT). The
SOT (Tsuneta et al., 2008), which is a 50 cm aperture, consists of the Optical
Telescope Assembly (OTA; Suematsu et al., 2008) and the Focal Plane Package
(FPP; Tarbell et al., 2008). The FPP comprises of three back-end instruments:
a Broad-band Filter Imager (BFI), a tunable Narrow-band Filter Imager (NFI)
and a Spectropolarimeter (SP; Lites et al., 2001; Ichimoto et al., 2008).

The schematic of the OTA and FPP is shown in Figure 2.1. The OTA consists
of the primary mirror, secondary mirror, Heat Dump Mirror (HDM), Collimator
Lens Unit (CLU), secondary Field Stop (2FS), Tip-tilt fold mirror (CTM-TM),
and the Polarization Modulator Unit (PMU). The 50 ¢cm primary and the sec-
ondary mirrors are manufactured from ULE (Ultra Low Expansion substrate
materials) with the weight of the primary being 14 kg. Both mirrors have a pro-
tective silver coating. The distance between the primary and secondary is 1.5 m,
with the HDM placed at the prime focus of the primary, that removes sunlight
outside the 400” FOV into space. The central obscuration ratio is 0.344 in radius
with an effective f-ratio of 9.055 at the secondary focus. The optical tests simulat-
ing the in-orbit condition of the OTA on the ground included a temperature cycle
test, a vignetting test, a scattered light measurement, a focus test and through-
put measurement. It was demonstrated that the OTA had a Strehl ratio better
than 0.9 at 500 nm while the measured FPP Strehl ratio averaged over the field
of view is very close to or exceeds 0.9, thus meeting post-launch requirements.
The total weight of the OTA is about 103 kg, and the FPP is about 46 kg. The
CLU has a focal length of 37 cm which delivers a 3 cm exit pupil and provides a
collimated beam to the FPP. The CLU comprises of six lenses in which the first

two lenses are radiation-robust fused silica, and protect the four inner lenses that
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2.2 Hinode and the Solar Optical Telescope (SOT)

are more susceptible to radiation. There is an IR rejection filter placed at the
entrance of the CLU which is nearly devoid of instrumental polarization and is
also achromatic.

The PMU, which is located near the exit pupil, is a continuously rotating
waveplate that has a rotation rate of 1.6s to provide the polarization modulation.
The thermal dependence of the PMU retardation is minimized by using two
birefringent crystals, namely quartz and sapphire, whose thermal co-efficients
compensate one another. Although the retardation is wavelength-dependent, it
has been optimized for observations at 630.2 nm (with a retardation of 1.35 waves)
and 517.2 nm (1.85 waves), such that the Stokes vectors @), U, and V' have an
equally high modulation efficiency of nearly 0.5. The Stokes vector (I, Q, U, V)
represent the different states of polarization. The linear polarization signals ()
and U as well as the circular polarization signal V' are converted into sinusoidal
variations of intensity by the polarizing beam splitters in the FPP. Demodulation
of the signals are done by sampling the intensity 16 times per revolution of the
PMU waveplate. The I, @, U, and V spectra are subsequently obtained by either
adding or subtracting each sample into the four memories allotted for the four
Stokes states in the FPP.

The FPP has a reimaging lens followed by a beam splitter. The effective com-
bined focal length is 1550 cm corresponding to an f#31 beam which results in a
depth of focus of 400 um in the FPP focal plane. On the downstream side of the
beam splitter are the broadband and narrowband filter channels, which share a
common CCD camera, the spectropolarimeter, and the correlation tracker. While
a non-polarizing beam splitter divides the light between the SP and the filter-
graph, a polarizing beam splitter in the filter channel transmits the p-polarized
light to the NFI and the s-polarized light to the BFI. The FPP electrical box
(FPP-E) has a computer for controlling the FPP and performs onboard data
processing such as Stokes demodulation. The other electrical box (FPP-PWR)
contains the power supply for the entire FPP subsystem.

The Mission Data Processor (MDP) controls FPP observations, which are
decided by the observing tables uploaded from the ground, and processes house-
keeping and science data from the FPP as well. The housekeeping data and the

image data with header information are separately sent to the MDP from the
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Figure 2.1: Optical Telescope Assembly (OTA) and Focal Plane Package (FPP)
of Hinode. Figure adapted from Tsuneta et al. 2008, Sol. Phys., 249, 167.
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2.2 Hinode and the Solar Optical Telescope (SOT)

SOT. The image data are compressed, if instructed to do so, combined with the
final header information, packetized, and sent to the spacecraft data recorder
through the spacecraft central Data Handling Unit (DHU).

1. The Broad band Filter Imager (BFI): The BFT produces photometric
images with broad spectral resolution in 6 bands (CN band (450.45 nm),
Ca 11 H line (396.8 nm), G-band (403.5 nm) and 3 continuum bands) at
the highest spatial resolution (0.0541 arcsec/pixel) and cadence (<10 sec
typical) over the full FOV (218x109 arcsec). This allows accurate measure-
ments of the horizontal flows and temperature of the solar surface and to
identify sites of strong magnetic fields. These BFT filters have an FWMH
bandwidth of 0.3 - 0.7 nm and obtain images not subject to Doppler mo-
tion. The CCD consists of 4kx2k pixels which is also shared by the NFI.
The exposure times are typically 0.03 - 0.8 s, but longer exposure times are

also possible.

2. The Spectropolarimeter (SP): The SP is an off-axis Littrow Echelle
spectrograph that records line profiles in all Stokes parameters with high
spectral resolution (SOmA) and a sampling of 21.5mA, in two magnetically
sensitive lines of Fe I at 6301.5 A and 6302.5 A. The SP operates in four
different modes: Normal Mapping mode, Fast mode, Dynamics mode and
Deep Magnetogram mode. Normal mapping observation produces a polari-
metric accuracy of 0.1%. The FOV along the slit for the normal mapping
and fast mode is 164” while in the dynamics mode it is 32”. The spatial
sampling for the first three modes are 0.”16, 0.”32 and 0.”16 respectively
while the time taken to map a 1.6” area are 50 s, 18 s and 18 s respectively.
The SP takes 83 min to cover a 160" wide area in the normal mapping mode.
In the Deep Magnetogram mode, photons may be accumulated over many
rotations of the polarization modulator, which enables high polarization ac-
curacy in very quiet regions, but at the expense of temporal resolution. For
a typical exposure time, the sensitivity of the SP is 1-5 G in the longitudinal

direction and 30-50 G in the transverse direction.
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3. The Correlation Tracker (CT): The correlation tracker (CT) on board
the FPP is essential for compensating spatial fluctuations arising from the
spacecraft’s jitter, possible wobbling associated with the PMU rotation, and
slow drifts caused by opto-thermal deformation of the instrument structure.
The stabilization is necessary for obtaining crosstalk-free polarization and
magnetic maps. The CT comprises of a 50x50 pixel CCD that has a frame
rate of 580 Hz. The spatial sampling is 0.”22/pixel. The error signal gen-
erated from the cross correlation of solar granulation is fed to a Tip-Tilt
mirror that consists of three piezo actuators manufactured by Queensgate
Instruments Ltd. The in-flight stability is an impressive 0.”007 and the
closed loop bandwidth is 14 Hz.

A lot of effort was made to characterize and cope with the effects of mi-
crovibrations on the OTA, resulting from instrument mechanisms, satellite
gyroscopes and momentum wheels which could excite severe resonances
with the telescope structure. This could have severely limited the band-
width of the image stabilization system. The effect of microvibration was
decreased by relocating noise sources, spacecrafts gyroscopes and by minor

structural improvements.

The recorded data is compressed to 3 bits pixel ™! and 1.5 bits pixel~! for the
filtergrams and Stokes data respectively. The spacecraft data recorder on board
Hinode has a storage capacity of ~ 8 Gbits of which ~ 70% is allocated to SOT,
subject to increase if required. Using a nominal 4-Mbps high-telemetry channel
in one ground station pass, ~ 1.7 Gbits of SOT data can be downloaded. If the
number of stations scheduled in a day are 15, the SOT can acquire 25.5 Gbits
data per day, and the corresponding post-compression average data rate from the
SOT is =~ 300 kbps. The maximum data rate during post-compression is ~ 1.3
Mbps. The 5.6 Gbits space spacecraft recorder can be filled in 1 hour during the
burst observation mode which subsequently requires about three station passes
for complete downlink.

The Hinode data is available at a number of data retrieval sites'. Data can

Lnttp://darts.isas.jaza.jp /solar/hinode/query/start.do, http://sdc.uio.no/search/API,
http://sot.lmsal.com/sot-data?cmd=search-events

26



2.2 Hinode and the Solar Optical Telescope (SOT)

G band Level—1

Q o 20
0 *
o It
o o

10§

0 b : a

0 10 20 30
arcsec arcsec

Figure 2.2: Illustration of Level-0 and Level-1 G band filtergrams. The dashed
circle highlights regions in the image which are corrected in the Level-1 image
(right). Note the improvement in image contrast.

be requested via anonymous ftp in which the files are made available through a
tar container file. After decompression, the individual filtergrams/Stokes spectra,
which are written in the FITS (Flexible Image Transport System) format, have to
be processed to Level-1 data from Level-0. This processing is done using standard
algorithms and routines in the Solarsoft package! which include correction of
CCD row readout anomalies, dark pedestal and current subtraction, flat fielding,
removal of bad pixels and application of a radiation despike. The Stokes spectra
are also corrected for instrumental polarization and thermal flexures. The header
structure is unique to each image and contains all the parameters pertaining to
the observation. These include the date and time of observation, the instrument
recording the data, exposure time, image scale, size and dimension, units of the
image axes, observing wavelength, slit position, spacecraft pointing coordinates
etc. The naming convention of the Level-1 data are ‘yyyymmdd_hrmnsc.fits’ with
‘FG” and ‘SP3D’ prefixed for filtergrams and Stokes spectra respectively. While an

individual broadband filtergram consists of a single image, the Level-1 Stokes data

Lhttp:/ /www.lmsal.com/solarsoft /sswdoc/index-menu.html
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2.3 Stokes Inversion based on Response Functions (SIR)

consists of the four individual spectra stacked one over the other, in the order of
I, Q, U and V. The difference between the Level-0 and Level-1 data is illustrated
in Figure 2.2 wherein the dashed circle highlights regions in the image which need
to be corrected in the Level-0 image (left) and are subsequently corrected in the

Level-1 image (right). The Level-1 products can be used for scientific analysis.

2.3 Stokes Inversion based on Response Func-
tions (SIR)

This section describes the SIR package and its execution for the inversion of the
Stokes spectra recorded by the spectropolarimeter on board Hinode. Detailed de-
scription, formulation and solution of the radiative transfer equation for polarized
light is beyond the scope of the thesis and the interested reader may refer del Toro
Iniesta (2003a) and Landi Degl’Innocenti & Landolfi (2004). Sections 2.3.1.1 to
2.3.3, describe very briefly the manner in which SIR operates and its execution,
using the input Stokes profiles and the user supplied initial model atmosphere.
Section 2.3.4 is important from the thesis point of view as it discusses the sig-
nificance of nodes to the application of actual spectral data and emphasizes the
need for the optimum model atmosphere.

SIR (Stokes Inversion based on Response functions) is a package that is ca-
pable of synthesis and inversion of spectral lines that are formed in the presence
of magnetic fields. The SIR code utilizes the Zeeman-induced polarization states
(I, @, U, V) arising from any electric dipole transition and atomic species. The
analysis of solar spectra is carried out automatically under the assumption of
LTE (Local Thermodynamic Equilibrium). When SIR is executed in the syn-
thesis mode, Stokes spectra! emerging from any specified model atmosphere are
derived. The model atmosphere can consist of up to two different components
(either magnetized or non-magnetized). This is done by numerically solving the
radiative transfer equation (RTE) for polarized light. In the inversion mode,
SIR fits any combination of observed Stokes parameters for any arbitrary num-

ber of spectral lines. In order to achieve this, an initial (user-provided) model

1Stokes spectra or Stokes profiles implies the dependence of I, ), U and V on wavelength.
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atmosphere is iteratively modified until the synthetic Stokes profiles match the
observed ones. This results in the thermal, dynamic and magnetic structure of the
atmosphere similar to the conditions in which the observed profiles were formed.

The inversion module of SIR utilizes the Levenberg-Marquardt (LM) nonlinear
least-squares algorithm (Press et al., 1993) for the minimization of the differences
between the observed and synthetic Stokes spectra. The LM technique converts
the nonlinear problem into a linear one, the solution of which is carried out by
means of a modified singular value decomposition (SVD) algorithm (Ruiz Cobo
& del Toro Iniesta, 1992). The success of the SIR inversion critically depends
on the Response Functions (RFs), which are the partial derivatives of the Stokes
parameters with respect to the atmospheric parameters. Thus, the synthesis
module of SIR calculates all the necessary RFs.

Westendorp Plaza et al. (1998) quantified the performance of SIR with that
of the Milne-Eddington based inversion code of Skumanich & Lites (1987) in
various numerical experiments. SIR has been successfully applied to the study of
different solar structures observed in polarized light, such as sunspots (Collados et
al., 1994; Westendorp Plaza et al., 1997), unresolved magnetic elements (Bellot
Rubio et al., 1996), to structures such as penumbrae (del Toro Iniesta et al.,
1994), solar granulation (Ruiz Cobo et al., 1996), and solar oscillations (Ruiz
Cobo et al.; 1997). The model atmospheres were retrieved from the observed

Stokes spectra in the above analyzes.

2.3.1 Synthesis Module
2.3.1.1 Spectral synthesis

Spectral synthesis is carried out by solving the radiative transfer equation for

Zeeman split lines
dI(T5)

d’7'5
where 73 represents the continuum optical depth at 5000 A along the line of sight

= K(7s) [I(75) = S(75)] (2.1)

(hereafter LOS), K is the total absorption matrix (a 4 x 4 matrix describing the
absorption properties of the atmosphere), and S = (5;, Sy, Sy, Sy)' the source

function vector. Since LTE conditions are assumed, the source function vector
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is given by S = (B,[T],0,0,0)", with B,[T] the Planck’s function at the local
temperature 7'.

The physical parameters needed to compute K are specified in the model at-
mosphere, which need to be discretized in an equally spaced logarithmic scale
of the continuum optical depth at 5000 A. At each grid point, the temperature,
electron pressure, microturbulence, magnetic field strength, azimuth and incli-
nation of the magnetic field vector, and LOS velocity are specified. The model
atmosphere is completed with a set of depth-independent parameters: macrotur-
bulent velocity, stray light contamination and filling factor (for two component
atmospheres). Magneto-optical effects leading to linear and circular birefringence
are fully considered. The continuum absorption coefficient k. is evaluated for a
given wavelength, temperature and electron pressure by taking into account con-
tributions from H, He, H™, He™, H,, Hy, C, Mg, and Na, as well as Rayleigh
scattering by H, Hy and He, and Thomson scattering by free electrons. Other
atomic and molecular line opacity sources, which are neglected in the present
version of SIR, can be included in a straightforward manner.

SIR assumes hydrostatic equilibrium. After each iteration step, the electron
pressures of the already perturbed model atmosphere are put into hydrostatic
equilibrium by using the equation of state of an ideal gas with variable mean
molecular weight to take into account the partial ionization of the various atomic
elements. Gas pressures are computed from temperatures and electron pressures
on the assumptions of LTE and chemical equilibrium. In this process, the partial
pressures of H, H*, H™, H,, HJ and other 83 elements are determined following
the strategy outlined by Mihalas (1967). The synthesis is carried out under
the assumption that the predominant broadening mechanisms are van der Waals
broadening I's and radiation broadening ['.,4. Stark broadening is neglected.
['¢ can be multiplied by a user-specified enhancement factor E that is usually
in the range 1-3. Once K and S have been calculated, SIR solves the RTE
by means of a Hermitian algorithm (Bellot Rubio et al., 1998). The Hermitian
algorithm is based on the Taylor expansion of the Stokes vector to fourth order
in optical depth. It provides an approximation to the evolution operator (see
Section 2.3.1.2) at no extra cost, which is crucial for the calculation of response

functions. The main advantages of the Hermitian method are accuracy and speed.
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The various steps through which SIR calculates simulated Stokes spectra are:

1. The files containing the model atmosphere and the atomic parameters of

the lines to be synthesized are read.

2. The RTE is integrated numerically for the wavelengths specified in a wave-
length grid file. If the atmosphere consists of two different components,
the Stokes spectra emerging from each component, I1(\) and I5(\), are
computed individually and then mixed according to their filling factors f;

and fo, with f; + fo = 1. In this case, the emergent Stokes spectrum is

I=f1+f1I, (2.2)

3. The same height-independent macroturbulent velocity vy,.. is assumed for
all spectral lines. The effect of the macroturbulence is simulated by con-

volving I with a gaussian

M()\ - )\07 Umac) = \/% O_ei 202 (23)

where 0 = AgUmac/C, Ao is the central wavelength of the transition and ¢

is the speed of light. Additionally, the macroturbulent-broadened profiles
(I" = I * M) may be convolved with the PSF of the spectrograph if it is

available.

4. The last step in simulating the observed profiles I, is to add a user-

provided stray light spectrum I, that contributes a fraction o to Ips:
ITs=(1—a)I*+ algy, (2.4)

2.3.1.2 Response functions

Response functions (RFs) to the various atmospheric parameters z(7), R,(\, 7),

are calculated at every optical depth and wavelength according to the formula

Ru(r) = 00.0) {k 57 - B ey s} 9
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where O(0, 7) represents the evolution operator from 7 to the surface. By defini-
tion, the modification of the emergent Stokes spectrum §I(\) after perturbations

dz(7) of the atmospheric parameter x at optical depth 7 is given by
0I(N\) = / R, (\,7)0x(r)dr (2.6)
0

If a nonzero macroturbulence is used to synthesize the emergent Stokes spec-
trum, all the RFs have to be convolved with M as well. The same applies if the

spectrograph profile is taken into account.

2.3.2 The inversion module

The inversion of Stokes profiles proceeds by minimizing a merit function which is
the sum of the squared differences between observed and synthetic data weighted
by the uncertainties of the observations and by some factors wj,. The merit
function is defined as

=3[R - ) 2.1

Ok

where index k£ = 1,...,4 samples the 4-component vectors containing the ob-
served (obs) and synthetic (syn) Stokes profiles, i = 1,..., M sample the wave-
lengths at which the spectrum has been measured, v is the number of degrees
of freedom (i.e., the number of observables minus the number of parameters to
be inverted) and oy, are the uncertainties of the observations. SIR automatically
adjusts the factors w?, so as to give the same relative weight to the Stokes param-
eters of different spectral lines, independently of their amplitudes. The user may
specify that more weight is to be assigned to a particular Stokes parameter. For
example, more weight could be desired for Stokes V when analyzing magnetic
regions. By default, SIR assumes that the uncertainties oy; are all equal to a
constant value o given by the signal-to-noise ratio of the observations. When
SIR finds values smaller than —1.0 for any of the Stokes parameters, the corre-
sponding oy, are set to 10'°, the consequence being that such data points are not
taken into account in the fit.

The minimization of Eq. (2.7) is carried out iteratively by modifying an initial

user-provided model atmosphere. This process yields the perturbations of the
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Figure 2.3: Schematic explanation of how the nodes are chosen. The particular
case of temperature (T') is considered. The atmosphere is discretized in the loga-
rithmically evenly spaced grid shown in the z—axis, the step size being AlogT = 0.5
in this particular example. The optical depths at which perturbations of the tem-
perature will be sought are determined by the number of nodes selected. If the
user specifies two nodes, perturbations of T" at log7 = —5.0 and log 7 = 2.0 will be
found. With three nodes, perturbations will be found at logT = —5.0, logT = —1.5
and log7T = 2.0. The same scheme applies with a larger number of nodes. Five
nodes cannot be used here because there are no sufficient spatial points in the grid
to produce an even distribution of the nodes through the whole atmosphere.
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2.3 Stokes Inversion based on Response Functions (SIR)

guess atmosphere required for the synthetic spectrum to match the observed one.
However, the minimization of x? is complex because I**™ depends nonlinearly on
the various atmospheric parameters. To handle this problem, SIR implements
a Levenberg-Marquardt algorithm (Press et al., 1993). LM makes use of the
derivatives of x? with respect to the model parameters. It turns out that these
derivatives can be expressed in terms of RFs (Ruiz Cobo & del Toro Iniesta,
1992), which explains the relevance of the RFs for the inversion.

In order to reduce the number of free parameters, the perturbations of the
depth-dependent physical quantities characterizing the initial guess model atmo-
sphere are calculated only for a few grid points (called nodes) of the spatial grid
in which the atmosphere is discretized. For each physical quantity (e.g., tempera-
ture, LOS velocity, etc), the atmosphere is represented by a different set of nodes.
The perturbations of the various parameters in all the remaining grid points are
approximated by linear or cubic-spline interpolation of the perturbations at the
nodes.

Figure 2.3 explains in more detail the concept of nodes introduced by SIR.
Once the number of nodes has been specified for a given physical quantity, the
code locates the optical depths at which perturbations will be sought. If only one
node is allowed, the perturbation suggested by LM is added to the values of the
physical quantity under consideration at all heights (i.e., its depth stratification
is modified by a constant perturbation). With two nodes, the perturbations at
the nodes are interpolated linearly to the whole atmosphere. With three nodes,
either linear or parabolic interpolation is used. With four or more nodes, linear
or cubic-spline interpolation is applied.

SIR allows the user to specify the number of nodes for each physical quantity.
The number of free parameters equals the sum of the number of nodes adopted
for the various physical quantities. The set of iterations carried out without
modifying the number of nodes is called a cycle. Usually, SIR needs two or three
cycles to arrive at the final solution. In each iteration cycle, the number of free

parameters is normally increased to permit more flexibility to the solution.
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2.3.2.1 Error estimation

For the computation of errors in the retrieved parameters a simple physical argu-
ment is followed. According to Eq. (2.7), the weighted squared difference between
the observed and synthetic spectra can be written as

2
W=,

Z(H’?i ZZ = v\ (2.8)

ik

0;

with 61y = I2P(\;) — Y (\i). Tt is assumed that m model parameters are to
be inverted, each one being responsible of a fractional part 1/m of the observed
differences 617 With these hypotheses one can find a set of perturbations dz(7)
to the original parameters that minimize x?. Using the definition of the RFs (see

Eq. 2.6) one gets

% = R, (N, 7)0x(T)AT, (2.9)

and so

2
2 2 _ vX
7 = 0P = R S R O ) o (2.10)

It is implicitly assumed that all model parameters are independent, so changes

in a given parameter do not influence the remaining ones. As it might have been
expected, uncertainties o,(,) are proportional to the inverse of the RF to changes
in 2(7). Therefore, parameters that have little influence on the emergent Stokes
spectrum show the largest uncertainties. This is the case for most parameters

outside the region where the spectral lines are formed.

2.3.3 Executing SIR

The SIR distribution is available freely on the internet! as a container file called

‘sir.tar” which consists of the following directories.
e default. This subdirectory keeps default files.

e idl. Several IDL procedures for visualizing model atmospheres and Stokes

profiles. There are also some utilities for extracting observed profiles from
the IDL FTS spectral atlas.

Lattp://www.iaa.es/hinode-europe/index.php/gb/inversion_codes
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e manual. This subdirectory contains the user manual.

e models. Some standard model atmospheres which may be of use in real
inversions are provided in this folder. A number of utilities for modifying

these models or others are provided as well.

e program. This subdirectory keeps the source programs and the macros

needed to compile SIR.

e test. This subdirectory contains a particular inversion intended to test the

degree of success of the installation.

Once all the routines have been compiled, the ‘sir.f” main program has to be
linked to the SIR library. This results in the ‘sir.x’ executable file which is now
ready to be used for inversions. The user input to SIR is through the ‘sir.trol’
file which is the control file, an example of which is shown in Table 2.1. T now

proceed to elaborate some of the important fields in the control file.

e Number of cycles. This parameter indicates the number of iteration cy-
cles to be carried out. In the above example, SIR performs three cycles.
For synthesis of Stokes spectra (without inversion), the number of cycles

should be set to zero.

e Observed profiles. This is the name of the file containing the observed
profiles (in inversion mode) or the name of the file where the synthesized
profiles will be stored (in synthesis mode). The files are suffixed with ‘.per’
and must consist of 6 columns while the number of rows depends on the
wavelength points for each spectral line. In the case of the Hinode SP data,
the number of rows are 112. The first column consists of the spectral line
index that is present in the LINEAS file (see below). The second column is
the relative wavelength with respect to the laboratory rest wavelength i.e.
(A — Xg). Columns 3 to 6 are the I, ), U and V spectral points at each
wavelength position. These must necessarily be normalized to the quiet Sun
continuum intensity, since the thermal structure of the model atmosphere

is inferred from this.
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Table 2.1: Example of a SIR control file

(*):3

Number of cycles
Observed profiles

Stray light file :stray.per
PSF file :psf.dat
Wavelength grid file (s):grid.grid
Atomic parameter file :LINEAS
Abundance file "THEVENIN

Initial guess model 1
Initial guess model 2

Weight for Stokes I :1

Weight for Stokes Q :1

Weight for Stokes U :1

Weight for Stokes V :10
AUTO SELECT. OF NODES?

Nodes for temperature 1 :1,5,10,12
Nodes for electr. press. 1 :

Nodes for microturb. 1 :0,1

Nodes for magnetic field 1 :1
Nodes for LOS velocity 1 :
Nodes for gamma 1

Nodes for phi 1

Invert macroturbulence 17 :1
Nodes for temperature 2

Nodes for electr. press. 2

Nodes for microturb. 2

Nodes for magnetic field 2

Nodes for LOS velocity 2

Nodes for gamma 2

Nodes for phi 2

Invert macroturbulence 27

Invert filling factor? :
Invert stray light factor? :1
mu=cos (theta)

Estimated S/N for I
Continuum contrast
Tolerance for SVD

Initial diagonal element
Splines/Linear Interpolation
Gas pressure at surface 1
Gas pressure at surface 2
Magnetic pressure term?
NLTE Departures filename

:200

(*):profiles.per

(*):guessl.mod
:guess2.mod

37

I (O=synthesis)

I (none=no stray light contam)

! (none=no convolution with PSF)

! (none=automatic selection)

! (none=DEFAULT LINES file)

| (none=DEFAULT ABUNDANCES file)

!

(DEFAULT=1; O=not inverted)
! (DEFAULT=1; O=not inverted)
! (DEFAULT=1; O=not inverted)
! (DEFAULT=1; O=not inverted)
! (DEFAULT=0=no; 1=yes)

! (0 or blank=no, 1=yes)

I (0 or blank=no, 1=yes)

! (0 or blank=no, 1=yes)

! (0 or blank=no, 1=yes)

! (DEFAULT: mu=1.)

| (DEFAULT: 1000)

! (DEFAULT: not used)

! (DEFAULT value: le-4)

! (DEFAULT value: 1.e-3)

! (0 or blank=splines, 1=linear)

! (0 or blank=Pe boundary cond.)
! (0 or blank=Pe boundary cond.)
I (0 or blank=no, 1=yes)

! blank= LTE (Ej. depart_6494.dat’)
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Table 2.2: Illustration of the LINEAS file.

Line=Ion Wavelength E Exc.Pot log(gf)  Transition e o

1=FE1 6301.5012 1.0 3.654 -0.75 5P 2.0- 5D 2.0 0.243 2.3520e-14
2=FE 1 6302.4936 1.0 3.686 -1.236 5P 1.0- 5D 0.0 0.240 2.3976e-14
3=FE 1 5576.0888 1.0 3.428 -0.910 7D 1.0- 7D 0.0 0.232 2.3912e-14

e Stray light file. Name of the file containing the stray light intensity
profile (Ig,). If no name is specified, the synthetic profiles will be computed
with a = 0 (i.e., no stray light contamination). The wavelengths of the stray
light profile must coincide with those in the observed profiles, otherwise an
error message will be issued and the program will abort. This file too must

be suffixed with ‘.per’.

e PSF file. Name of the file containing the spectrograph profile. If no name
is specified, the synthetic profiles are not convolved with the PSF of the
spectrograph.

e Wavelength grid file. Compulsory in synthesis mode, optional other-
wise. This is the name of the file specifying the wavelengths at which the
profiles are known. In inversion mode, the wavelengths can be read from
the profiles themselves, so there is no need to specify any wavelength grid.
This file is of particular importance in the synthesis mode, while deriving

the convective blue shift in the photosphere.

e Atomic parameter file. Name of the file containing the atomic data for
the spectral lines considered. If no name is specified, SIR will look for the
default LINES file in the ~/sir/default/ directory. The LINEAS file con-
tains the atomic parameters of the transitions to be considered (Table 2.2).

Valid atomic parameter files have eight columns as follows:

The first column gives the index with which the line is identified in the
profile and the wavelength grid files. The index is separated by a = sign
from the atomic symbol of the element. The ionization stage is specified by
a number: 1 means neutral atom, and 2 singly ionized atom. At present,

SIR can handle only the two first ionization stages.
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The second column specifies the (laboratory) central wavelength of the tran-
sition (in A). The third column gives the enhancement factor to the van
der Waals coefficient I'g. The fourth and fifth columns give the excitation
potential of the lower level (in eV) and the logarithm of the multiplicity of
the level times the oscillator strength, respectively. The sixth column spec-
ifies the atomic transition. The transition is used only if magnetic fields are
present, since it determines the number and strength of the various Zeeman
components, but it is always necessary to avoid error messages. In the ab-
sence of magnetic fields, one need not know the exact transition to be able
to synthesize or invert the corresponding intensity spectrum. Finally, the
last two columns specify the collisional broadening parameters o and o o

is expressed in cm?.

Abundance file. Name of the file containing the abundances A, of the
various chemical species in the solar atmosphere and is defined as A, =
12 + log [z]/[H]. If no name is specified, the default ABUNDANCES file in
the ~/sir/default directory will be used. The THEVENIN abundance
file (Thévenin, 1989) is normally used. Valid abundance files have two
columns. The first one indicates the atomic number and the second, the

abundance in logarithmic scale already mentioned.

Initial guess model 1. Compulsory. This is the name of the model at-
mosphere to be used for synthesis (if in synthesis mode) or the name of
the initial guess model (if in inversion mode). In the example, the starting
model is called guessl.mod. The improved model resulting from the first
iteration cycle will be called guess1_1.mod, and will be read as the initial
guess model for the second iteration cycle. After this new cycle, the im-
proved model is guess1_2.mod, and so on. An inversion run may be started
with an initial guess model called model_4.mod, for instance. In this case,
SIR will take care of updating the subindex whenever an iteration cycle has
finished. Thus, the improved model resulting from the first cycle will be
called model_5.mod.

Valid model atmosphere files have a first line with three numbers written

in free format. These numbers indicate the macroturbulent velocity (in
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km s71), the filling factor (ranging from 0 to 1), and the stray light con-

tamination (in percent), respectively.

After the first row, n, lines follow. There are eleven columns providing
the logarithm of the line-of-sight continuum optical depth at 5000 A, the
temperature (in K), the electron pressure (in dyn cm™2), the microturbulent
velocity (in cm s7!), the magnetic field strength (in G), the line-of-sight
velocity (in cm s71), the inclination and azimuth of the magnetic field vector
(in deg), the geometrical height (in cm), the gas density (in g cm™'), and the
gas pressure (in dyn cm™?), respectively. The inclination v of the magnetic
field vector is measured with respect to the line of sight, and ranges from
0 to 180 degrees (these values corresponding to longitudinal fields pointing
to and away from the observer, respectively). Negative inclinations should
be avoided. The azimuth v is reckoned from the direction where @) is
maximum and U = 0 (which is defined by the polarimeter), and increases
counterclockwise as seen by the observer. The azimuth varies between 0

and 360 degrees.

The model atmospheres must run from larger to smaller optical depths,
otherwise an error message will be issued. If two components are used,
the optical depths of the two models must coincide. In this case, it is also
necessary that the sum of the two filling factors provided in the first line of
the files be equal to uni